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Resumen

En esta tesis hemos caracterizado las historias de formacion estelar, las poblaciones estelares y las propiedades
del gas ionizado en dos pequenas muestras de galaxias en diferentes estadios a lo largo de la secuencia de fusién,
tres LIRGs (las dos pre-coalescencia IC 1623 y NGC 6090 y la post-coalescencia NGC 2623) y nueve PSQSOs,
analizando datos de calidad de Espectroscopia de Campo Integral en el rango espectral éptico de 3700 - 7000
A, e imagen de alta resolucién del HST. Adicionalmente, para NGC 2623 disponemos de imagen en banda
estrecha en Ha y [NIIJA6583, procedentes de los filtros sintonizables del intrumento OSIRISQGTC, que nos
han permitido estudiar las regiones externas de las colas de marea. Los resultados de las LIRGs y los PSQSOs
han sido comparados con dos muestras de control formadas por espirales de tipo Sbc y Sc del cartografiado
CALIFA. Para todos se ha seguido la misma metodologia de andlisis: sintesis del espectro completo empleando
el codigo Starlight con una combinaciéon de modelos de poblaciones estelares simples de la literatura.

Con nuestros datos encontramos una secuencia evolutiva relacionada con la progresion de la fusién que
es consistente con simulaciones recientes. En los estadios iniciales (pre-coalescencia) la formacién estelar (FE)
inducida en los ultimos 32 Manos es extendida, y estd incrementada, en promedio, por un factor ~ 4 respecto a
las espirales de control. Cuando resolvemos por regiones, encontramos que en IC 1623 W el incremento es igual
en la zona central y en el disco (un factor 7), mientras que para NGC 6090 NE el incremento es mayor en la
zona central (un factor 9), aun significativo a un radio efectivo (un factor 5) y menos notable en el disco (un
factor 1.5). Si nos fijamos en la relevancia de las poblaciones estelares de ~ 300 Manos, encontramos que la FE
inducida por la fusiéon comenzoé antes en IC 1623 W que en NGC 6090 NE.

En fusiones més avanzadas, como NGC 2623, encontramos que la mayor parte de la FE reciente esta con-
centrada en la zona central, aumentada por un factor 9 con respecto a las espirales. Sin embargo, también se ha
producido FE con menos intensidad en las regiones externas, un factor < 3 en comparacién con las espirales.
Considerando el promedio de toda la galaxia, encontramos que se ha producido 3 veces mas FE reciente que
en las espirales. Ademds, en NGC 2623 detectamos emisién fésil extendida de un brote de formacién estelar
que tuvo lugar hace ~ 1.5 Ganos, probablemente cuando se encontraba en los estadios iniciales de la fusion. La
masa estelar formada durante este primer episodio de FE es un factor 2 mayor (tanto en el centro como en las
regiones externas) que la masa formada durante ese mismo periodo en espirales aisladas.

Promediando los resultados de los nueve PSQSOs, encontramos que, tanto en términos de luz como de
masa, su historia de formacién estelar es comparable a la NGC 2623. Parece que los PSQSOs estan ligeramente
mas evolucionados, sin embargo, dadas las incertidumbres relacionadas con la base de modelos seleccionada,
y la heterogeneidad de la muestra, no podemos confirmar exactamente en qué grado. Resaltamos que ambos
presentan una contribucién significativa en masa de poblaciones estelares < 1.5 Gafios, que no estd presente en
ninguna de las dos LIRGs pre-coalescencia. Sin embargo, pensamos que el episodio activo de FE que acontece
en las pre-coalescencia estd, de hecho, formando la masa estelar en poblaciones de edad intermedia que se
parecerd a NGC 2623 dentro de ~ 1.5 Ganos. La masa estelar en poblaciones de < 1.5 Gaifios es ~ 6.6 x 10?
Mg (Chabrier IMF) en NGC 2623 y ~ 10'° Mg en los PSQSOs, por lo tanto, si las LIRGs pre-coalescencia
siguen formando estrellas a su ritmo actual ~ 16 Mg /afio durante ~ 400 - 600 Mafios, entonces serdn capaces
de formar las masas que se observan en NGC 2623 y los PSQSOs. Esta escala temporal es consistente con el
limite superior de 500 Manos que se espera que dure la FE inducida por la fusion segun las simulaciones.

Con respecto a la evolucion de NGC 2623 a PSQSO, resaltamos que en unos pocos 100 Manos, los vientos de
algunas U/LIRGs son capaces de expulsar el gas molecular y el polvo del centro, dejando el AGN al descubierto,
siendo ésto consistente con los ~ 400 Manos promedio de desfase que encontramos entre NGC 2623 y los PSQSOs.

Para concluir, dadas las masas estelares que medimos en nuestros objetos, la mayor parte de ellas < 10!
Mg, encontramos que formaran elipticas de masa intermedia (~ 10'* M), o el niicleo de las futuras gigantes

elipticas, en acuerdo con el modelo evolutivo de fusiones de espirales masivas ricas en gas.
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Summary

In this thesis we have characterized and compared the star formation histories, average stellar population
properties and ionized gas properties in two small samples of galaxies in different stages across the merger
sequence, three LIRGs (the two pre-mergers IC 1623 and NGC 6090 and the merger NGC 2623) and nine
PSQSOs, by analysing high quality Integral Field Spectroscopy (IFS) data in the rest-frame optical range
3700 - 7000 A, and high resolution HST imaging. Additionally, for NGC 2623 we have narrow band imaging
in Ha and [NII]A6583 from OSIRISQGTC Tunable Filters, that allow us to study the outer parts of the
tidal tails. The results from the LIRGs and PSQSOs have been compared with control Sbc and Sc galaxies
from CALIFA survey. The methodology applied has been the same for all, a full spectral fitting analysis was
performed using the Starlight code with a combination of single stellar population (SSP) models from the
literature.

With our data we find a evolutionary sequence related to the merger progression that is in agreement
with recent simulations. In the initial stages (pre-mergers) the induced star formation (SF) is extended, and
enhanced, on average, by a factor ~ 4 with respect to the control spirals. When we resolve it spatially we
find that for IC 1623 W the enhancement is the same in the central region and in the disk (by a factor 7),
while for NGC 6090 NE the enhancement is higher in the central region (by a factor 9), still significant at one
half light radius (by a factor 5) and less significant in the "disk” (only enhanced by a factor 1.5). Attending
to the importance of stellar populations ~ 300 Myr, we find that the merger-induced star formation started
earlier in IC 1623 W than in NGC 6090 NE.

In more advanced mergers, as NGC 2623, we find that most of the young SF is concentrated in the
central region, enhanced by a factor 9 with respect to control spirals. However, there exists also lower level of
star formation in the outer parts, enhanced by < 3 in comparison to spirals. From the global average across
the whole galaxy we find than is a factor ~ 3 higher than in spirals. In addition, in NGC 2623 we detect
fossil emission of an extended merger-induced burst occurred ~ 1.5 Gyr ago, probably when it was at the
pre-merger stage. The mass formed during this first burst is enhanced by a factor 2 both in the center and
in the outer parts with respect to the mass formed in the same period in isolated spirals.

From the average of the nine PSQSOs we find that, both in terms of light and mass, the SFHs are
comparable to NGC 2623 ones. Attending to the average ages we found that they are ~ 400 Myr older than
NGC 2623. It seems that PSQSOs are slightly more evolved, however, given the uncertainties related to the
model base choice, and the heterogeneity of the sample, we can not confirm exactly to what degree. We
note, however, that both present a significant contribution to mass of stellar populations younger than 1.5
Gyr, which is not present in the pre-merger LIRGs. However, we think that the current starburst seen in
the pre-mergers is in fact forming this intermediate age mass that will look like NGC 2623 in < 1.5 Gyr.
The stellar mass in SSPs younger than 1.5 Gyr is ~ 6.6 x 10° My, (Chabrier IMF) in NGC 2623 and ~ 10°
Mg in the PSQSOs, hence, we find that if the pre-merger LIRGs keep forming stars at the current rate ~
16 Mg yr—! during ~ 400 - 600 Myr, then they can account for the mass in NGC 2623 and PSQSOs. This
time is approximately consistent with the 500 Myr upper limit expected for the duration of merger triggered
starbursts from numerical simulations of mergers.

With respect to the evolution from NGC 2623 to PSQSO, we note that in few 100 Myr molecular outflows
like the ones in some U/LIRGs would be able to remove dust from the core leaving the AGN uncovered. This
is in consistent with the average time delay of ~ 400 Myr found by us between NGC 2623 and the PSQSOs.

Finally, given the stellar masses measured in the LIRGs and in the PSQSOs, most of them < 10! Mg,
we find that they will form ellipticals of intermediate mass (~ 10! M), or the core of future giant ellipticals,

in agreement with the major-merger evolutionary scenario.
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Introduction

Major gas-rich mergers are thought to be responsible of a dramatic evolution of galaxies. Attending
to the changes in the morphology, Kormendy & Sanders (1992) propose that mergers of gas rich
disks (U/LIRGs) lead to the formation of elliptical galaxies. Due to the large timescales needed
to complete the merger, we can not study this process following the transformation of an individual
system. Instead, we need to compare the properties of systems along the different stages of the merger
sequence. However, identifying all the intermediate stages of a merger and placing them in the right

evolutionary order it is not an easy task.

Morover, apart from the morphological changes, Sanders et al. (1988)a,b propose there is also a
change in the ionizing mechanism along the merger sequence, from dusty starbursts in the initial
stages (U/LIRGs) to unobscured QSO activity in the final ones. While it is quite clear that mergers
lead to massive starbust activity, sometimes hidden by dust, and therefore, U/LIRGs (Surace et al.
1998, 2000; Veilleux et al. 2002; Kim et al. 2013), it is not so clear if the QSOs activity is merger-
triggered and if so, when exactly during the merger it starts. The best approach is to find systems
with intermediate properties in the proposed sequence, that is, galaxies hosting bright nuclear QSOs,
showing morphological disturbance typical of a past merger and with an important post-starbust
population, relics of the intense starbust activity triggered in the past. The best example of this kind
of systems are post-starburst QSOs (Brotherton et al., 1999), which have been proposed to be the
missing evolutionary link. They are, therefore, ideal laboratories to study connections between the

starburst and AGN phenomenon.

In this chapter, I give the global astrophysical context of this PhD work. I start in Section 1.1
with a summary of the different types and properties of galaxies in the local Universe. In Section 1.2,
I summarize our knowledge on AGN and how they affect the galaxy evolution. Section 1.3 present
the two main scenarios for the formation and evolution of elliptical galaxies. The characteristics of
U/LIRGs and PSQSOs are summarized in Section 1.4 and Section 1.5, respectively. Finally, in Section
1.6, I describe the aims of my PhD work and the structure of this manuscript.
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Figure 1.1 The Hubble Sequence of Galaxies as given by Kormendy & Bender (1996). Elliptical (early-
type) galaxies are on shown on the left, spiral (late-type) galaxies at the right.

1.1. Galaxies

Galaxies are gravitationally bound collections of stars, gas, dust and dark matter. In our current
understanding, these objects have been formed through the agglomeration of smaller clumps in a sort
of dance governed by the gravitational properties of dark matter, in which all the visible components
of the Universe are embebbed. As the building blocks of the Universe, galaxies are one of the most

important subjects of study in our effort to push the limits of our comprehension.

1.1.1. Morphological Classification

Galaxies can be divided in classes based on their morphology. The Hubble-Sequence was created
and first published by Edwin Hubble in his monograph "The Realms of the Nebulae’ (1936) to put
some order in the diversity of galaxy morphologies. It was later revised many times and described e.g.
by Kormendy & Bender (1996) who (with others) added a few more types. See the classification in
Figure 1.1. Most objects fall into one of two groups; spiral and elliptical galaxies.

Spiral galaxies (S) typically consist of a thin disk with spiral arms, a central bulge, and so-
metimes a bar. They are mainly supported against gravitational collapse by the rotation of stars in
the disk. Some spiral galaxies are more disk-dominated (Sc type on the right-hand side of the Hub-
ble diagram), while others are more bulge-dominated (Sa type). The relative significance of the disk
and the bulge can be studied by measuring the surface-brightness profile of the galaxy. The surfa-
ce brightness profile describes the stellar density distribution, which is more central-concentrated in

bulge-dominated galaxies. The surface brightness profile of a galaxy can be described with a Sérsic

I(r) = Lexp [ . ﬂ"((%)l/n . 1>] (1.1)

profile
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where [3,, is chosen so that r., the effective radius, includes half of the light and I.=I(r.). The Sérsic
index n determines the curvature of the profile (Sérsic, 1963). The surface brightness profile of a disk
typically has a Sérsic index n = 1, which is an exponential profile, while the bulge has a Sérsic index
n = 4, known as the de Vaucouleurs profile (de Vaucouleurs, 1948). The profile of a spiral galaxy is
usually a combination of these two.

Elliptical galaxies (E) have an apparently simple structure of a smooth, elliptical surface bright-
ness distribution. They have no sign of a disk and are supported against gravitational collapse by the
random motions of their stars. According to Driver et al. (2006), a typical Sérsic index for elliptical
galaxies is n = 4, similarly to the bulge-dominated spiral galaxies. Elliptical galaxies are close to true
ellipses, but there are small deviations from the simple axisymmetric form. Nowadays it is also known
that the old sub-classification of ellipticals (EO to ET7) is only a projection effect depending on the
viewing angle of the observer. What is true is that elliptical galaxies do not have perfect elliptical
isophotes, but they show typical deviations of a few %. Depending on the deviation, the classification
was revised to now distinguish between the two subclasses of ellipticals: disky, with peaked isophotes,
and boxy, with box-shaped isophotes (Bender et al., 1988). Kormendy et al. (2009) showed that disky
elliptical galaxies typically have low Sérsic indices, n ~ 3 + 1, while boxy ellipticals have very large

Sersic indices, n > 4. More properties of both subtypes of ellipticals are described in Section 1.1.3.

1.1.2. Bimodality in the Color-Magnitude Diagram

The two main groups of ellipsoid-dominated and disk-dominated galaxies are often called early-
type and late-type galaxies, respectively. These names refer to their places in the Hubble’s sequence,
where the E,; SO and Sa (= early-types) are plotted to the left and the spirals from Sb to Sd (=
late-types) to the right. These expressions are of historical origin, when theorists thought that late-
type galaxies are ”late” in sense of evolution history, so ellipticals evolve into spiral galaxies by the
later formation of galactic substructure. Today this picture is known to be totally incorrect, but the
terminology remained from that time.

Besides morphology, galaxies can be divided in two distinct classes by their colors (Strateva et al.
2001, Baldry et al. 2004, 2006, Schawinski et al. 2014): the blue cloud and the red sequence (see
Figure 1.2). The colors trace the physical properties of the systems, which are in turn connected to
the morphology. The blue cloud is mainly formed by late-type, spiral galaxies which are gas-rich and
star forming, while the red sequence is formed by gas poor early-type galaxies (ETGs) with quenched
star formation and formed by old stars (Trager et al., 2000). This bimodality in the CMD of galaxies
has been found to exist already at z < 2.5 (Franzetti et al. 2007; Brammer et al. 2009). However, the
number of galaxies on the red sequence and their stellar mass density rose by about a factor of 2
from z = 1 to z = 0, whereas the number and stellar mass density of blue galaxies remained roughly
constant (Arnouts et al., 2007). The intriguing aspect is that the stellar density corresponding to blue
cloud galaxies (where new stars are expected to be formed) has barely been altered, and that most of
that growth has been produced in the red sequence. This result has a strong implication: in order to
reproduce the observed evolution in the color-stellar mass diagram, galaxies have to migrate from the
blue cloud to the red sequence by means of a process in which the star formation (SF) in the galaxies
is quenched (Bell et al. 2007; Walcher et al. 2008).

Galaxies in between, the so called green valley, have intermediate galaxy colours and were thought
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Figure 1.2 The u-r color-mass diagram taken from Schawinski et al. (2014). In the top left all galaxies
in their sample are shown. When representing only the early-type galaxies (top right) we found that
they are distributed over the so-called red sequence. On the contrary, the location of the late-types
(bottom right) is called blue cloud. The green lines show the green valley defined by the all-galaxy
diagram.

to represent the transition population between the two aforementioned populations (e.g., Faber et al.
2007; Gongalves et al. 2012). However, we must be cautious, green valley is an heterogeneus group
composed by galaxies of different morphologies that might evolve differently. In particular, green valley
late-type galaxies are consistent with a scenario where the cosmic supply of gas is shut off, perhaps at
a critical halo mass, followed by a slow exhaustion of the remaining gas over several Gyr, driven by
secular and/or environmental processes. On the contrary, green valley early types require a scenario
where the gas supply and gas reservoir are destroyed virtually instantaneously, with rapid quenching.
Mergers of gas rich disk galaxies are invoked to be responsible (Schawinski et al., 2014). This major
wet mergers are the quenching mode seen in local post-starburst galaxies. Post-starburst or K+A
galaxies, discovered by Dressler & Gunn (1983), exhibit strong Balmer absorption lines, indicative of
an intense star-formation epoch in the past billion years, and an absence of emission lines, a signature
of a lack of ongoing star-formation. They are the results of mergers (Bekki et al. 2005; Snyder et al.
2011; De Propris & Melnick 2014) and reside in the low mass end (M, ~ 10'°M) of the green valley.
If star formation has indeed ceased in these galaxies, they will contribute to the build-up of the low-
mass end of the red sequence (Wong et al., 2012). Still, what happens with the high-mass end of this
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red sequence?. How is it formed?. In Section 1.3 we describe in detail the two scenarios that explain
the formation of both high and low mass ellipticals.

It is also important to note that most local AGNs reside in the green valley (Martin et al. 2007;
Salim et al. 2007). However, at high-Eddington ratios (L/Lggq > 0.1) the only population with a
substantial fraction of AGNs are the low-mass green valley early-type galaxies (Schawinski et al.,
2010). The high fraction of AGN hosts in the green valley, combined with the assumption that mergers
are their main triggering mechanism, leads to a scenario in which AGN are the driver for the rapid
migration of galaxies from the blue cloud to the red sequence due to AGN related quenching of star
formation. The relevance of the AGN in galactic evolution will be explained in more detail in Section
1.2.4.

1.1.3. Two Families of Ellipticals

Elliptical galaxies range from the most luminous giant galaxies known today, with absolute blue
magnitudes of Mg < -20, like M87 in Virgo Cluster (Mp ~ -22) to faint dwarf elliptical galaxies (dE)
like M32 with Mg > -18. This correspond to a range of possible stellar masses between 107 - 10'3
Mg . Despite this wide range of masses all of them follow some regular trends. In particular, three
simple but fundamental properties are related in all ellipticals (size R, mean surface brightness p and
velocity dispersions o) to form a three-dimensional scaling relation called ” fundamental plane” (FP for
short); R o oub (Djorgovski & Davis 1987, Dressler et al. 1987). In optical passbands, it has since
consistently been found that the value of the coefficient a lies in the range 1 - 1.5, and b from 0.25 -
0.35.

Once believed as "simple” systems composed by old stars, with no cold gas or dust, non rotating,
etc. in the last decade the results from integral field spectroscopy of a few nearby ETGs by SAURON
survey (de Zeeuw et al., 2002) and a complete and statistically significant sample of 260 ETGs by
ATLAS3P survey (Cappellari et al., 2011) has revealed the full richness of these objects. From the
two-dimensional nature of this unique data sets, the first striking finding was the separation of ETGs in
two distinct kinematic families: fast and slow rotators (Emsellem et al., 2007, 2011). From ATLAS?P
sample, only a small fraction (12 per cent, 32/260) of the galaxies rotate slowly with no indication
of embedded disc components. In contrast, the majority (86 per cent, 224/260) of early-type galaxies
shows significant (disc-like) rotation with regular velocity fields. Fast rotators dominate the low- and
intermediate-mass field population (Cappellari et al., 2011)b and form a quite homogeneous family of
flattened, oblate systems with regular velocity fields. Typical slow rotators dominate in high-density
environments, are among the most massive and round galaxies, and have peculiar properties such as
kinematic twists and kinematically decoupled components (Krajnovié¢ et al., 2011). The results from
ATLAS?P demonstrate the power of Integral Field Spectroscopy for fully characterizing the properties
of early-type galaxies. A comprehensive summary of the current state, but without including integral
field kinematics, can be found in Kormendy et al. (2009) and Kormendy & Ho (2013). Basically two
families of ellipticals are found, with different properties:

Giant ellipticals (My < -21.5) are massive M, > 10! M, have cores in their nucleus, that is,
central missing light with respect to an inward extrapolation of the outer Sérsic profile. They rotate
slowly, so rotation is unimportant dynamically; therefore are moderately anisotropic and triaxial.

They have boxy-distorted isophotes and Sérsic function outer profiles with n > 4; are mostly made
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up of very old stars that are enhanced in « elements. Often contain strong radio sources and X-ray

emitting gas.

Normal and dwarf ellipticals (My > -21.5) have lower masses M, < 10! Mg, and are coreless,
that is, they have central extra light with respect to an inward extrapolation of the outer Sérsic profile.
They rotate rapidly, so rotation is dynamically important to their structure; are nearly isotropic and
oblate spheroidal, with axial dispersions o, that are somewhat smaller than the dispersions o,, o4 in
the equatorial plane. They have disky distorted isophotes and Sérsic function outer profiles with n <
4; are made of (still old but) younger stars with only modest or no « element enhancement. Rarely

contain strong radio sources and X-ray emitting gas.

This new observational results have led to a large theoretical effort to understand how this two kind
of ellipticals form. In recent years, efforts have begun to converge, and two formation scenarios have
been consolidated that can explain the dichotomy we observe in the properties thereof. In summary,
normal low mass ellipticals are consistent with a formation through major gas rich mergers, while the
giant massive ellipticals are consistent with a two phase formation scenario where the last mergers

have been dry or dissipationless. Both scenarios will be explained in detail in Section 1.3.

1.2. Nuclear activity in galaxies

The term Active Galactic Nuclei (AGN) refers to the existence of energetic phenomena in the nuclei
or central regions of galaxies which cannot be attributed to stars. Their bolometric luminosities span
a broad range of values, from 10%? to 10*® erg s~! for the most luminous AGN. A major breakthrough
in the study of AGN is the realization that all massive galaxies in the universe, active and quiescent,
contain a Super Massive Black Hole (SMBH) at the nucleus magorrian1998. This SMBH grows through
mass accretion events. If there is fuel (gas and dust) surrounding a SMBH, it is attracted forming an
accretion disk due to the conservation of angular momentum. Through viscous friction, the material
in the disk can be heated to such high temperatures that it can be 100 - 1000 times more luminous
than its host galaxy. This friction also provides a means for the innermost material to drop out of its
stable circular orbit and spiral in towards the BH; feeding it. BHs that are actively accreting material
are called AGN. Moreover, the strong time-variability observed in their optical/UV/X-ray emission
implies that the spatial scale of the main engine of AGN is within the order of light days: a nucleus
comparable to the size of the Solar System is emitting hundreds of times as much energy as an entire

galaxy.

Furthermore, theoretical work now suggests that AGN activity has a profound influence on the
evolution of its host galaxy. However, placing observational constraints on the influence of AGN on
the evolution of galaxies remains an open area of research, with many outstanding questions. In
this section we provide: (1) a (very) short history of the discovery of AGN; (2) a summary of the
key properties and observations of AGN, (3) a brief review on the observational evidences of the
co-evolution of BH and galaxy growth and (4) the current research on the influence of AGN on the

evolution of galaxies.



1.2 Nuclear activity in galaxies

1.2.1. Discovery of AGN/QSOs

The first recorded observational evidence for the existence of (what are now referred to as) AGN
came from Edward A. Fath who was obtaining spectra of star clusters and ”spiral nebulae” at the Lick
Observatory (Fath, 1909). Fath noted that the spectrum of the object called NGC 1068, which was
not yet known to be extragalactic, showed unusually strong and broad high-excitation emission-line
profiles. Twenty five years later, the seminal work of Carl Seyfert presented analyses on the spectra
of six of the twelve galaxies that had been identified as having equivalent nuclear spectra to that of
NGC 1068 (Seyfert, 1943). Consequently, similar objects are now called ”Seyfert galaxies”. Over the
following three decades, the number of identified Seyfert galaxies increased dramatically and further
study revealed the unusual nature of these objects: they have exceptionally compact and bright nuclear
regions, and have a variable ultraviolet to optical continuum, in addition to their unusually strong
and broad emission lines (an early review is given by Weedman 1977). All of these observations were
suggestive of a very compact powerful energy source at the centre of these galaxies.

Independently of the optical studies discussed above, during the 1960s, radio astronomers dis-
covered a class of extremely bright radio sources that appeared to be associated with optical point
sources (e.g., Matthews & Sandage 1963). These ”quasi stellar radio sources” (shortened to quasars),
turned out to have very high redshifts (i.e., z 2 0.1; e.g., Schmidt 1963; Greenstein 1963). It is now
common practice to use the term ”quasar” or quasi-stellar-object (QSO) to refer to the most luminous

AGN in the Universe (i.e., bolometric luminosities of Lagy = 10% erg s7!) irrespective of their radio

properties.
Therefore, both Seyferts and QSOs are AGN. The difference between them is just in the luminosity.
The division was arbitrarily set at an absolute magnitude Mp = - 23.

1.2.2. Emission properties

AGN are roughly divided into two spectral types regardless of their luminosity. The main features
of the spectra include the continuum, narrow emission lines, and broad emission lines. Objects that
exhibit all three of these features are known as type-1 AGN. The blue continuum of a type-1 AGN
has typically a spectral slope «a, =~ -0.5 (Vanden Berk et al. 2001; Richards et al. 2006) where f,
o« v*. Narrow emission lines appear in high ionization forbidden transitions such as [OII]A3727,
[OIII]A5007, [NII]AAN6548,6583 and [SII|JAA6716,6730. The emission line ratios are different from those
of star forming regions and can be used to distinguish AGN from star forming galaxies (Baldwin et al.,
1981). Broad emission lines appear in low ionization species, most prominently the Balmer series, Mg
IIAN2796, 2802, CIIIA1909, CIVA1549, and Ly«. The broad emission lines can have widths on the
order of thousands of km s™!, indicating very high velocities. Type-2 AGN only show the narrow lines
with similar ratios as the type-1 objects, but the continuum and broad emission lines are not present
in the spectra.

These different observational classes of AGN, have been unified using a single physical model
(Antonucci 1993; Urry & Padovani 1995). According to this physical model the optical/UV continuum
originates in the accretion disk. AGN accretion disks are relatively cool (~ 10° - 10% K) producing
the black body (BB) emission known as ”big blue bump” which peaks between 1000 - 4000 A. The UV
photons produced at the accretion disk are thought to excite dense (i.e., electron densities n, = 10°
ecm~?; Osterbrock & Ferland 2006) high velocity gas clouds that are under the direct gravitational
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influence of the BH. This results in the production of extremely broad permitted emission lines
(typically FWHM ~ 10% - 10* km s~!). The region where these broad lines are produced is called the
broad-line region (BLR) and has a size-scale of light-days to light-months (e.g., Peterson et al.
2004). Forbidden emission lines are not observed in this region due to these lines being collisionally
de-excited before they can de-excite by the emission of a photon. Outside the BLR, at distance
scales of few parsecs, there is a region of cold gas and dust with a toroidal geometry in a similar
plane as the accretion disk, with its inner radius set by the dust sublimation temperature. This
region is called the obscuring torus, although now it is widely believed to have a clumpy structure
(Honig et al., 2006). The dust heated by the nuclear emission is believed the responsible for the
MIR/FIR continuum emission. Ionising photons that escape the central regions of the AGN can
ionise gas in low density regions that extend beyond the inner BLR (with electron densities n, < 10°
ecm?; Osterbrock & Ferland 2006). Here the emission lines produced have narrower widths (i.e., 250
< FWHM < 2000 km s~1) and this region is referred to as the narrow-line region (NLR). Unlike
the BLR, both permitted and forbidden lines are produced in the NLR, which can extend over large
scales (i.e, ~ 10 - 10* pc). Radio jets may also be launched from close to the accretion disk.

The 7unified model” of AGN implies that, along certain lines of sight, obscuration by the dusty
torus will prevent the optical emission from the accretion disk and BLR from being observable. That is
the reason for type 2 AGN no showing broad permitted emission lines. In contrast, observing emission
from the NLR, torus and radio jets is less dependent on the line of sight.

1.2.3. The co-evolution of BH and galaxy growth

There are several observational results suggesting that BH growth and galaxy growth are intima-
tely connected, which seems incredible because there are nine orders of magnitude difference in the
physical size scale of a BH and its host galaxy. In this section we summarize the two most relevant: (1)
the cosmic evolution of BH growth and star formation look very similar and (2) BH masses correlate

with galaxy bulge mass and velocity dispersion.

Similar cosmic space density of BH growth and star formation

The cosmic space density of BH growth peaks at z ~ 1 - 2, as have been accurately calculated from
X ray (Aird et al., 2010) and NIR (Delvecchio et al., 2014) observations of AGN, with the majority

of BH growth occurring in AGN with luminosities of Lygy = 10** - 10% erg s}

(e.g., see review
by Alexander & Hickox 2012). Similarly to AGN, the peak in the cosmic star formation rate density
occurs at z ~ 2 (Madau & Dickinson, 2014). This result is shown in Figure 1.3, which show the
remarkably similar evolution with redshift of BH growth (i.e., AGN activity) and Star Formation
(SF). In anycase, the fact that this two processes evolved in a similar manner, only provides indirect

evidence that they might be causally connected.

BH masses are related to galaxy bulge properties

The most quoted pieces of observational evidence to argue that BH growth and galaxy growth are
intimately connected, are probably the relationships between BH masses and the properties of their

host galaxy bulges in local systems. BH masses are found to be proportional to the luminosity and
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Figure 1.3 Comparison of the star-formation rate density (black solid curve) with the black hole
accretion history from X-ray [red curve (Shankar et al., 2009); light green shading (Aird et al., 2010)]
and infrared (light blue shading) (Delvecchio et al., 2014) data. The comoving rates of black hole
accretion have been scaled up by a factor of 3300 to facilitate visual comparison to the star-formation
history. The figure has been taken from Madau & Dickinson (2014).

therefore masses of their host galaxy bulges (Magorrian et al., 1998) and a tight relationship is also
found between BH masses and the velocity dispersion of the bulge (e.g., Ferrarese & Merritt 2000;
Gebhardt et al. 2000; Giiltekin et al. 2009). The term ”bulge” here refers to both classical bulges and
elliptical galaxies. It should be noted that, at least in the local Universe, BH masses do not appear
to correlate well with pseudobulges or galaxy disks (Kormendy & Ho, 2013). Figure 1.4 shows the
BH - bulge mass relationship, containing data on classical bulges and ellipticals compiled from the
literature (Kormendy & Ho 2013 and references there-in). This relationship is almost linear, with BH
masses (Mpp) containing around 0.2 - 0.8 % of the mass of their host bulges (Mpy4e) and can be

parametrised in the form:
Mpn

_ +0’06)< Miyuige )1,17i0,08
109M

(0,497 505 10U M,, (1.2)

These correlations were originally unexpected, since the black hole makes up less than a percent
of the galaxy’s mass and the volume of its gravitational influence is small compared to the galaxy’s
size. Why should stars across the galaxy have orbits that seemingly depend on the black holes mass?.
There must be a direct interplay between AGN activity (i.e., the build up of BH mass) and star
formation (i.e., the build up of stellar mass).

This has been canonically answered with the idea that galaxies and their black holes both grow

simultaneusly from a common fuel supply. Because the matter accretion rate spans several orders of
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Figure 1.4 Correlation of Mpy with bulge mass for elliptical galaxies (black points) and classical
bulges (red). Taken from Kormendy & Ho (2013).

magnitude, various mechanisms are certainly allowed that provide the required fuel over the AGN
duty cycle. While secular processes, such as large-scale bars and instabilities in disc galaxies, have
been proposed to trigger low luminosity AGN, more violent triggering events may be required to
achieve the high mass accretion rate for QSO activity. Major gas rich mergers appear as the best
possible interpretation, because lots of gas is rapidly transported towards the nucleus as highlighted by
numerical simulations (e.g Barnes & Hernquist 1991; Mihos & Hernquist 1996; Hopkins et al. 2008a).

Although mergers explain the simultaneus feeding of the bulge and BH, some other mechanism
is neccesary to cut the gas supply of both components and set the observational correlations. The
more coherent explanation comes from what have been called ”feedback” processes from starburst
but specially from the AGN. AGN activity is known to be a source of high energy and momentum,
due to radiation pressure and the expulsion of material through winds (=feedback). If these winds
are able to significantly suppress the supply of cold gas, they will cut off star formation and future
black hole growth, fixing the Mpg-Mpy4e relation. This scenario has been sucessfully reproduced by
numerical simulations (Di Matteo et al. 2005, Springel et al. 2005d)

1.2.4. The influence of AGN on the evolution elliptical of galaxies

As explained in previous sections AGN are incredible energy sources. During the growth of a BH,

huge amounts of energy can be liberated. For example, the energy released to build a BH with mass



1.2 Nuclear activity in galaxies 11

Mpy = 108 Mg, (via mass accretion) would correspond to Egy ~ 109! erg, assuming E = 0.1 Mgy
c? (i.e., a mass-to-energy conversion of 10%). This total accretion energy is two-to-three orders of
magnitude higher than the binding energy of the galaxy bulge in which this BH is likely to reside
(Epg ~ 10% erg !) and is likely to be comparable to, or higher than, the thermal energy of the gas
in the dark matter halo in which this galaxy resides (e.g., Bower et al. 2008). Therefore, if even a
small fraction (0.1 - 1 %) of the accretion energy could couple to the gas over 0.1 - 1000 kpc scales,
growing BHs have the potential to regulate their own growth and the growth of their host galaxies,
by preventing the supply of cold gas (i.e., by becoming a ”feedback” mechanism) as well as impact
upon the properties of the gas in the larger scale environment by injecting material and/or energy
into this gas.

Theoretical work has shown than AGN feedback mechanisms are an integral part of the evolution
of galaxies. They are neccesary to successfully reproduce: (1) many of the fundamental properties
of galaxies, the intergalactic medium (IGM; e.g., Silk & Rees 1998; McCarthy et al. 2010), (2) the
observed galaxy luminosity function and BH-bulge relations (Benson et al. 2003; Croton et al. 2006;
Di Matteo et al. 2005), (3) the red elliptical remnants in agreement with the apparent colour bimo-
dality (Springel et al. 2005a; Khalatyan et al. 2008).

Next subsections provides an overview of some of the theoretical and observational research
on AGN feedback and its implications for galaxy evolution (reviewed intesively in the last years
by (Alexander & Hickox, 2012; McNamara & Nulsen, 2012; Fabian, 2012; Kormendy & Ho, 2013;
Heckman & Best, 2014).

Feedback mechanisms from simulations

Simulations frequently adopt two different modes of AGN feedback, the so-called ” quasar-mode”

and "maintenance-mode” (see Figure 1.5):

= The ”quasar-mode” or ”superwind-mode” AGNs are triggered through major gas rich mergers of
galaxies. This produces high-accretion rate, radiatively-efficient AGN that are able to expel gas
from the central regions of the galaxy through high mass outflows which ultimately results in the
rapid shut-down or suppression of future BH growth and star formation (e.g., Di Matteo et al.
2005; Springel et al. 2005d; Alexander & Hickox 2012).

= In the "maintenance-mode” or "radio-mode”, energy is transferred by jets. Jets are radio lumi-
nous because of the synchrotron radiation from electrons that are accelerated in shocks. They
originates in steady low-accretion rate AGN, located in the quasi-hydrostatic halos of massive
galaxies that are able to accrete their hot halo gas. However, the cooling of this gas and therefore
new star formation and AGN activity is almost supressed or maintained at a very low level by
the continuous heating from the mechanical feedback of the jet (Cattaneo & Best, 2009).

Of particular interest in this thesis, is the fact that these two different AGN feedback mechanisms
are claimed to occur in the two kinds of ellipticals reported in Section 1.1.3. In low- to modera-
te mass, coreless-rotating-disky elliptical galaxies ”quasar mode” feedback is responsible for

establishing the Mpgy-o relation and turning galaxies from the blue cloud to the red sequence. For

!The binding energy Epr ~ 10°® erg is obtained assuming Mpuige = 3 X 10'° My and applying Epp ~ Mbpuige o?
with o ~ 200 km/s
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Figure 1.5 Schematic diagram to illustrate the two main modes of AGN feedback described in this
thesis (taken from Alexander & Hickox 2012).

the highest mass, core-nonrotating-boxy ellipticals the Mppy-o relation is established at high
redshift also through ” quasar mode” feedback. However, nowadays, the ” maintenance mode” feedback
dominates. It helps to keep the hot gas hot and to prevent late star formation and BH accretion. Here
the controlling factor is that these galaxies are massive enough to hold onto hot, X-ray-emitting gas
(Kormendy et al., 2009). In Section 1.3, we will explain in detail the two scenarios that lead to the

formation of these two different types of ellipticals.

Feedback mechanisms from observations

From the observational side, while there is ample evidence that star formation processes (stellar
winds and supernovae) drive galaxy-wide outflows that are an integral part of galaxy evolution (e.g.,
Heckman et al. 1990; Rupke et al. 2005, see review in Veilleux et al. 2005), it is believed that AGN
activity is required to drive the highest velocity outflows.

Recent Herschel velocity-resolved spectroscopic studies of U/LIRGs have discovered massive mo-
lecular outflows with velocities of over 1000 km /s and outflow rates of ~ 1200 Mg, yr—!, several times
larger than their star formation rates (SFRs). The fastest and most massive outflows are found in
AGN-dominated U/LIRGs (according to MIR classification methods) suggesting that AGN are able to
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expel the cold gas reservoirs from the center within a timescale of 10° - 10% Mg, yr~!. (e.g. Fischer et al.
2010; Sturm et al. 2011; Veilleux et al. 2013). In the closest quasar known, Mrk 231, the picture is
similar. A giant molecular outflow is detected, with a rate of 700 My, yr—!, far larger than the on-going
SFR in the host galaxy 200 Mg, yr~! (Feruglio et al., 2010). Gemini/IFU observations have revealed
that the Na ID outflow in Mrk 231 is not only spatially resolved on kpc scale but also wide-angled,
thus driven by a QSO wind rather than a jet (Rupke & Veilleux, 2011). More kpc-scale outflows in
low redshift AGN have been identified in ionised, atomic and molecular gas (e.g., Westmoquette et al.
2012; Rupke & Veilleux 2013a). These are important results, as they could be the first observational
evidence of the ”quasar-mode” quenching.

Observational evidence for ” maintenance-mode” heating the gas in massive halos, is found through
combining X-ray and radio imaging of massive ellipticals and clusters where cavities in the X-ray
emitting gas, indicating the prevention of cooling, are observed to be spatially coincident with radio
emission (McNamara & Nulsen, 2012).

To summarize the role of AGNs in galaxy evolution, quasars are triggered by major mergers of
gas-rich galaxies, and they are responsible for expelling the gas, and thus terminating star formation
and turning galaxies from the blue cloud to the red sequence. Radio galaxies, on the other hand, get
active through a steady inflow of gas onto the black hole. Their jets provide mechanical feedback that
warms the surrounding gas. Through this feedback process radio jets regulate the masses of old red

galaxies.

1.3. Formation and evolution of elliptical galaxies

Early theorists suggest that ellipticals were formed in a single, early, rapid collapse of a gas cloud
(Larson, 1969, 1975), often referred to as a ‘'monolithic collapse’. In this framework, galaxies originate
from the collapse of a roughly spherical cloud of gas, forming stars in a rapid burst. Ellipticals would
form mainly in non-rotating halos with relatively little angular momentum (e.g. Chiosi & Carraro
2002).

While conceptually simple, the monolithic collapse model has difficulties explaining the properties
of low mass ellipticals; substantial net rotation, possibly embedded disks, stellar populations younger
than the age of the universe, suggesting that their stars did not all form in the early universe, dust
lanes indicative of recent star formation or merger activity (Kaviraj et al., 2012) and relatively flat
metallicity profiles (Gonzalez Delgado et al., 2015). However, the main argument against monolithic

collapse comes from the development of the cosmological model.

1.3.1. ACDM Cosmology

The experiments studying the redshift-distance relations from type Ia supernovae (Riess et al.,
1998; Perlmutter et al., 1999) have discovered the accelerated expansion of the universe. The respon-
sible for this acceleration is believed to be some sort of dark energy or vaccum energy of space, which
has the particularity of producing a negative pressure (see Robaina & Cepa 2007 for a discussion
of the systematic uncertainties). Moreover, the Cosmic Microwave Background (CMB) as observed
by the Wilkinson Microwave Anisotropy Probe (WMAP, Spergel et al. 2007), reveal a flat Universe
with a significant fraction of dark matter in a non-baryonic form. Every cosmology which takes into
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account the existence of dark energy (in whatever exotic from) and dark matter is usually labelled
as a A Cold Dark Matter (ACDM) cosmology. The main results from 7-years WMAP program infer
that the total energy content of the universe is made up of ~ 4 % baryonic matter, ~ 23 % cold dark
matter (CDM), with the remaining ~ 73 % consisting of mysterious dark energy A (Komatsu et al.,
2011; Jarosik et al., 2011). Here dark matter is described as a collisionless particle, which interacts
only gravitationally with baryonic matter. Presently the nature of both dark matter and dark energy
is unknown, but these components are essential for the ACDM model to correctly match observations

of the large scale structure of the universe.

After cold dark matter became the widely accepted cosmological paradigm, numerical simulations
like the Millennium simulation (Springel et al. 2005¢) showed beyond the shadow of a doubt that
massive halos assemble hierarchically, merging smaller halos and growing in mass and size. High mass
halos partially grow through rather continuous mergers with a large number of smaller halos. When
small halos merge with a much larger halo, they become subhalos of the main halo. The galaxies
embedded in the subhalos then become satellites of the large central galaxy, with which they will
eventually merge after suffering so called dynamical friction. These minor mergers (mass ratio < 1/3)
result in a fairly smooth accretion of mass over time. Occasionally, a major merger (mass ratio > 1/3)
between halos of similar mass will occur, resulting in an abrupt jump in the mass of the system. Such
major mergers rapidly change the gravitational potential of the system, causing a total redistribution

of the particle orbits through a process called violent relaxation.

Galaxies which are embedded within merging dark matter halos will also sometimes merge, but will
obviously do so after their parent halos. This pushed the merger theory of elliptical galaxy formation
into widespread acceptance. However, galaxy mergers are more difficult to simulate than halo mergers.
They also have gas and are not only driven by gravitational forces. Hydrodynamical simulations provi-
de a useful tool to study the baryonic processes that determine galaxy properties (Mihos & Hernquist,
1996; Di Matteo et al., 2007). The merger timescale, SF enhancement and remnant properties of a
galaxy merger depends on several factors as the mass ratio and morphologies of the progenitors, the
availability of gas (gas-rich or gas-poor) and the orbital characteristics, results from simulations are
described in detail in Section 1.4.3.

Apart from the characteristics of the galaxy merger, it has also been found that the halo mass of
the galaxy is able to regulate its evolution. The stellar-to-halo mass (SHM) relation has a characteristic
peak at M$¥, ~ 102 Mg, where the stellar mass fraction reaches its maximum. At both lower and
higher dark matter masses the stellar mass fraction declines steeply (see Figure 1.6). The physical
interpretation of this behavior is the interplay between the various feedback processes that impact
the star formation efficiency. Supernova feedback is more effective at reheating and expelling gas in
low-mass halos, while AGN feedback is more effective in high mass halos (Moster et al., 2010). In this
picture, M$¥, is the critical halo mass where the efficiency of these two processes crosses. Galaxies well
above the M%%  like massive-core ellipticals can retain X-ray-emitting gas (Cattaneo et al., 2006), and
develop the "maintenance mode” feedback (see Section 1.2.4) that heats any cold gas and prevents star
new formation. That is the reason why giant-boxy-core ellipticals grow dissipationlessly (see Section
1.3.2). In contrast, low mass-disky-extra-light ellipticals and their merger progenitors are too low in
mass to hold onto hot X-ray gas (see Section 1.3.3).
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Figure 1.6 Summary of the stellar to halo mass relations as a function of dark matter halo mass
obtained from different techniques (taken from Kormendy & Ho 2013). Note the characteristic peak
at M@t ~ 1012 My, where the stellar mass fraction reaches its maximum.

1.3.2. Two-phase formation and dry merger growth for high mass-core Es

Both observations and cosmological simulations agree with a two phase formation scenario for
giant E’s, those with stellar masses > 10! M, (Naab et al., 2009; Kormendy et al., 2009; Oser et al.,
2012; Toft et al., 2014). It is schematized in Figure 1.7.

First, the central core is formed in a dissipative phase at high redshift (2 < z < 6).
As long as it happens on a short timescale, this in situ star formation could be due to inflowing cold
gas or mergers of extended gas dominated disks. This produces the massive and compact progenitor
of present-day massive ellipticals, with sizes 11/, < 1 kpc. This first phase has been observationally
confirm by Toft et al. (2014), who found that z = 3 - 6 SMGs are consistent with being the progenitors
of z = 2 quiescent galaxies, matching their formation redshifts and their distributions of sizes, stellar
masses, and internal velocities. The z = 3 SMGs show multiple components or irregularities indicative
of ongoing merging and/or clumpy structures with some of the most intense starbursts known and
the quiescent galaxies at z ~ 2 host the densest conglomerations of stellar mass known. Also, they
have a spectra typical of post starburst galaxies, with no emission lines and strong Balmer absorption
lines, which suggests that they underwent major starbursts that were quenched 1 - 2 Gyr prior to the
time of observation (i.e., 3 < z < 6). The mean duty cycle of SMG starbursts is t = 42f§8 Myr, which
indicates that the bulk of stars in these massive galaxies were formed in a rapid surge of star formation.

This, moreover, explains the alpha-enhancement observed in massive local ellipticals (Thomas et al.,
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Figure 1.7 Evolutionary connection between z 2> 3 SMGs, through compact quiescent galaxies at

~

z ~ 2 to giant elliptical galaxies in the local universe. In this scenario gas-rich, major mergers in

the early universe trigger nuclear dust-enshrouded starbursts, which on average last tyy.o¢ = 42f§8,

followed by star formation quenching, mainly from quasar-mode feedback, leaving behind compact
stellar remnants to evolve passively for about a Gyr into the compact quiescent galaxies we observe
at z ~ 2. Over the next 10 Gyr, these then grow gradually, primarily through dry minor merging, into
local elliptical galaxies (taken from Toft et al. 2014).

2005).

In the second phase, the outer envelope grows in size through minor dry mergers.
From 0 < z < 3 there is little in situ star formation but significant accretion of external satellites. This
ex-situ material can be stripped at larger radii and increases the size of the system with time by a
factor of 3.5. This scenario receives support from the recent observational finding that massive galaxies
have increased their mass at radii r > 5 kpc by a factor of ~ 4 since z = 2 with the mass at smaller
radii being essentially unchanged (van Dokkum et al., 2010; Patel et al., 2013). This accreted or ex-
situ stars usually come from smaller systems that are older (~ 3 Gyr) and on average less metallic
(0.1 dex) than the in situ stars. Recent spectroscopic studies of the faint, outer regions of nearby
massive Es already hint that they have lower metallicity and possibly older age than the inner parts
(Greene et al., 2012). Another observational evidence of giant ellipticals grew by dry mergers is the
fact that the Mpy - o correlation saturates at high Mgy only for these massive-core galaxies (Figure
20 of Kormendy & Ho 2013). At the highest BH masses, My becomes essentially independent of o,
but not Mpyg.. Alternatively, some observational studies claim that dry major (not minor) merger
are neccesary to grow sufficiently massive ellipticals that can retain enough X-ray-emitting gas and
develop the maintenance-mode feedback, that prevents future wet mergers (Kormendy et al., 2009).

1.3.3. Major-merger scenario for low mass-coreless Es

The current theoretical framework for the formation of low mass early-type galaxies (~ 1019 - 101!
Mg, Dasyra et al. 2006) is known to involve the merger of two similar-mass gas-rich late-type galaxies.
The whole updated evolution have been summarized by Hopkins et al. (2008)a. In this scenario (see
Figure 1.8), the first phase (panels a & b) is a pair of isolated disk galaxies dominated by internal
secular processes driven by internal structures such as spiral arms, bars and the halo. During the first
close/strong encounter between them, turbulence, compression of the interstellar gas clouds and gas
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inflows due to gravitational torques result in an increase of star formation in the system. During this
pre-merger phase, the nuclei of both progenitors are still separated (panel ¢). The merger evolves and
for the final stage, when the two galaxies coalesce, the gas inflow rate is larger than during the initial
merger stage, producing strong nuclear starburst activity and fueling of the SMBH, leading to AGN
activity. However, together with the gas, the dust is also flowing to the central region, obscuring most
of this activity in the UV-optical and re-emiting it into the infrared. At this stage, the system is a
U/LIRG (panel d). Feedback processes, such as the energy and momentum released by the supernovae
of massive stars and and mainly by black hole activity can disperse the remaining gas (referred to as
blowout phase, panel e) during short period of time. Once the dust is dispersed the systems appears
as a traditional QSO (panel ). While the QSO dominates, the host morphology is difficult to observe.
However, the spheroid is still caracteristically blue/young. Star formation and AGN activity would
be decreasing due to lack of fuel that was removed by the blowout. Also, the tidal features decay
rapidly within a timescale of 200 - 400 Myr (Lotz et al., 2010). With time, the QSO luminosity also
fades. Now the tidal features are only visible with deep observations. Stellar population of the merger
remnant ages and shows post-starburst signature (K+A or E+A, panel g). From that, the system will
finally relax and evolve into a passive elliptical with no star formation (panel h). The galaxy changes
its color towards red rapidly, moving from blue cloud to red sequence galaxy in the galaxy CMD.

The typical merger timescale for a pair of massive galaxies is about a billion year, although large
variations are possible for small impact parameters or high encounter velocities. This is barely lar-
ger than the rotation period of the outer disk of a spiral galaxy. Thus, stars (or gas clouds or dark
matter particles) in an interacting and merging system undergo a variation in the mass distribu-
tion/gravitational potential that is relatively rapid compared to their own dynamical timescale.

The observational properties of low mass ellipticals are well match by this scenario (Kormendy et al.,
2009; Kormendy & Ho, 2013). The first observational support for this scenario starts in the 80’s with
the discovery and characterization of U/LIRGs (described in detail in Section 1.4). U/LIRGs are infra-
red bright mergers of gas-rich, disk galaxies sampling the entire Toomre merger sequence beyond the
first peri-passage (Veilleux et al., 2002). Kormendy & Sanders (1992) were the first to propose that
U/LIRGs evolve into ellipticals through merger induced dissipative collapse (see also Rothberg et al.
2013). They have large molecular gas concentrations in their central kpc regions (Downes & Solomon,
1998) with densities comparable to stellar densities in ellipticals. Their near infrared brightness profiles
follow a de Vaucouleurs law (RY* (Wright et al., 1990; Scoville et al., 2000; Veilleux et al., 2006) and
they lie on the fundamental plane in the same region as intermediate mass ellipticals (Genzel et al.,
2001). Moreover, until U/LIRGs discovery, QSOs were the only objects known to have bolometric
luminosities greater than 10'2 L., so it was natural to speculate about a relation between them.
Sanders et al. (1988)a, b was the first to notice that U/LIRGs and QSOs also have similar space
densities, that is, U/LIRGs were numerous enough to be the parent population of QSOs. Analyzing
the SEDs of IRAS U/LIRGs, he separated them into ”cool” and "warm” according to their 25/60
and 60/100 pm colours, and found the warm ones could be the progenitors of QSOs. The picture
put forward was that U/LIRGs were the result of strong interactions and mergers which funneled
gaseous material into the central regions of galaxies, fueling intense star formation and the QSO
activity. U/LIRGs were then dust-enshrouded QSOs which, after blowing away the dust, became clas-
sical QSOs. Interestingly, deep imaging of luminous AGN/QSO hosts reveals that significant numbers

appear to inhabit elliptical /disturbed systems consistent with a merger origin (Sanchez et al., 2004;
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Figure 1.8 An example of the proposed theoretical framework for major gas-rich merger driven for-
mation of low mass elliptical galaxies by Hopkins et al. (2008). See text for an explanation.

Canalizo & Stockton, 2001; Zakamska et al., 2006; Bennert et al., 2008).

Observational tests to the proposed scenario using only U/LIRGs and traditional QSOs are cha-
llenging. In the former, their dusty nature difficult the determination of their power source (see Section
1.4.3), while the latters are so bright that the host can only be detected through deep imaging. The
ideal approach would be to detect and characterize observationally all the possible transition stages
in the sequence proposed by Hopkins. Determining and comparing the properties of their stellar po-
pulations, the dominating power source and the feedback mode (if present), would clarify if they are

evolutionarily linked.

However, post-merger evolution is quite fast and therefore is difficult to find systems in intermedia-
te stages. Typical durations of the K4+ A phase as commonly defined are 0.1 - 0.3 Gyr (Snyder et al.,
2011). Interestingly, Brotherton et al. (1999) found a particular class of QSOs (the so-called Post Star-
burst Quasars) whose characteristics reveal them as one of the best examples of transition between
U/LIRGs and classical QSOs (they are described in detail in Section 1.5).
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1.4. (Ultra) Luminous Infrared Galaxies

In 1983 the Infrared Astronomical Satellite (IRAS; Neugebauer et al. 1984) surveyed ~ 96 % of
the sky at near-IR (NIR) to far-IR (FIR) wavelengths. IRAS resulted in the discovery of a dusty
population of galaxies which emit the bulk of their energy at infrared wavelenghts (Houck et al.,
1984; Soifer et al., 1984). They are the Luminous Infrared Galaxies LIRGs (L;r ~ 10 - 102 L)
and Ultra Luminous Infrared Galaxies ULIRGs (Ljz ~ 102 - 10!3 Lg,). In these systems the extreme
bursts of star formation and/or AGN activity are hidden by large amounts of dust, which absorb the
UV radiation and re-emit it at longer wavelengths (in this case the FIR). The extinction in some
cases is up to Ay ~ 10 mag or even higher depending on the observation (Lonsdale et al., 2006;
Alonso-Herrero et al., 2006).

The Ljp is defined as the emission between 8 - 1000 pm, which can be determined for IRAS data
from the equations:

Lrr(8 — 1000pm) = 47 D3 Fip(Le) (1.3)

Frr = 1,8 x 107(13,48 f15 + 5,16 fa5 + 2,58 fs0 + f100)Wm 2 (1.4)

where Dy, is the luminosity distance and fi5, fo5, f5o and f1gp are the IRAS flux densities at 12, 25, 60
and 100 pm, respectively (Sanders & Mirabel, 1996).

Although they comprise the dominant population of extragalactic objects at Ly, > 10'! Ly they
are relatively scarce in the local Universe. With the advent of satellites and ground-based instruments
working on the IR, millimeter and radio wavelenghts, many high-z luminous infrared galaxies have
been discovered. Using Spitzer observations, Magnelli et al. (2011) compare the LIRGs and ULIRGs
space density with normal galaxies. In the local Universe, only 1 in 10000 is a LIRG. However, they
were much more common at high redshift. Between 1 < z < 2, LIRGs represent 1 in 300 galaxies.
Morever, they are so bright in the infrared that above z > 1, LIRGs are the major contributors (80
- 90%) of the co-moving star formation rate density of the Universe, and at z ~ 2 ULIRGs have
similar contributions (see Figure 1.9), and they account for at least half of the newly born stars by z
~ 1.5 (Pérez-Gonzilez et al., 2005; Béthermin et al., 2011). These results imply that a large fraction
of stars in present day galaxies would have formed during these evolutionary phases. However, given
their faintness, it is difficult to characterize the properties of high redshift U/LIRGs. In that sense,
local U/LIRGs can serve as a proxy. They are unique laboratories whose characteristics can be studied
in detail, offering insight into the physical processes triggered by galaxy mergers (star formation, black

hole growth), .

1.4.1. Morphology

Studies of U/LIRGs in the local universe have found that most of these systems, especially those
with Lyz > 1014 L, were found to be interacting galaxies or mergers (Surace et al., 1998, 2000;
Veilleux et al., 2002; Kim et al., 2013). The optical and NIR images show peculiar morphologies with
tidal tails, bridges, shells, etc. Although some low-luminosity LIRGs are normal spirals, in this thesis
we are only interested in merging U/LIRGs.

Using high-resolution NIR data, Haan et al. (2011) found that the projected separation between
the progenitors nuclei is significantly smaller for ULIRGs (median value of 1.2 kpc) than for LIRGs



20 Introduction 1.4

----|'"'I""I"""""""10.000

0]
10 : Total Rodighiero et al. ¢
— = =— Normal Pascale et al. A
—-—-— LIRG
— - --— ULIRG )
— — HyLIRG H__opkmg_&Beacom 1.000
o
a.
=
40100 =,
: =)
=
Q

J0.010

0.001

Figure 1.9 Evolution of the star formation rate density as a function of the redshift for sub-LIRG
normal galaxies (red), LIRGs (green), ULIRGs (blue), HyLIRGs (magenta) and total (black). Taken
from Béthermin et al. (2011).

(median value of 6.7 kpc), leading to the interpretation that ULIRGs represent more advanced merger
stages, while LIRGs are earlier stages.

The interaction stage of a merger can be classified using the scheme first proposed by Surace et al.
(1998) and described also in Veilleux et al. (2002). The main characteristics of each class are as follows
(see Figure 1.10):

= Class I: First approach. This is the earliest stage of the interaction, prior to the first close passage

of the galaxies, when the galaxy disks remain relatively unperturbed and separate.

= Class II: First contact. At this stage, the disks overlap but strong bars and tidal tails have not
yet, formed.

= Class III: Pre-mergers. This stage is characterized by two identifiable nuclei with well-developed
tidal tails and bridges. Within this category the systems were further divided into two subclasses
based on their nuclei projected separations. IIla are systems with apparent separation of > 10
kpc, while IIIb are systems with apparent separation of < 10 kpc. Note that these subclasses

are an approximation only to the merger phase since without detailed kinematic information for
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Figure 1.10 HST ACS(F814W) images of six U/LIRGs covering all the interaction stages. From
class I to class V they are: MCG+05-06-036, ESO550-1G02, MCG-02-01-051, 1C1623, NGC0034 and
MCG+08-11-002. All axes are in arcsec, covering the same area and with North up and East to the
left.

many of these systems, we cannot tell if the two galaxies are pre- or post-apgalacticon (farthest

approach).

= Class IV: Mergers. This stage occurs after the nuclei have apparently coalesced. These systems
have prominent tidal features, but only one nucleus can be detected at optical and near-infrared
wavelengths. Additionally, the sole galaxy core is often noticeably extended and tends to be cut

by many dust lanes.

= Class V: Old-mergers. These are systems which do not show signs of tidal tails, yet have disturbed
central morphologies similar to those of the merger stage IV systems, showing the relaxed merger

remnant core visible.

1.4.2. Power source: Starbursts or AGN

Since their detection, the nature of the dominant power source in U/LIRGs has been one of the
key questions and much effort has been devoted to resolve it. The dominating power source can be
recognized spectroscopically by their optical emission line ratios. Baldwin et al. (1981) introduced the
BPT (Baldwin, Phillips & Terlevich) diagram, where galaxies with emission lines can be divided in
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Figure 1.11 Spectral type as a function of Ly for the 1 Jy ULIRG and the LIRGs in the BGS sample.
The number of galaxies contained in each bin is marked on top of the histogram. The luminosity
bins are labeled at the bottom. Blue is used for HII regions, green for composites, black for LINERs,
yellow for Seyfert 2 galaxies, and orange for Seyfert 1 galaxies. Taken from Yuan et al. (2010).

star-forming galaxies (SF), AGNs (Seyferts) and Low lonization Narrow Line Regions (LINERs) based
on two emission-line ratios. The photoionization mechanisms causing the emission: hot stars in SF,
non-thermal continuum in Seyferts and shock excitation in LINERs, lead to significantly different line
ratios. Later on, the demarcation lines in the BPT diagram were modified by Kewley et al. (2001, 2006)
to make a cleaner separation between different ionization mechanisms and to the reduce ambiguity in
the classification. This results in a fourth type of systems that are composite, their excitation being a
combination of photoionization due to hot stars plus either ionization by a power-law radiation field
associated with an AGN or shock excitation.

Following this approach, several works using IRAS 1 Jy survey and Bright Galaxy Sample (BGS)
showed that the majority of U/LIRGs have optical spectra powered by starbursts (or composite), but
with a systematic increase in the fraction of AGN dominated U/LIRGs with increasing IR luminosity
(Kim et al. 1998; Veilleux et al. 1999a; Yuan et al. 2010). They found that Seyfert galaxies systema-
tically increased from ~ 30% at L;g = 1011712 Ly to ~ 55% at Lyg > 1023 L (see Figure 1.11).

Although optical spectroscopy can still be used to detect spectroscopic signatures of starbursts
and AGN in objects with moderate obscuration, a multi-wavelength approach is the best manner in
which to gain insight. Even in the mid-infrared, with greatly reduced extinction, only 20 - 30 % of the
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U/LIRGs may be powered predominantly by an AGN (e.g., Genzel et al. 1998; Veilleux et al. 1999b;
Petric et al. 2011). Again, the AGN fraction increases with increasing IR luminosity (reaching 50 %
at Lyg > 10'%3 Ly). This result are also consistent with hard X-ray emission from GOALs LIRGs
sample (Koss et al., 2013). Moreover, not only the AGN fraction increases with IR luminosity, but
also the AGN luminosity (Alonso-Herrero et al., 2012).

The conclusion is that starbursts are the dominant energy source of most U/LIRGs. However, an
AGN may also be present, and even be the dominant energy source in a small percentage of the most
luminous systems.LINER ionization has also been detected in this kind of systems and is thought to
come out for the presence of galactic super-winds produced by strong starbursts or galaxy merging
processes (Heckman et al., 1990; Colina et al., 2004; Monreal-Ibero et al., 2010).

1.4.3. Merger-induced star formation

Given the IR luminosities of LIRGs, they could reach SFRs as high as ~ 170 My, yr—!, according
to the relation between Lp;r and SFR provided by Kennicutt (1998)a. This is very significant when
compared to the SFR of the Milky Way, 1.9 & 0.4 My, yr~! Chomiuk & Povich (2011).

Observationally, it is clear that mergers are able to trigger star formation both in the form of
massive nuclear starbursts and as spatially extended star formation in the form of young stellar
clusters, which have been identified in U/LIRGs in different merger stages, from pre-merger or sepa-
rated progenitors (Wang et al., 2004; Elmegreen et al., 2006) to advanced or post coalesced systems
(Evans et al., 2008; Wilson et al., 2006).

Traditionally, numerical merger simulations rely on two different star formation mechanisms: the
density dependent (e.g., Schmidt 1959; Kennicutt 1998) and the shock induced (e.g., Scoville et al.
1986; Jog & Solomon 1992). The two star formation prescriptions differ in their predictions on the
timing of the onset of SF during the merger and on the spatial distribution of star-forming regions.

The density dependent numerical simulations (Mihos & Hernquist, 1996), that para-
metrize the SFR as a function of the local gas density (Schmidt law), predict that most SF is strongly
concentrated toward the central region of the merger remnant since the process of rapid gas funneling
to the central region reduces the supply of gas needed to produce SF elsewhere. These simulations can
reproduce the SFR of U/LIRGs central starbursts (10 - 100 or more), although in general the SFR
enhancement in a random galaxy collision is lower than 5 (Di Matteo et al., 2008). However, these
models underestimate the spatially extended SF observed in many galaxy mergers.

The shock induced SF models (Barnes, 2004), that consider SF triggered by shocks, predict a
wider spread, spatially-extended bursts of star formation. Shock-induced SF models respond promptly
to external disturbances, while in density-dependent models the SF activity is delayed until sufficient
gas density has build up. The larger spatial extent of SF in shock-induced models is, in part, a
consequence of the earlier onset of activity in such models, since the gas is more widely distributed
at earlier times.

Current development in the field by Teyssier et al. (2010) and Bournaud et al. (2010), found that
the extended starburst arise spontaneously without any prescription in high resolution hydrodynamic
models capable of modeling gas below 300 K. They found that the extended starbursts are originated
by the supersonic turbulence of the ISM, which is increased in galaxy mergers as a consequence of the
tidal interaction itseft. Traditional SPH simulations cannot explicitly treat this supersonic turbulence
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Figure 1.12 Star formation history of Teyssier et al. (2010) simulations for the low (red) and high
(blue) resolution runs. Times for the first pericenter, second pericenter, and final merger are indicated
by vertical dotted lines.

because, with their poor resolution, they cannot model the gas below 1000 - 10000 K. In these models,
a merger-induced nuclear starburst is also present, but the timescale is substantially longer. Therefore,
they conclude that the extended star formation is important in the early stages of the merger, while the
nuclear starbursts will occur in advanced stages. In general, simulations expect many mergers result
in two major epochs of star formation: one soon after first pericenter passage and one during final
coalescence (Mihos & Hernquist, 1996; Cox et al., 2008). In Figure 1.12 we show the Star Formation
History (SFH) predicted by Teyssier et al. (2010) low and high resolution simulations.

Apart from the extension of the SF, the remnant properties and the SF enhacement of a ga-
laxy merger depends on several factors as the mass ratio and morphologies of the progenitors, the

availability of gas (gas-rich or gas-poor) and the orbital characteristics. Some results from simulations:

= Mergers of ‘bulgeless’ late-type galaxies are more prone to violent bar instability during an
encounter, which drives the internal gas towards the galaxy center to trigger a nuclear starburst.
On the contrary, the presence of a bulge can stabilize galaxy disks against bar formation, limiting
the amplitude of the SF enhancement at the first close passage (Mihos & Hernquist, 1996).

= Major mergers of galaxies of comparable masses are the most efficient in triggering strong

starbursts. Star formation decreases rapidly with increasing mass ratios (Cox et al., 2008).

» Retrograde encounters (when the galaxies spin is antiparallel) have larger star formation effi-
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ciency than direct encounters (when the galaxies spin is parallel). Moreover, direct encounters
develop more pronounced asymmetries than retrograde ones, whose remnants are more compact
(Di Matteo et al., 2007).

= The size of the tidal structures also depends on the orientations of the disc relative to the orbital
plane. Zero inclination, planer orbits create two tidal arms, while polar orbits generally lead to
the formation of just one arm (Howard et al., 1993).

= There is an anticorrelation between the amplitude of the SF burst in the final phases of the
coalescence and the tidal forces exerted at the first close passage, which is due to the large
amount of gas dragged outside the galaxy by tidal tails in strong interactions (Di Matteo et al.,
2007).

» For galaxies with a gas content typical of Local or low-redshift galaxies (typically 15 % to 30 % of
gas in the disk), the star formation rates are rarely enhanced by factors larger than 5 compared to
isolated galaxies. However, strong starbursts with a relative efficiency higher than 5 are present
in a 15% of the major galaxy mergers, in agreement with local U/LIRGs (Di Matteo et al.,
2008).

By studying the spatially resolved distribution of the stellar populations in U/LIRGs we can
constrain and test the validity of the different merger simulations.

Young Massive Clusters in U/LIRGs

Large numbers of Young Massive Clusters (YMCs), also called Super Star Clusters (SSCs), are
triggered in U/LIRGs. YMCs are nurseries to star formation and harbour the brightest and youngest
stars (< 1 Gyr), with masses > 5 x 10* M. As YMCs are formed in bursts they can be considered
as Simple Stellar Populations (SSPs), meaning that the member stars of the cluster formed at the
same time and have the same metallicity. Evolutionary population synthesis models allow to age-date
the YMCs from multi-band photometry or spectroscopy. They are useful tracers of the star formation
history of their merging galaxies, thus providing constraints to numerical simulations (Chien, 2010;
Chien & Barnes, 2010).

One of the best-studied examples is the ongoing pre-merger of NGC 4038/4039, the Antennae
system. The Antennae hosts a rich population of YMCs with ages: < 20 Myr, 100 Myr, 500 Myr, and
a population of progenitor globular clusters indicating multiple periods of star formation since the
merging process began (Renaud, 2010; Whitmore et al., 2010).

The YMC population in NGC 7252, a somewhat more advanced merger system than the Antennae,
has ages between 650 Myr and 750 Myr (Miller et al., 1997) and contains one of the most massive
clusters detected so far ~ 8x107 My, (Maraston et al., 2004). NGC 3256, a merger in an advanced
stage but less complete than NGC 7252 (i.e., the progenitor nuclei in NGC 3256 have yet to coalesce),
the clusters show a variety of ages, from a few Myr to 150 Myr (Trancho et al., 2007).

Using HST imaging, Miralles-Caballero et al. (2011) present a comprehensive characterization of
the general properties (luminosity functions (LFs), mass, size, ages, etc.) of optically selected compact
stellar objects (knots) in a representative sample of 32 low-z U/LIRGs. The galaxies in their sample

represent different interaction phases (first approach, pre-merger, merger, and post-merger) and cover
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a wide luminosity range 11.46 < log (L;r/Ls) < 12.54. They found that the number of knots per
system stays about the same (140 - 150) in the first three phases and this number drops by a factor
of four to five in the post-merger phase (34 knots per system). Some of the knots (15 %) are so blue
that their colors indicate a young (i.e., < 30 Myr) and almost extinction-free population. However,
knots in post-mergers are on average (1.3 - 2 times) larger, more luminous (2 mag) in the I band
and 0.5 mag redder than those in systems in earlier phases. They propose two possible scenarios to
explain this: 1)the likely presence of relatively high extinction in the most advanced mergers and 2)
the dissolution/disruption of the less massive clusters and/or their coalescence into more massive,
evolved superclusters.

YMCs have also been detected in tidal tails, although not all tidal tails contain YMCs (Knierman et
2003; Mullan et al. 2011). It has been found that some of the star forming complexes in the tidal tails
could lead to the formation of Tidal Dwarf Galaxies (TDGs). Miralles-Caballero et al. (2012) studied
the likehood survival of 22 star forming complexes in the tidal tails of 11 U/LIRGs and find that most
of the complexes might be self-gravitating entities. By analysing the resistance to forces from the
parent galaxy the conclude that 9 complexes show a high-medium or high likelihood of survival, their
total mass likely being compatible with that of dwarf galaxies. They are defined as TDG candidates.
They propose that they probably formed more often during the early phases of the interaction and
infer a TDG production rate of 0.3 candidates with the highest probabilities of survival per system
for the (U)LIRGs class. This rate, though, might decrease to 0.1 after the systems in (U)LIRGs have
evolved for 10 Gyr, for long-lived TDGs , which would imply that no more than 5 - 10 % of the overall
dwarf population could be of tidal origin.

When compared to the YMC population of the Milky Way, studies of these extragalactic YMCs
shown several noticeable differences. On the one hand, the large number of YMCs observed in merging
systems, which easily accumulate to a few hundred, compared to only a dozen YMCs that have so far
been observed in the Milky Way. Also, the mass of clusters observed in these mergers are up to 107
Mg which easily exceeds the masses determined for YMCs in the Milky Way which range between
10% - 10° Mg, (see review from Portegies Zwart et al. 2010).

1.5. Post-Starburst QSOs

As mentioned at the end of Section 1.3.3, a key evolutionary phase in merger-driven evolutionary
scenarios is the ignition of AGN activity that, through outflows, can inhibit both star formation
and its own fueling. Such objects would be expected to have luminous quasar activity, starburst
or post-starburst signatures, along with indications of a recent merger (e.g., companion, tidal tails,
asymmetries, etc.).

One of the objects that more clearly meets all these requirements is called UN J1025-0040, the
most evident transition QSOs discovered in Sloan Digital Sky Survey (SDSS) data by Brotherton et al.
(1999). Its optical spectra show simultaneusly a strong blue continuum with broad Ha and HB emission
lines, typical of classical type 1 QSOs and a red Balmer jump and high order Balmer lines in absoption
characteristic of an post-starburst population of ~ 400 Myr (see Figure 1.13). Attending to its spectral
properties it was called Post Starburst QSO (PSQSO). Moreover, it is morphologically classified as
a merger remnant (Brotherton et al., 2002). and has a companion galaxy in a post-starburst phase
(Canalizo et al., 2000).

al.
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Figure 1.13 Optical spectra of the PSQSO UN J1025-0040. An Instantaneus Starburst (ISB) model
of 400 Myr old is also shown, matching the high order Balmer lines and H/K Call. The bottom panel
shows the residual quasar spectrum obtained by subtracting the ISB model from the UN J1025-0040
spectrum, revealing broad HA. Extracted from Brotherton et al. (1999).

It is not an isolated case, in the SDSS data release 3 (DR3), ~ 600 PSQSOs where identified. It
is important to note that, tecnically speaking, not all of them are QSO (Mp < -23), but a significant
fraction are lower luminosity AGN (Mp > -23). In particular, in Cales et al. (2011) sample, only 1
out of 29 has QSO luminosity.

1.5.1. Properties

The morphology of PSQSOs was analyzed by Cales et al. (2011) using HST images of a sample
of 29 PSQSOs with redshifts between 0.25 and 0.4 (z ~ 0.3). They found a heterogeneous population
with a variety of morphologies including host galaxies that are both early-type (13/29) and spiral
(13/29). Disturbances such as tidal tails, shells, star-forming knots, and asymmetries are seen in
17/29 as signposts of interaction/merger, are evenly distributed among early-type and spiral galaxies.

Two of these systems are clearly merging with their companions.
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Also, using optical spectroscopy, Cales et al. (2013) fully characterize PSQSOs properties. They
model the spectra of 38 PSQSOs to determine ages and masses of host stellar populations, and BH
masses and Eddington fractions of the AGNs. They found PSQSOs have Mpy = 107°8% My and
are accreting at a few percent (~ 1% - 10%) of Lggq. Hosts have stellar masses of around 1010~
Mg, and stellar populations with several hundred Myr to few Gyr old (~ 200 - 2000 Myr). No clear
correlation found between ages/masses of the stellar populations and the AGNs properties when
considering the sample as a whole. However, when sub-classifying in morphological types they found
early type galaxies have significantly higher AGN luminosities (< Lagy > ~ 10%52 erg s71) and
younger starburst ages (< SBage > ~ 960 Myr) while the spiral hosts have a more complex and
extended SFH (< SBage > ~ 1.6 Gyr) and lower luminosity AGN (< Lagy > ~ 1035 erg s71).
Using MIR spectra, Wei et al. (2013) found that PSQSOs in early-type host galaxies tend to have
relatively strong AGN activities, while those in spiral hosts have stronger PAH emission, indicating
more star formation.

Cales et al. (2013) hypothesize that early type PSQSOs are likely the result of a major merger and
were likely LIRGs in the past. They may represent the low-redshift counterparts to the high-luminosity
quasars much more common at z = 2 - 3. While spiral PSQSOs show more complex SFHs triggered by
secular evolution or less dramatic events, as harassment. Simulations also agree with two mechanisms
responsible for mutual BH-bulge growth (Hopkins & Hernquist, 2009). The brightess AGN must be
triggered in major mergers: the galactic supply of gas must lose angular momentum in less than a
dynamical time to be converted to new bulge mass. However lower luminosity AGN require little
bulge growth and small gas supplies and could be triggered in more common nonmerger events. For
example, bars in spiral hosts may be sufficient to fuel the nuclear activity of Seyfert galaxies (Jogee,
2006).

1.5.2. Evolutionary picture revisited and the Starburst / AGN timing

In a recent work, Cales & Brotherton (2015) made a global comparison of their 38 PSQSOs sample
with post-starburst galaxies and quasars at similar redshift (z ~ 0.3) and with similar luminosity (M, ~
-23). They found that post-starburst galaxies have elliptical and disturbed / post-merger morphologies
similar to those of the more luminous PSQSOs, display similar spectral properties, but also can have
younger stellar populations for a given starburst mass (~ 400 Myr younger). Quasars at similar
redshifts and luminosities around the Seyfert / quasar transition posses similar AGN characteristics,
but do not appear to be hosted by galaxies with significant post-starburst populations. On the other
hand, recent studies of more luminous quasars Canalizo & Stockton (2013) find hosts consistent with
luminous PSQSOs. They proposed an scenario where the luminous / elliptical PSQSOs may be in
transition between post-starburst galaxies and a more luminous quasar stage. The scenario proposed
by them is shown in their Figure 9. Basically, is the same as Hopkins et al. (2008) (see Figure 1.8)
but including between (e) and (f) stages first the post-starburst galaxies and then the PSQSOs.

It seems that observationally and theoretically there is growing consensus regarding the AGN
fuelling in the context of merger driven evolutionary scenarios in which bursts of star formation
happen early and coincide with the close approach passes of the two nuclei, while the AGN is trigge-
red later on in the evolution of the merger around coalescence (Wild et al., 2007; Schawinski et al.,
2010; Alexander & Hickox, 2012; Van Wassenhove et al., 2012; Canalizo & Stockton, 2013). At the
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sub-kpc scales, competing effects (e.g. inflow, outflow, star formation) cause the gas to pile up
(Alexander & Hickox, 2012; Fathi et al., 2013). At any rate, this suggests that getting fuel all the
way down to the BH is not straightforward and takes time. Our current view of merger triggered
AGN fuelling is one in which torques from the merger are efficient drivers for bringing gas down to a
critical distance from the BH (~ 100 pc). Then a series of small-scale internal instabilities (stochastic
fuelling) finally brings the gas to the BH, where the time it takes the gas to reach the BH may be
comparable to or longer than the AGN duty cycle (~ 108 yr).

1.5.3. Other transition QSOs/AGNs

Age dating the stellar populations in transition AGNs samples could be used as a constrain for
the major merger driven scenario. If the proposed scenario is correct, the peak of star formation
would occur while the AGN is still inactive / deeply buried, and therefore, by the time the AGN
becomes visible in the optical, the stellar population would be detected as an ageing starburst of
several hundred Myr to few Gyr.

This seem to be the case in the sample of transition QSOs at z ~ 0.2 (previously classified as
passive ellipticals) of Canalizo & Stockton (2013), where important contribution of intermediate age
post-starburst populations of 0.7 - 2.4 Gyr. Also, recently Yesuf et al. (2014) broaden the definition of
post-starburst galaxies to include transiting systems possibly hosting AGN. The AGN fraction of these
post-starbursts, as estimated from optical line ratios, is about 3 times higher than that of normal star-
forming galaxies of the same mass. Moreover, these post-starburst AGN have mean stellar population
ages between 350 - 700 Myr, and their spectral properties are analogous to previously discovered
PSQSOs.

However, in other transition systems there is not a delay between star formation and the AGN ac-
tivity, and both appear quasi-simultaneously (Canalizo & Stockton, 2000, 2001; Bessiere et al., 2014).
Some scatter in the delay between the starburst and the AGN activity is always expected, as the ti-
mescales of the different processes depend on the details of the merger: mass ratios and gas fractions
of the progenitors, orbital configuration, etc. Moreover, the amount of dust in the nuclear region also
determines the possibility of simultaneously detecting the SB and the AGN. If there is little dust,
both phenomena could be seen simultaneously. If dusty, the AGN will not be visible until much later.
According to the previous observational samples the scatter is really huge, ranging from 0 - 2 Gyr.

A detailed analysis of the stellar populations in greater statistical samples of transition objects is
still needed to clear up this picture.

In anycase, post-starburst QSOs/AGNs as those found by Brotherton et al. (1999) and Yesuf et al.
(2014) are ideal laboratories to study connections between the starburst and AGN phenomenon, as

the properties of both could be derived simultaneusly for each individual system.

1.6. Thesis Overview

The primary scientific objective of this thesis is to find new observational evidence that test the
validity of the major gas rich merger scenario, in order to understand the genesis events that lead
to the formation of quasar activity, and to place galaxies with nuclear activity in the context of the

formation and evolution of galaxies. A significant contribution can be done to this field by studying
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and comparing the stellar populations and the extended ionized gas properties along the whole merger
sequence from U/LIRGs to QSOs.

To approach this goal, we have characterized and compared the stellar populations and the ionized
gas properties in two small samples of galaxies in different evolutionary stages: 4 U/LIRGs (2 pre-
merger and 2 merger) and 9 PSQSOs. This study requires high quality optical data with resolved
spatial and spectral information, like the one provided by Integral Field Spectroscopy (IFS). Our IFS
covers the rest-frame optical range 3700 - 7000 A, from which we can derive:

1. The spatial distribution of the stellar populations. The high-order Balmer lines, the Call H
and K, G band, Mgb and the Balmer break, together with our evolutionary synthesis models
and spectral synthesis techniques, like Starlight, will be used to determine the average stellar

population properties: age, metallicity, mass, stellar mass surface density and stellar extinction.
2. The spatially resolved SFHs in light and mass and continuum derived SFR maps.

3. The spatial distribution of the extended ionized gas by means of the most important emission
lines, such as Ho, HB, [NIIJA6583, [OIII|A5007, [OII]A3727, [OI]A6300 and [SITJAN6717,6732.
The ionization structure determined using the well-known and most updated forbidden-line
diagnostics in the oxygen and nitrogen lines, will be used to distinguish between gas photoionized
by the AGN or by young stellar components.

4. Tonized gas extinction maps will be used to deredden the observed Ha maps and obtain extinction-

corrected maps of the SFR.

We intend to test, for example, whether there is an evolution in the merger-induced star formation,
the SFR and the ionization structure between U/LIRGs in different merger stages. Also, ages can be
used as a clock to test if PSQSOs are part of the post-merger evolutionary sequence between U/LIRGs
and normal elliptical galaxies. Another important goal is to found if the properties of the starbursts
(age, mass) in the PSQSOs are somehow correlated with the BH properties (accretion rate, mass).

A brief outline of the content of each chapter in this thesis is as follows:
s Chapter 2: this chapter presents the data samples and the characteristics of the observations.

» Chapter 3: this chapter gives a summary of integral field spectroscopy (the major observational

technique used in this thesis) and summarize the data reduction process.

s Chapter 4: this chapter gives a summary of the methodology and models applied to study the
stellar populations.

» Chapter 5: this chapter presents the results of the analysis of the two pre-merger (class IIIb)
LIRGs IC 1623 and NGC 6090.

» Chapter 6: in this chapter the results of the merger (stage IV) LIRG NGC 2623 is presented.
For this system, in addition to the IFS and HST data, we also have narrow band imaging from
OSIRISQGTC in Ha and [NIIJA6583, that complements the analysis.

= Chapter 7: this chapter presents the results of the PSQSOs. Because of the low signal to noise

ratio of the data, at the end we could not conduct a spatially resolved study. However, we have
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been able to characterize the central and integrated spectra. In addition, we have also compared
with nuclear SDSS spectra, for which we have followed the same methodology of analysis.

= Chapter 8: this chapter provides an overall discussion and comparison of the work presented in

previous chapters and the results for "normal” spiral Sbc and Sc galaxies from CALIFA survey.

s Chapter 9: the main conclusions are presented in this chapter.
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Data sample and observations

In this thesis we studied in detail two small samples of systems with at least two representatives
of different evolutionary stages along the merger sequence: 4 U/LIRGs (2 pre-merger and 2 merger)
and 9 PSQSOs. In order to characterize the properties of the stellar populations and the ionized
gas we have performed Integral Field Spectroscopy (IFS), that provides us with resolved spatial and
spectral information. The U/LIRGs observations are from the Potsdam Multi-Aperture Spectrophoto-
meter (PMAS) spectrograph (Roth et al., 2005) at the 3.5 m telescope of the Calar Alto Observatory
(CAHA), either from the Lens Array (LArr) configuration or PPAK (PMAS fibre PAcK). On the
other hand, the PSQSOs observations come from the VIsible Multi-Object Spectrograph (VIMOS) at
the 8.2 m Very Large Telescope (VLT). Both datasets cover the rest-frame optical range 3700 - 7000
A.

Apart from the IFS, we have downloaded from the Hubble Legacy Archive (HLA) ! optical high
resolution images from the Hubble Space Telescope (HST) for all the PSQSOs and U/LIRGs in order
to have a better knowledge of the morphology of these systems. Moreover, in the case of the U/LIRGs
we have also retrieved multiwavelength images in several broad band filters from FUV to NIR. We
used them to study through photometry the stellar populations properties of the star clusters present
in them. All these images were retrieved already pipeline reduced, astrometically corrected and aligned
North up, East left.

Finally, and just for NGC 2623, we have deep narrow band imaging in Ha and [NIIJA6583 from
the Optical System for Imaging and low-intermediate Resolution Integrated Spectroscopy (OSIRIS)
Tunable Filter instrument at Gran Telescopio de Canarias (GTC).

This chapter is organized as follows: in Section 2.1 I explain what is the IFS, as well as a description
of the instrumentation used in this thesis, in Section 2.2 I describe the LIRGs observations and in
Section 2.3 the PSQSOs observations.

2.1. Integral Field Spectroscopy

The general term 3D-spectroscopy refers to those techniques that allow to obtain spatially-resolved

spectra over a two dimensional field. In an extragalactic context, each point of the galaxy («, d) has

"http://hla.stsci.edu/
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Bidimensional
spectroscopy

Object on the sky and sampled FOV

Each column represents
a spectrum

Each slice represents a
monochromatic image

Spectroscopic datacube

Figure 2.1 Diagram showing the principle of bidimensional spectroscopy. A reduced datacube can be
thought as a series of monochromatic images along the spectral range, whereas each column represents
an individual spectrum of a discrete spatial position. Figure extracted from Rosales-Ortega (2009),
who adapted it from an original of M. Roth, http://tinyurl.com/IFS-principle.

associated a spectrum (M), and all the information has to be stored in a two-dimensional detector.
The Integral Field Spectroscopy (IFS) is one of the most widely used 3D-spectroscopy methods in
which all the spectral and spatial information for a given telescope pointing is obtained simultaneously
(Allington-Smith, 2007). One of the fundamental advantages with respect to other 3D-spectroscopy
methods is the data homogeneity. This technique presents a good compromise between the exposure
time, resolution, and homogeneity of the data. It also allows the spectra to be characterized and
corrected for differential atmospheric refraction that can severely influence the classical sequential
techniques, especially long-slit observations. Figure 2.1 shows the principle of Integral Field Spec-
troscopy. A two-dimensional field-of-view on the sky (white frame) is sampled into discrete spatial
elements, which can have a round or (like in this example) square shape. These spatial elements are
sometimes called spaxels in order to distinguish them from ordinary pixels of direct imaging instru-
ments. The peculiar virtue of IFS consists in the ability to create an individual spectrum for each
spaxel simultaneously over the whole field-of-view. After data reduction, the set of generated spectra
can be rearranged in a computer to form a 3-dimensional data cube of two spatial, and one wavelength
coordinates. Alternatively, it is possible to create monochromatic images or co-added quasi-broadband
images from slices of the datacube. This figure is extracted from Rosales-Ortega (2009), who adapted
it from an original of M. Roth, http://tinyurl.com/IFS-principle.
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Since the ’80s several instruments have been designed using different IF'S techniques. Allington-Smith
(2007) gives a review of the most popular present and future IFUs. All these techniques are based
on dividing the light coming from the source and dispersing each of the subdivisions to obtain its
spectrum. The data for this thesis were taken using either fiber arrays or their combination with

lenslets as integral field unit (see the second row of panels in their Figure 1).

= Fiber Array: In this case, a fiber array is used to subdivide the FoV in the focal plane of the
telescope. The fibers are then reordered forming a pseudo-slit and the information dispersed
by a conventional spectrograph. The low cross-talk derived from the reordering of the fibers
and the large spectral coverage represent the best advantages of this configuration. However,
this configuration has two main disadvantages: round fibers cannot fill a two-dimensional region
completely and the light beam is widen as it travels across the fiber (focal degradation). The
PMAS PPAK instrument uses this technique.

» Lenslets+Fiber: Some disadvantages associated to the pure fiber-based IFU (e.g., flux losses
and focal degradation) can be avoided by coupling them to a lens array at the focal plane. This
way, the spatial coverage is optimal, and the small pupil created at the entrance of the fiber core
avoid light losses and minimize the focal ratio degradation. However, in general these systems
need for additional optical mechanisms that can lead to a decrease of the system efficiency.
Among others, PMAS LArr and VIMOS (Le Fevre et al., 2003) instruments make use of this
technique.

2.1.1. Instrumentation

The two instrumental requirements for the specific science case of this thesis were: 1) to cover the
whole surface area of our galaxies and 2) to cover the whole optical range from 3700 - 7000 A. For
this purpose, the best options result to be PMAS and VIMOS instruments.

The Potsdam Multi-Aperture Spectrophotometer (PMAS) is an integral-field instrument,
developed and built at the Astrophysical Institute Potsdam (AIP) covering the optical wavelength
regime of 3500 - 10000 A (Roth et al., 2005). PMAS is available as a common-user instrument at
the German Spanish Calar Alto (CAHA) observatory, mounted at the Cassegrain focal station of the
3.5 m telescope. The instrument was later equipped with an additional IFU, featuring a wider field
and higher light collecting power per spaxel. This second unit (called PPak-IFU, Kelz et al. 2006) is
placed 60 off-axis, to by-pass the fore-optics and lens array IFU. It consists of a focal reducer lens and
a densely-packed bare fibre-bundle, that connects to the same spectrograph. The PPak FoV spans 64

x 74 arcsec, one of the world’s largest integral field unit.

The VlIsible MultiObject Spectrograph (VIMOS) is an optical (3600 - 10000 A) wide field
imager and multi-object spectrograph mounted on the UT3 Melipal Very Large Telescope (VLT) in
Chile. VIMOS operates in three different modes: i) Imaging (IMG); ii) Multi-Object Spectroscopy
(MOS); and iii) Integral Field Unit (IFU). For the IFU configuration, VIMOS incorporates 6400 fi-
bres (80 x 80) coupled with microlenses. The total aperture of the FoV ranges between 13 x 13 and

54 x 54 arcsec, with element sizes of 0.33 - 0.67 arcsec per fibre depending on spectral resolution and
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Table 2.1. U/LIRGs sample properties

Galaxy RA DEC Interaction z Distance log(L;g[Le])
stage [Mpc]
(1) (2) (3) (4) (5) (6) (7)
NGC 6090 16 11 40.8 +52 27 27 3 0.029304  127.7 11.51
IC 1623 01 07 46.3 -17 30 32 3 0.020067 86.8 11.65
NGC 2623 08 38 23.8 +25 45 17 4 0.018509 80.0 11.54
Arp 220 1534 57.1 +23 3010 4 0.018126 78.3 12.21

Note. — Columns from left to right are: (1) Common name, (2) and (3) Right Ascension
and Declination from Equinox J2000 extracted from Sanders et al. (2003), (4) Interacction
Stage according to Veilleux et al. (2002) classification based on the optical morphologies,
(5) Redshift extracted from NED webpage, (6) Distance in Mpc calculated assuming a flat
cosmology with Q= 0.272, Q) = 0.728 and Hy = 70.4 km s ~! Mpc ~! (WMAP, seven
years results) and (7) Infrared luminosities L;g=L(8-1000)um from IRAS fluxes extracted
from Sanders et al. (2003). They are in units of solar bolometric luminosity, L;=3.83 x
10%3 erg s 1.

spatial magnification.

2.2. LIRGs observations

Four merging U/LIRGs were selected from IRAS Bright Galaxy Survey (Sanders et al., 2003), two
of them in the pre-merger interaction stage (IC 1623 and NGC 6090) and two mergers (NGC 2623
and Arp 220). In Table 2.1 we summarize the main properties of our U/LIRGs sample.

All the IFS observations were taken with PMAS either in LArr mode or PPAK:

= PMAS in LArr mode: IC 1623, NGC 2623 and NGC 6090 were observed with the Lens
Array Mode (LArr) configuration, which is made of a 16 x 16 array of microlenses coupled with
fibers. The observations were taken with the same instrument set-up. We have used a spatial
magnification of 0.75” /lens, covering a 12"x 12” FOV. To determine the spatial resolution we
have measured the Full Width at Half Maximum (FWHM) of the Point Spread Function (PSF)
using the standard stars and correcting by the seeing measured from CAHA seeing monitor in
each of the observing nights. We found FWHM pgr = 1.3” - 2”. This range is larger but similar
to the one derived by Sandin et al. (2008) with the LArr 0.5” sampling configuration, 1.4” -
1.8".
The V300 grating was used, providing a 3.2 A /pixel dispersion and covering a wavelength range
between 3700-7100 A with a resolution of 7.1 A FWHM (velocity resolution o ~ 170 km/s). With
this configuration, the high-order Balmer lines, metallic lines and the Balmer break are covered
allowing to study the stellar populations. We can also detect some of the most important optical

emission lines to trace the youngest stellar components and the extended nebular emission.

= CALIFA, PMAS in PPAK mode: NGC 2623 and Arp 220 have been observed by Calar
Alto Integral Field Area (CALIFA) survey project (Sénchez et al., 2012). CALIFA is a survey
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Table 2.2. U/LIRGs IFS observations

Galaxy Instrument Grating Total exposure time [s] Observation date
NGC 6090 LArr V300 3h (3 x 1800s + 3 x 1800s) 31/03/2008
IC 1623 W LArr V300  1.75h (3 x 1200s + 3 x 900s)  01/09/2008
NGC 2623 LArr V300  2.5h (3 x 1200s + 3 x 1800s) 31/03/2008
NGC 2623 PPAK-CALIFA V500 0.75h (3 x 900s) 20,/01,/2012

Arp 220 PPAK-CALIFA V500 0.75h (3 x 900s) 02/07/2011

aiming to carry out statistically complete IFS of ~600 galaxies in the local Universe, distri-
buted uniformingly across the entire color-magnitude diagram and of any morphological type.
The observations were conducted using PMAS it its PPAK mode. A new CCD was installed
in PMAS in 2010 (Roth et al., 2010) which is being used for the entire survey. Fibers in the
PPAK bundle have a projected diameter on the sky of 2.7”, 331 out of 382 of the fibers form
a hexagonal area covering a field of view of 64” x 74”. The remaining 51 fibers are dedicated
to sky background (36 fibers) or used to obtain exposures of calibration lamps (15 fibers). The
whole optical extension of the galaxies is covered (up to at least 2.5 HLR). The spatial resolution
of CALIFA data has been determined by Garcia-Benito et al. (2015) measuring the FWHM of
the calibration stars, FWHMpgr = 2.39 4+ 0.26 arcsec.

Observations are performed using two overlapping grating setups (V500 and V1200) with re-
solutions of 6.3A and 2.3A (FWHM) and wavelength ranges of 3650-7500 A and 3650-4840 A
respectively (average velocity resolutions of o ~ 140 km/s and 70 km/s). The raw data have
been processed through an automatic pipeline, and the reduced data cubes are already publicly
available for the community (Husemann et al., 2013). In our case, we have analysed the V500
data (combined with the V1200 to improve the signal in the blue side). The data analyzed in
this paper were reduced using the CALIFA Pipeline version 1.3c. The main reduction steps and
properties of the reduced data are similar to the ones summarized in Sédnchez et al. (2012), based
on version 1.2. A list of the differences and improvements with respect to this earlier version are
presented in Husemann et al. (2013). Afterwards, the datacubes have gone thourgh a series of
pre-processing steps to feed them into Starlight spectral synthesis code. The methodology we
followed is described in detail in Cid Fernandes et al. (2013) and in Section 5.4.1.

The characteristics of the IFS observations of the U/LIRGs are sumarized in Table 2.2.

2.2.1. NGC 6090

NGC 6090 (Mrk 496 = UGC 10267; Lz = 3.2 x 10! Lg; e.g., Sanders et al. 2003) is a luminous
infrared pair of interacting galaxies located in the constellation of Draco, the Dragon, about 127.7
Mpc away from Earth. At optical wavelengths, NGC 6090 appears as a double nucleus system, with
a projected separation between them of 3.2 kpc. This is consistent with an interaction stage I1I. The
observations for this galaxy were performed on 31st of March 2008. Two pointings were taken, covering
the nuclear regions of both galaxies. We obtained three science frames of 1800 s exposure time in each
pointing position. In the left panel of Figure 2.2 we show the HST ACS F435W image of NGC 6090.
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Table 2.3.  Summary of HST data for NGC 6090

Detector/ Plate Scale Observation  tegp Proposal 1D,

Filter  Instrument Camera  (arcsec pixel™!) Date (s) PI

F140LP ACS SBC 0.025 2008-08-09  2648.0 11110, S. McCandliss
F330W ACS HRC 0.025 2005-11-12  800.0 10575, G.Ostlin
F435W ACS WFC 0.05 2005-09-18  1380.0 10592, A. Evans
F814W ACS WEFC 0.05 2005-09-18  800.0 10592, A. Evans
F110W  NICMOS NIC2 0.05 1997-11-10  383.6 7219, N. Scoville
F160W  NICMOS NIC2 0.05 2003-12-01  599.4 9726, R. Maiolino

This image reveals the two galaxies are roughly equal size, with a pair of tidal tails with a full extent of
~50 kpc. While the northeastern galaxy (NGC 6090 NE) has a clear distorted spiral structure viewed
face-on, the southwestern nucleus (NGC 6090 SW) is seen edge-on with an amorphous morphology
and no spiral arms visible. The most striking feature of NGC 6090 is the abundance of luminous blue
and red bright knots of newborn stars along the overlapping region, in the western side of NGC 6090
NE. The black rectangles indicate the positions where we have obtained the IFS. On the right panel
we show the observed PMAS LArr continuum flux at 5110A rest-frame (obtained by averaging the
continuum from 5050 to 517OA)7 in logarithmic scale. We have superimposed in contours the HST
F435W image, smoothed to match the spatial resolution of the IFS (~ 1.7 arcsec). The distorted
spiral morphology of the NE component can be appreciated. The nucleus is marked with a black
dot. To its west, there is the region of multiple star clusters formation. Far and near UV spectroscopy
shows however that the NE nucleus is also dominated by a young starburst (Gonzalez Delgado, 2008).
The luminosity maximuum of the map falls between them. In the SW component we have indicated
the luminosity maximuum of the cube with a black dot. The star symbol indicate the position of
the brightest point source in this galaxy seen in the (not smoothed) HST images. This knot is also
present in NICMOS images, and was previously reported by Dinshaw et al. (1999). However, the radio
emission peak is not coincident with the knot, leading Dinshaw et al. (1999) to suggest that this bright
point source is not likely the nucleus of NGC 6090 SW and that it may actually be a foreground star.
However, with the IFS, we have confirmed that it is not a foreground star, and we can not discard it
as the nucleus of the SW galaxy. As the exact position of the nucleus of this component is not clear,
in Chapter 5, we will compare if the radial profiles of the derived stellar population properties change
when centering in the cube luminosity peak or in the knot.

We have also retrieved the HST images of NGC 6090 in six broad band filters from ACS and
NICMOS instruments (2 in UV, 2 in the optical and 2 in NIR). They are shown in Figure 2.3 and
their characteristics are summarized in Table 2.3.

2.2.2. 1IC 1623

IC 1623 (VV 114 = Mrk 236; L;z = 4.5 x 101 Ly; e.g., Sanders et al. 2003) is another pair of
luminous infrared interacting galaxies. It is located in the constellation of Cetus, the Whale, 86.8 Mpc
away from Earth. It is in stage III of interaction, with a projected separation between the two nuclei
of 6 kpc. The western component, IC 1623 W, is very bright in the UV and optical, with a lot of star
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Figure 2.2 Left: HST ACS F435W image of NGC 6090. The black rectangles indicate the positions
where we have obtained the TFS. Right: PMAS LArr data continuum flux at 5110A rest-frame (obtai-
ned by averaging the continuum from 5050 to 5170A), in logarithmic scale. Contours are from HST
ACS435W image smoothed to PMAS LArr resolution.
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Figure 2.3 HST multiwavelength images NGC 6090. From top left to bottom right: ACS FUV 14004,
ACS NUV 3300A, ACS optical 4350 A and 8140A and NICMOS NIR 1.1pm and 1.6pm.
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Table 2.4. Summary of HST data for IC 1623

Detector/ Plate Scale Observation texp Proposal 1D,
Filter =~ Instrument Camera (arcsec pixel 1) Date (s) PI
F25SRF2 STIS FUV-MAMA 0.025 2000-12-25 2371.0 8201, G. Meurer
F25QT7Z STIS NUV-MAMA 0.025 2000-12-25  750.0 8201, G. Meurer
F435W ACS WEFC 0.05 2006-07-12  1260.0 10592, A. Evans
F814W ACS WEFC 0.05 2006-07-12  720.0 10592, A. Evans
F110W NICMOS NIC2 0.05 1998-08-03  223.8 7219, N. Scoville
F160W NICMOS NIC2 0.05 1998-08-03  223.8 7219, N. Scoville

clusters detected in HST images. Its properties are very similar to the cosmological Lyman Break
galaxies, and it is considered as the nearest Lyman Break Analog (Grimes et al., 2006). On the other
hand, IC 1623 E is optically obscured but very infrared-bright. It has a substantial amount of warm
and dense gas. This is also found in the overlap region connecting the two nuclei. This system was
observed on 1st September 2008. Two pointings were taken covering only IC 1623 W. Three science
frames per pointing were taken of 1200 s and 900 s, respectively. In the left panel of Figure 2.4 we show
the HST ACS F435W image of IC 1623. The black rectangles indicate the positions where we have
obtained the IFS. On the right panel we show the PMAS LArr continuum flux at 5110A rest-frame
(obtained by averaging between 5050 to 5170A).

For this system we have also analysed HST broad band imaging from UV to NIR, in order to obtain
some information about the stellar population content in IC 1623 E, not covered by our spectroscopic
data. The six HST images analysed are shown in Figure 2.5 and their characteristics are summarized
in Table 2.4.

2.2.3. NGC 2623

NGC 2623 (UGC 04509 = Arp 243; Lizr = 3.5 x 10! Le; e.g., Sanders et al. 2003) is an infrared
luminous merger of galaxies located at 80.0 Mpc from Earth in the constellation of Cancer (the Crab).
It is an advanced merger, in stage 4, and the progenitors nuclei have already coalesced. Its nucleus is
extended and quite obscured in UV and optical, and becomes very bright and point-like in infrared
images. Moreover, this galaxy has two long and fairly simetrical tidal tails, extending up to 20 kpc
away from the main body. The nucleus of this system was observed with LArr on 31 March 2008. Six
science frames were taken, 3 of 1200 s exposure time and 3 of 1800 s. On 20th January 2012 it was
observed by CALIFA survey. A three-pointing dithering scheme was used to sample the whole optical
extent. Each pointing was observed for a total of 900 s for the V500 filter and 600 s for V1200 filter.
In the upper panel of Figure 2.6 upper panel we show the HST ACS F555W image of NGC 2623.
The black rectangle indicates the position where we have obtained the LArr IFS, while the black
hexagon indicates the position of CALIFA IFS. The lower left panel show the continuum flux at 5110
A rest-frame, Fy5110, for the CALIFA data. While the lower right panel show Fy5119 for LArr data.

We have also analysed multiwavelenght HST broad-band imaging in seven broad band filters
from ACS and NICMOS instruments. Their characteristics are summarized in Table 2.5. The images

are shown in Figure 2.7. As can be seen the multiwavelegth information is spatially limited to the
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Figure 2.4 Left: HST ACS F435W image of IC 1623. The black rectangles indicate the positions where
we have obtained the IFS. Right: PMAS LArr data continuum flux at 5110A rest-frame (obtained by
averaging the continuum from 5050 to 5170A), in logarithmic scale. Contours are from HST ACS435W
image smoothed to PMAS LArr resolution.
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Figure 2.5 HST multiwavelength images IC 1623. From top left to bottom right: STIS FUV, STIS
NUV, ACS 4350 A, ACS 8140A and NICMOS NIR 1.1pym and 1.64m.
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Table 2.5. Summary of HST data for NGC 2623

Detector/ Plate Scale Observation texp Proposal 1D,
Filter ~ Instrument Camera  (arcsec pixel™!) Date (s) PI
F140LP ACS SBC 0.025 2008-10-30 2520 11196, A. evans
F330W ACS HRC 0.025 2004-12-28 5465 9735, B. Whitmore
F435W ACS WEFC 0.05 2004-02-06  3729.9  9735,B. Whitmore
F435W ACS WEFC 0.05 2005-11-29 1275 10592, A. evans
F555W ACS WEFC 0.05 2004-02-06 1206 9735,B. Whitmore
F814W ACS WEFC 0.05 2004-02-06 2460 9735,B. Whitmore
F814W ACS WEFC 0.05 2005-11-29 730 10592, A. evans
F110W  NICMOS NIC3 0.1 2004-01-13  2559.76 9735, B. Whitmore
F160W  NICMOS NIC3 0.1 2004-01-13  2559.74 9735, B. Whitmore

FOV of UV images, ~ 40" x 40”. Several bright clusters are distributed throughout the nuclear and
circumnuclear region. There exists also a prominent concentration of bright clusters located ~ 6 kpc
south of the nucleus in an arc-shape nebulosity.

OSIRIS observations

In the particular case of NGC 2623, we have additional data from OSIRIS Tunable Filter ins-
trument. OSIRIS is an imager and spectrograph for the optical wavelength range, located in the
Nasmyth-B focus of GTC. Tunable Filters allow to obtain deep narrow band imaging specifying
custom bandpasses by their central wavelength and FWHM.

The OSIRIS observations were carried out in service mode, on 13th January 2010, using TF
imaging mode with a seeing ~ 0.9”. A FoV of 260 x 520 arcsec square was covered with a pixel scale
of 0.254 " /pixel. The red TF in scanning mode was used, covering Ha and [NII]A6583 lines plus the
adjacent continuums. Filters were centered at Ay = 6640, 6700, 6705, 6720, 6725 and 6760 A, with a
FWHM = 14 A. These are the wavelength values at the optical centre. The optical centre for OSIRIS
TF is placed approximately at pixel (1059,983) respect to pixel (1,1) at CCD1, just in the gap between
both CCDs. The wavelength tuning is not uniform over the full field of view of OSIRIS. There is a
progressive increasing shift to the blue of the central wavelength (\g) as the distance to the optical
centre (r) increase. The wavelength (in angstroms) observed with the red TF relative to the optical
center changes following the law reported by Gonzélez et al. (2014):

A= X\ — 5,04 x r(arcmin)? (2.1)

where r(arcmin) is the distance in arcminutes between the optical centre and the CCD position where
we want to calculate the wavelength. Because of this effect, the target and the calibration star were
positioned at the same distance from the optical centre and on the same CCD chip. We obtained
three science frames per filter of 300 s of exposure time each. For the standard spectrophotometric
star, Feige 34, one frame per filter of 5 s of exposure time.
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Figure 2.6 Top: HST ACS F555W image of NGC2623. The black rectangle indicate the positions where
we have obtained the LArr IFS, while the black hexagon indicate the position of PPaK CALIFA IFS.
Lower left: continuum flux at 5110 A rest-frame, Fys119, for the CALIFA data. Lower right: Fxs110
continuum for LArr data.

2.2.4. Arp 220

Arp 220 (UGC9913 = VV540; Lz = 1.6 x 10'2 Le; e.g., Sanders et al. 2003) is the brightest and
closest example of an ultraluminous infrared galaxy (Soifer et al. 1984b, Sanders et al. 1988a). It is
located about 78.3 Mpc away in the constellation of Serpens, the Serpent. HST observations of Arp
220, revealed more than 200 huge star clusters in the central part of the galaxy, together with dense
dust lanes. Arp 220 has faint tidal tails and distorsions seen in both optical and HI emission in the
outer parts of the galaxy (Joseph & Wright, 1985; Hibbard et al., 2000) and twin nuclei separated by
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Figure 2.7 HST multiwavelength images of NGC 2623. From top left to bottom right: ACS FUV
1400A, ACS NUV 3300A, ACS optical 4350 A and 8140A and NICMOS NIR 1.1xm and 1.6pm.
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PPaK CALIFA IFS. The right panel show the continuum flux at 5110 A rest-frame, F 5110, for the
CALIFA data.
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Figure 2.9 HST multiwavelength images of Arp 220. From left to right: ACS NUV 3300A, ACS optical
4350 A and 8140A.

only ~ 360 pc (Scoville et al., 1998). It was observed the 2nd July 2011 by CALIFA survey. The same
three pointing dithering scheme as for NGC 2623 was employed. In left panel of Figure 2.8 we show
the HST ACS F814W image of Arp 220. The black hexagon indicates the position where CALIFA
IFS was taken. On right panel we show the continuum flux at 5110 A rest-frame, Fy5110. In Figure
2.9 we show HST images of Arp 220 in UV and optical filters. Its emission is almost totally obscured
in the UV, and even in the red filter the amount of obscuration is significant.

During the thesis we have not had time to fully analyze this system, and therefore it remains as a

pending future work, together with the global comparison with other mergers observed by CALIFA.

2.3. Post-Starburst QSOs data

The SDSS survey has revealed that the PSQSO UN J1025-0040 is not an unique case.

Brotherton et al. (2007) constructed a catalog of approximately 600 PSQSOs spectroscopically
selected from SDSS DR3, constituting several percent of low-redshift broad-lined AGNs. Their selec-
tion criteria require that the spectra display both the broad emission lines of luminous AGNs (Seyfert
galaxies or quasars) and the Balmer jumps and high-order Balmer absorption lines of massive stellar
populations on order of hundreds of mega-years old. Moreover, Brotherton et al. (2008) report the re-
sults of a Hubble Space Telescope snapshot survey of 29 PSQSOs (HST proposal ID10588) at redshifts
between 0.25 and 0.4. The broadband F606W ACS images resolve morphological details in nearly all
targets and indicate that interactions and merger activity are common for this class. Some spectacular
images include double nuclei, starbursting ring systems, and nuclear dust rings (Cales et al., 2011).

Our PSQSOs sample consists of 9 out of these 29 PSQSOs that were selected for IF'S follow up.
The sample is composed by systems with different morphologies and in different interaction stages.
In Table 2.6 we summarize the main properties of the sample.

We will refer to the PSQSOs using the first four numbers in their SDSS name. Our sample is very

heterogeneous, we have systems with different morphologies and different interaction stages:
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Table 2.6. PSQSOs properties

SDSS Name z MESE,  MEQSL Activity Class Morphology

(1) @ 3 © (5) (©)
J023700.30-010130.5 0.344  -20.6 -22.3 ? S
J123043.41+614821.8 0.324  -21.0 -22.1 AGN ?
J124833.52+563507.4 0.266  -21.4 -23.0 AGN E
J145658.15+593202.3 0.326  -19.8 -22.2 Sy 1 S?
J170046.95+622056.3 0.276  -20.0 -21.9 Sy 1 S
J233430.89+140649.7 0.363  -21.4 -22.9 AGN E
J020258.94-002807.5 0.339  -20.0 -22.6 Sy 1 ?
J212843.42+002435.6 0.346  -21.5 -21.9 AGN E
J231055.50-090107.6  0.364  -20.8 -23.8 AGN S

Note. — Column 1: SDSS name. Column 2: redshift from NED. Column 3 and 4:
integrated Galactic dereddened K-corrected absolute ST magnitude in the F606W
filter of the PSF and the host, respectively. Taken from Cales et al. (2011). Column
5: activity class from NED, taken from Véron-Cetty & Véron (2006). Column 6:
Morphology classification taken from Cales et al. (2011). S represents spiral, S? pro-
bable spiral, E elliptical and ? indeterminate host morphology. The first six PSQSOs
are the ones observed by PMAS and the last three by VIMOS.

= Two pre-merger spiral PSQSOs, similar in morphology to our pre-merger LIRGs: J1456 and
J2310.

= Undefined pre-merger system where the morphology of the main galaxy is not clear: J1230

= Three post-merger elliptical systems: J2334, J1248 and J2128. J2128 has in turn another close
companion of elliptical type that could end in another merger.

= Apparently isolated but distorted spirals due to past minor merging or maybe another processes:
J0202, J0237, J1700.

The observations come from two different fiber-fed integral field spectrographs:

= Six PSQSOs, J0237, J1230, J1248, J1456, J1700, J2334, were observed with PMAS in LArr
mode. As for the LIRGs, we have used a spatial resolution of 0.75”/lens, covering a 12" x 12"
FOV with a spatial resolution of FWHMpgr = 1.3” - 2", maintaining the same telescope and
instrument set up for all the target galaxies. The V300 grating was used, providing a 3.2 A /pixel
dispersion and covering a wavelength range between 3700 - 7100 A (~ 2900 - 5500 A rest-frame)
with a spectral resolution of R = 747, 7.1 A FWHM at 5300 A (velocity resolution o ~ 170
km/s).
Ha line could not be covered with the V300 grating as for the LIRGs due to the higher redshift
values (z ~ 0.3). In order to obtain the rest-frame red optical spectra of the PSQSOs, including
Ha, the R600 grating was used. This grating has a dispersion value of 1.6 A/pixel, covering a
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Table 2.7. PSQSOs IF'S observations

SDSS Name Instrument Grating Total exposure time [s] Observation date
J023700.30-010130.5 LArr V300 2.5h (5 x 1800s) 02/09/2008
J023700.30-010130.5 LArr R600 2h (6 x 1200 s) 04/09/2008
J123043.41+614821.8 LArr V300 3.5h (4 x 1800s + 3 x 1800s) 02-03/04,/2008
J123043.414+614821.8 LArr R600 1.33h (4 x 1200s) 28,/04,/2008
J124833.52+563507.4 LArr V300 5h (10 x 1800s) 03/04/2008
J124833.52+563507.4 LArr R600 1.33h (4 x 1200s) 28/04/2008
J145658.15+593202.3 LArr V300 9h (8 x 1800s + 10 x 1800s) 01-02/04/2008
J145658.15+593202.3 LArr R600 3h (4 x 1200s + 5 x 1200s) 28/04/2008 + 03/07/2008
J170046.95+622056.3 LArr V300 4.5h (6 x 1800s + 3 x 1800 s) 01-02/09/2008
J170046.95+622056.3 LArr R600 2h (6 x 1200 s) 04/09/2008
J233430.89+140649.7 LArr V300 4.5h (3 x 1800s + 6 x 1800s ) 01-02/09/2008
J233430.89+140649.7 LArr R600 2.67 h (8 x 1200 s) 04/09/2008
J020258.94-002807.5  VIMOS-IFU MR 5h (10 x 1800s) 02-08-09-10/08/2008
J212843.42+002435.6  VIMOS-IFU MR 5h (10 x 1800s) 03/05/2008 + 06-07-11-13-14/06/2008
J231055.50-090107.6 ~ VIMOS-IFU MR 6h (12 x 1800s) 14/06,/2008 + 03-26-30/07/2008

wavelength range between 7700 - 9200 A (~ 5900 - 7100 A rest-frame) with a resolution of R =
2311, 3.7 A FWHM at 8500 A, corresponding to a velocity resolution o ~ 130 km/s.

= Three PSQSOs, J0202, J2128 and J2310, were observed by VIMOS in service mode. These
observations cover a 27" x 27" FoV (matching well the angular size of the PSQSOs), using 40
x 40 fibres with a spatial scale of 0.67”/fibre. The medium resolution grating (R = 720) were
used, with 2.5 A /pixel dispersion, covering from 4900 - 10150 A (3770 - 7800 A rest-frame) with
a spectral resolution of 10.4 A FWHM at 7500 A, corresponding to a velocity resolution o ~
177 km/s. The exposure time was split into 10 - 12 frames of 1800s each. A 4 pointing dithering
scheme was used in order to correct for dead fibres within the field-of-view.

These observations include both the higher order Balmer lines and He line in the same spectrum.

Our IFS observations of the PSQSOs are sumarized in Table 2.7. In Figure 2.10 we show the
images of the six PSQSOs observed with PMAS LArr. The left panels show the HST ACS F606W
image of the PSQSO. The middle panels show the continuum flux at 5110 A rest-frame, Fy511¢ in
logarithmic scale, extracted from the IFS. It has been calculated as for the LIRGs, averaging the
continuum from 5050 to 5170 A. The right panels show the signal-to-noise ratio (SNR) maps at 5110
A rest-frame. Analogously in Figure 2.11 we show the images of the three PSQSOs observed with
VIMOS.

Although initially our idea was to study the spatially resolved (spaxel by spaxel) stellar populations
of the PSQSOs, finally it has not been possible due to the low SNR of the data. The spectral synthesis
requiere SNR 2 20, and in our PSQSOs data only a few spaxeles in the nuclear region satisfy this
requirement, while the spaxeles in the external regions have lower SNR (see the right panels in Figure

2.10 and 2.11). We eventually approached their study analyzing:

1. The spectra of the central regions. We have extracted them in an aperture radius of 1.5 arcsec,

identical to the fiber aperture radius of SDSS spectroscopy, with which we have compared.
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2. The integrated spectra. They have been extracted in variable apertures (all of them above the
Petrosian radius aperture given by SDSS DRT), in a way that they include the whole optical
extension of each PSQSOs in ACS F606W image. The companion galaxies (when present) have
not been included.
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2.3




Data reduction

We devote this chapter to explain the reduction process of our IFS and OSIRIS TF observations.
In the case of the IF'S, a single observation contains several hundred spectra of different regions in the
sky. The reduction of such a vast amount of information is a complex process. The general fiber-fed
IF'S data reduction process is already described in detailed in the literature (Sdnchez, 2006). However,
each instrument has its own particularities and specificities.

3.1. PMAS data reduction

Here, I describe in detail the steps followed to reduce our PMAS observations. A considerable
amount of time was invested in understanding, applying and improving each of the individual reduction
steps. We have used a combination of existing software packages specially designed for fibre-fed and
IFS data, as R3D (Sanchez, 2006) and E3D (Sanchez, 2004), together with IRAF routines and our
own Python scripts developed for easily repeating common tasks in an homogeneous and consistent

way and to speed up/automate certain reduction steps.

3.1.1. The raw data

In most cases, the raw data of fiber-fed spectrographs consist of a collection of spectra distributed
along a certain axis of a 2D frame. Figure 3.1 shows a section of our PMAS raw data of IC 1623.
Each spectrum is distributed in x-axis with wavelength, along the so-called dispersion axis. For each
wavelength, the spectrum is spread over a certain number of pixels along the y-axis (cross-dispersion
axis or spatial axis), following a characteristic profile of finite width, which may be considered Gaussian
in the simplest approximation.

Depending of the pointing position of the telescope, the fibers suffer from different amounts of
flexures and tensions which causes the projected spectra in the CCD to change and a variable spectral
dispersion from fiber-to-fiber. Note the misalignment of the spectra along the dispersion axis with
respect to the CCD frame in Figure 3.1. These are the so-called flexure effects. To be able to properly
reduce an IFS observation, it is necessary to take several calibration frames immediately after each
science exposure, at least an arc lamp for performing wavelength calibration and a continuum lamp
for spectra extraction. This ensures that the flexure pattern of the calibration and science frames is
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Spatial axis

Dispersion axis

Figure 3.1 Section of PMAS raw data of IC 1623 W. Each dark line corresponds to the projection of
a spectrum along the dispersion axis.

the same and, therefore, it is possible to trace and extract the projected spectra and calibrate them in
wavelength properly. As the flexure pattern vary with the pointing position, we have taken as much
calibration frames as science pointings. However, even maintaining the same pointing position, the
flexure pattern also changes with time. This time-related flexures variation is less than 0.2 pixels during
1.5 h in the case of PMAS. Moreover, the amplitude of the flexures is small before the culmination of

the targets and gets stronger while targets are setting.

3.1.2. Pre-reduction

Before starting with the specific reduction steps of IFS, a general pre-reduction scheme was per-
formed. The pre-reduction consisted of all the corrections that are common to any CCD-based data.

a) Bias correction: The bias frames acquired during each observing night were visually inspected
and then combined to create a master bias frame, which has been substracted to all the raw

images.

b) Flat-field correction: A flat-field correction is also neccesary to remove artifacts in the raw
images caused by variations in the pixel-to-pixel sensitivity of the detector. With the CCD used
during our observing runs, these variations are around £1% of the average for most of the
field. We have divided our bias-corrected data for the master CCD flat provided by the Calar
Alto observatory. It has been created using long exposures of scattered light (in PMAS it is not
possible to illuminate the CCD without passing through the fibers and the spectrograph).

c) Cosmic rays rejection: When only one or two science exposures in a certain pointing posi-
tion were available, the cosmic rays rejection was performed using the L.A.Cosmic algorithm
(van Dokkum, 2001). When we had three or more science exposures, the cosmic rays were re-
moved later, during their combination, after the sky substraction (see Section 3.1.11).
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3.1.3. Identification of the observing blocks

As explained above, each IFS observation block consist in:

- Science frames (one or more exposures, could be the science targets, standard stars, twilight sky

or adjacent sky exposures).
- Continuum lamp frame, for spectra extraction.
- Arc lamp frame, for wavelength calibration.

The first step in the data reduction consisted in identifying the observing blocks, by cheking the
logfile and confirming in the data headers the time at which the observations were acquired and
the telescope azimuth and elevation in that moment. Once identified, we checked if the science and
calibration frames were affected by the same flexure pattern. This is crucial to be able to extract
the spectra and perform the right wavelength calibration. In most of our cases we found the flexure
pattern of the calibrations and science frames was the same. However, in a few cases, we found small
linear offsets between the science and the calibration frames flexures that were corrected by applying
a linear shift (with IRAF imshift task) to align them.

At this stage we did not combined the science exposures of the same pointing, when more than
one were available. All of them were reduced independently and then combined at the end, after sky
substraction. In this way we avoid increasing the uncertainties in the reduction due to slight differences

in the airmass and atmospheric extinction values from one exposure to another.

3.1.4. Spectra identification

Once identified the observation blocks and corrected the flexure pattern misalignments, the next
step of the IFS reduction was to trace the location of all the spectra along the dispersion axis of
the CCD to, later on, extract its corresponding flux. The tracing procedure must be applied over
well illuminated continuum exposures, with enough signal-to-noise through all the fibers at every
wavelength. That is why the continuum exposures are needed. Two steps were followed:

1. First, we identified the fiber peaks for the central column of the CCD. The location of the
spectra was found by comparing the intensity at each row along the cross-dispersion axis with
those of its adjacent pixels, checking for those pixels that verify the maximum criteria. The
peak_find R3D task has been used for this purpose.! The process is visually crosschecked by
a graphical output, shown in Figure 3.2. In the left panel we show a continuum exposure. The
black vertical line indicates the cut along the spatial axis corresponding to the central column,
where we have obtained the spatial profile for peak-searching. In the right panel we show the
profile of intensities along the mentioned central column. The red dots mark the location of the
pixels where the program has found a peak, using the parameters defined by the command line.
The blue dots mark the location of the centroid of these peaks, using an hyperbolic fitting using

the peak pixel and the two adjacent ones. All these values were stored in an output file.

!The input parameters needed by this and another R3D tasks to run are explained in detail in the R3D user guide.
Moreover, it includes specific examples of the best parameter choice in the case of PMAS LArr data reduction.
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Figure 3.2 Schema of the fibers peaks identification. Left: continuum lamp exposure. The black vertical
line indicates the cut along the spatial axis corresponding to the central column, whose spatial profile
has been used for peak-searching. Right: spatial profile of intensities along the mentioned central
column. The red dots mark the location of the pixels where the program has found a peak, using the
parameters defined by the command line. The blue dots mark the location of the centroid of these
peaks, using an hyperbolic fitting using the peak pixel and the two adjacent ones.
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Figure 3.3 Trace for spectra extraction. The stored value at each pixel is the location of the peak
centroid in the original frame, shown in Figure 3.2 left, for each pixel in the spectral direction.
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2. The second step, once we knew the location of the fibers for the central column of the CCD was
to trace their locations for the remaining columns, that is, along the whole dispersion axis. This
was performed by the trace_peak_recursive task. Within a predefined window for a certain
column in the disperion axis, this routine finds the fibers peaks, looking for maxima in the
intensity profile, taking as a first guess the position found in the central column. The process
was iterative, starting from the central column and continuing to the end and to the beginning
of the CCD. If no maximum is found within the predefined window for a certain column, the
location of the spectra on the previous column is used assuming a smooth behavior of the
trace along the dispersion axis. This method solves the possible problems of bad columns, low
sensitivity pixels, and/or cosmic rays. The result was stored as a 2D image, where the X-axis
corresponds to the original dispersion axis and the Y-axis indicates the traced spectrum number,
from 1 to 256 in the case of PMAS LArr. The stored value at each pixel is the location of the
peak centroid in the original frame (the equivalent to the blue crosses in the right panel Figure
3.2). This file is called the trace and an example of it is shown in Figure 3.3.

3.1.5. Spectra extraction

The next step was to extract the flux corresponding to the different spectra at each pixel along
the dispersion axis, for both science and arc lamp exposures. We have used the trace file obtained in
the previous section. By construction, the projected spectrum of each fiber in the CCD contaminates
the adjacent ones in an amount that depends on the distance between adjacent spectra and the width
of the projected profiles along the cross-dispersion. This effect it is known as cross-talk, and may
produce a wrong interpretation of the data, as the adjacent spectra on the plane of the CCD may not
correspond to nearby locations in the FOV. In many instruments, like PMAS in the Larr mode, it is
not important (less than 1 %), while in others, like VIMOS, may be critical (see Section 3.2.3)

As for these observations cross-talk is not important, the spectra have been extracted by co-
adding the flux within a 5 pixels aperture around the trace position. This procedure is called aperture
extraction, and it has been implemented in R3D, with the extract_aper task. The extracted spectra
are represented in a 2D image. The X-axis of the resulting image corresponds to the original dispersion
axis, while the Y-axis corresponds to different extracted spectra, as they were ordered along the
pseudo-slit. This is the so-called row-stacked spectra representation, RSS (Sédnchez, 2004). In Figure
3.4 we show the extracted spectra for the arc lamp (upper panel) and NGC 2623 science data (lower
panel). Once extracted, the PMAS data were ready for the next reduction step.

3.1.6. Distorsion correction

Most grating spectrographs do not disperse the light homogeneously along the cross-dispersion
axis. The dispersion is distorted, being larger at the edges of the slit than in the center. This is the so-
called C distortion. When the spectrographs are fed with fibres, additional distortions are produced
due to the placing of the fibers in the pseudo-slit. In both panels of Figure 3.4 the curvature and
distortions are clearly seen. These distortions must be corrected fiber-to-fiber before finding a common
wavelength solution. The correction was performed with R3D using the RSS arc lamp exposures (like

the one shown in upper panel of Figure 3.4), extracted as indicated in the previous section.
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Figure 3.4 RSS of the HgNe arc lamp (top panel) and NGC 2623 science frame (bottom panel). The
X-axis is the dispersion axis (in pixels), while the Y-axis corresponds to different extracted spectra,
as they were ordered along the pseudo-slit.

First, the peak intensity of a single emission line was traced along the cross-dispersion axis, and
shifted to a common reference, by a linear shift. This was done by the program dist_cor, and the
process is shown in Figure 3.5. In the top left panel we show the HgNe arc lamp RSS, before distorsion
correction. The spectral line around pixel 593 in the dispersion axis has been taken as a reference. The
red stars indicate the position of the peak intensity along the cross-dispersion axis. A zoom into this
region is shown in the top right panel. In lower left panel we have applied the first order distorsion
correction, by shifting every spectrum in wavelength until all the profile is centered around pixel 593,

which is shown with white stars. Note the difference with respect to the uncorrected one (red stars).

Althought the first order transformation corrects significatively the distorsion, there are still small
misalignments in other emission lines, which are specially evident at the edges of the frame (note
emission lines at the edges of left panel Figure 3.5). To correct them, we traced the intensity peak of
a set of selected emission lines, well distributed along the whole dispersion axis, to find a polynomical

transformation that recenter all the lines to a common reference. This was done using the program



3.1 PMAS data reduction 61

HgNe arc lam
250F ‘ i
« 200} | 3
9] ¥
QO k
IS r ¥
3 150+ | i
IS g ¥
2 ‘
s 100 H
(0] *
Q ¥
wn b o
50 i
¥
0 | | 3 | |
0 200 400 . 600 1000 600
Dispersion Axis
HgNe arc lamp first order distortion corrected
2507 T T :\: ! —: [ T f- B
. 200f : 3 1 -
()] E
QO E
€ i 3
2 150( z il 1
€ " ' ) i
2 | ¥
£ 100} ‘ : 4 R
(0] ! 3
Q. 3,
[7p} 3,
50 E 4 g
1l
0 | | 3 | |
0 200 400 600 800 1000 600

Dispersion Axis

Figure 3.5 Top left panel: HgNe arc lamp RSS before distorsion correction. Spectral line around pixel
593 in the dispersion axis was taken as a reference. Red stars indicate the position of the intensity peak
along the cross-dispersion axis. A zoom into this region is shown in the top right panel. Bottom left
panel: first order distorsion corrected image, all the profile has been shifted around pixel 593, which
is shown with white stars. Note the difference with respect to the uncorrected profile (red stars).
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Figure 3.6 Distorsion correction map. The stored value at each pixel is the position in the dispersion
axis where the actual position should be moved in order to correct the distorsion.
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Figure 3.7 Distorsion corrected RSS of the HgNe arc lamp (top panel) and NGC 2623 science frame
(bottom panel). Note the differences between them and the uncorrected ones in Figure 3.4.

mdist_cor_sp.pl, that allow to interactively select the lines that will be used. Both PMAS and VIMOS
are well-behaved instruments in terms of distortion and therefore just a low-order polynomial function
(order ~ 4 - 5) was needed, by using around 15 bright emission lines. The distorsion correction map
is given as an output, which is shown in Figure 3.6. This is the map to be applied to the science
exposures to get them distorsion corrected. The R3D routine used for it was mdist_cor_external.pl.
The resulting distorsion corrected maps are shown in Figure 3.7. Note the differences with respect to

the uncorrected ones in Figure 3.4.

3.1.7. Dispersion solution

The wavelength solution was determined by identifying the wavelengths of the emission lines in
the distorsion-corrected arc lamps exposures, as the one in the top panel of Figure 3.7. The used
arc lamps were HgNe for the V300 grating, and ThAr for the R600. The correspondance between
pixels and wavelength has been made using the identification charts provided by the CAHA webpage.
See top panel of Figure 3.8 for an example of identification of HgNe lines. The interactive routine
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Figure 3.8 Top panel: Identification of the main emission lines in HgNe arc lamp spectra. Bottom
panel: NGC 2623 science frame wavelength calibrated.

disp-cor.pl transformed the pixel coordinate system into a linear wavelength coordinate system
through a polynomical transformation. The required transformation was stored in an ASCII file to
be applied over the science data, using the disp_cor_external task.

The final accuracy of the wavelength calibration was estimated by comparing the central wave-
length of the sky emission lines with their nominal values. It depends on the selected order of the
polynomial function, the number of identified lines, and the coverage of emission lines along the wave-
length range. For example, for PMAS in the LArr mode, using the V300 grating, we find an agreement
within a range of ~ 0.38A identifying between 18 - 20 emission lines and using a polynomial function
of order 4-5. For the R600 grating, we have reached an accuracy of ~ 0.25A using between 12 - 14
lines. In bottom panel of Figure 3.8 we show the wavelength calibrated science data.
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3.1.8. Fiber-to-fiber transmission correction

The fibers of most fiber-fed IFUs, although done with the same material, have slightly different
transmissions one-to-other, with a clear wavelength dependecy. To correct for this effect it is required
to obtain an exposure of a continous, well-illuminated and flat uniform source. In the case of PMAS
LArr observations, we acquired twilight skyflat exposures each observing night, that have been reduced
following the same procedure as the science frames. The reduced twilight skyflat frame is shown in
top panel of Figure 3.9. Note the differences between the spectra as a consequence of fiber-to-fiber
differential transmission.

To normalize the transmission of all the fibers to the median one we used the fiberflat.pl task
of R3D. This task calculates the median spectrum of all the spectra in the skyflat frame, and then
divide each spectrum by this median one. The result is stored in a file (the so-called FiberFlat, see
middle panel of Figure 3.9) that could be used to correct from the differential transmission fiber-to-
fiber, simply dividing the science frames by it. Moreover, in bottom panel of Figure 3.9 we show the
relative transmission of some of the fibers along the wavelength range. They are plotted in different
colors to illustrate the differences in the transmission fiber-to-fiber at each particular wavelength.
When dividing the science frames by the fiberflat the transmission of all the fibers is normalized to

the median transmission.

3.1.9. Flux calibration

The flux calibration of IFS is analogous to other spectroscopic tecniques, like longslit or aperture
spectroscopy. For relative flux calibration we have observed at least one standard spectrophotometric
star each night. In Table 3.1 we indicate the standard stars observed, the date and Universal Time
(UT) of observation, airmass and the local optical extinction Ay from CAHA extinction monitor
and exposure time. Their data have also been reduced following all the steps described in previous
sections.

In order to obtain a calibration sensitivity function from the standard star, a 1D spectrum must
be extracted from it. This uncalibrated spectra was obtained as follows. First, we have converted the
RSS standard frame into a datacube, using rss2cube.pl task. This task, use the fibers position table
to asign each spectra in the RSS the right spatial location in the FOV. In Figure 3.10 we show an
example of the intensity maps (in counts) of BD28D4211 in different wavelengths ranges. As can be
seen, the intensity peak position changes with wavelength. The star is centered in pixel [8,7] at blue
wavelengths, an at [7,6] in red wavelengths. This is due to the prismatic effect of the atmosphere has
on the incoming light beam. Bluer wavelengths are refracted more strongly than redder wavelengths.
This effect is called differential atmospheric refraction (DAR), and it is necessary to correct it before
extracting any spectra from the datacube, for assure we are not missing flux in any spectral range
(Filippenko, 1982). To perform this correction we used DAR_det_cube.pl task. Taking the star position
at 5500 A frame as a reference, this task will look for any shift in this centroid along the wavelength
range within a box of 5 x 5 spaxels. Once the shift is determined, a polynomial fitting of order 3 is
applied to smooth the correction, and the shift is applied wavelength to wavelength, recentering the
cube and correcting for the DAR. The DAR corrected cube is shown in the lower panel of Figure 3.10.
Now, the star intensity peak is the same at all wavelengths.

Using E3D we have extracted the uncalibrated spectra of the standards, by previously substracting
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Figure 3.9 Top panel: Twilight skyflat. Note the differences between the spectra as a consequence of
fiber-to-fiber differential transmission. Middle panel: Fiberflat. Bottom panel: Relative transmission of
some fibers along the wavelength range. They are plotted in different colors to illustrate the differences

in the transmission fiber-to-fiber at each particular wavelength.
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Figure 3.10 Top panels: Intensity maps (in counts) of BD28D4211 in different wavelengths without
correcting for DAR. As can be seen, the intensity peak position changes with wavelength. The star is
centered in pixel [8,7] at blue wavelengths, an at [7,6] in red wavelengths, due to the prismatic effect
of the atmosphere has on the incoming light beam. The star symbol represents the position where
the standard star is centered in the V band, at ~ 5500 A, which corresponds to pixel [7,7]. Lower
panels: Same as top panel but after correcting the DAR. Now the star is centered at pixel [7,7] at all
wavelengths.

the sky. A night sensitivity curve as a function of wavelength was obtained for each night by comparing
the observed flux with the calibrated spectrophotometric standard spectrum obtained from Oke (1990)
catalogue. IRAF routines for longslit flux calibration (STANDARD, SENSFUNC) were used. The sensitivity
function was then applied to the science frames observed during that night (IRAF CALIBRATEtask),
taking into account the airmass, exposure time and local extinction of each individual pointing. Using
CAHA V-band extinction monitor CAVEX, we have taken into account the atmospheric extinction
value of the standard star and the science targets, at the time they were observed. Analogously to what
found for CALIFA data (Sanchez et al., 2012), we find that, on average, the relative flux calibration
shows a dispersion of ~ 2 - 3% for wavelengths redder than of 3850A. At shorter wavelengths, the
error in the accuracy of the relative flux calibration becomes worse, being about ~ 7 - 10 % from 3700
- 3750A.

Note that this method yields a relative flux calibration, an absolute spectrophotometry can only be

achieved using additional information, like the comparison with broad-band photometry, as described
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Table 3.1. Standard stars observed for PMAS LArr dataset

Name Obs. date UT  Airmass Ay(mag) tegp (5)
Feige34 31 March 2008 19:26 1.18 0.18 180
Feige34 1 April 2008  19:38 1.14 0.14 180
Feige34 2 April 2008  19:15 1.19 0.10 180
Feige34 3 April 2008  19:37 1.13 0.10 180

Hz 44 3 April 2008  04:35 1.43 0.11 180
Feige66 28 April 2008  22:56 1.03 0.18 180

Hz 44 3 July 2008 20:27 1.07 0.17 180

BD+28D4211 1 Sept 2008 19:48 1.39 0.24 300
BD+28D4211 2 Sept 2008 19:34 1.44 0.20 300
BD+28D4211 4 Sept 2008  19:16 1.49 0.18 300

in Section 3.1.13.

3.1.10. Sky subtraction

One of the most difficult steps in the data reduction is the subtraction of the night sky emission
spectrum. The emission from the atmosphere contributes significantly to the detected signal and the
sky emission lines can be easily identified in the RSS frames as bright vertical lines (as the ones seen
in bottom panel of Figure 3.8).

For our three LIRGs we have taken one nearby blank sky exposure to properly substract it from
the science frames. They were also reduced following the previosly described steps. In top panel of
Figure 3.11 the sky frame of NGC 2623 is shown. However, given their short exposure times, they
have a low signal to noise ratio, and they will worsen the signal to noise of our science frames if we
directly substract them to it. To improve our sky substraction we create a new sky frame which is the
median of all the spectra in the orignal sky frame. We used median_spec.pl task. See the result in
bottom panel of Figure 3.11 and note how the signal to noise ratio of the sky spectra has increased.

For the PSQSOs, we have obtained the sky directly from the science frames, using several blank

spaxels far from the target emission, to calculate the median sky spectra.

3.1.11. Creating datacubes and DAR correction

Once we had all the individual frames for the same pointing position flux calibrated and sky-
substracted they were combined and cosmic rays rejected, using the IMCOMBINE IRAF task. Then, we
used rss2cube.pltask, described in Section 3.1.9, to create datacubes from the RSS frames. As for
the standards, our science targets must be corrected from DAR. For that, it is important to use as a
reference a bright point-like source. In the case of the PSQSOs they already satisfy this requirement.
For the LIRGs we use as a reference their nucleus, or, in the case of IC 1623, the bright star cluster
located south of the nucleus.
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Figure 3.11 Top panel: NGC 2623 reduced sky frame. Bottom panel: NGC 2623 median sky frame
that has been substracted to the science data.

3.1.12. Mosaic construction

For the LIRGs we had two exposures taken at different locations on the targets, that were joined
together in a mosaic. First, we transformed the individual DAR corrected cubes again into RSS, using
cube2rss.pl. Then, we used R3D Mosaic_rss_overlap.pl. This task create the mosaic, taking one of
the images as a reference and using the information given in a configuration file which consists of
an ASCII table listing: the name of the individual RSS frames that are going to be mosaicked, their
position tables, and the X and Y offset with respect to the reference. In the combined RSS the flux
in the overlapping regions is the average found after scaling the individual pointings.

3.1.13. Absolute flux recalibration

For those galaxies with suitable multi-band photometric data publicly available, a flux re-calibration
was performed. This additional correction is intended to provide the closest absolute flux calibration
by finding the difference in the flux level (i.e. a scale factor that should be applied to spectra in the
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Table 3.2. Flux recalibration factors for the LIRGs and the PSQSOs in different SDSS and HST
filters.

Galaxy SDSSg SDSSr SDSSi WFC F435W  WFC F606 W

IC 1623 W - - - 0.85 -

NGC 2623 1.14 1.1 - 1.14 -

NGC 6090 1.16 1.18 - 1.15 -
J1700 1.27 0.99 - - 1.19
J2334 1.1 0.9 - - 1.04
J0237 0.87 0.87 - - 0.93
J1230 0.7 0.84 - - 0.99
J1248 0.82 0.88 - - 1.11
J1456 0.96 1.01 - - 1.21
J0202 0.73 0.76 0.73 - 0.83
J2128 0.54 0.54 0.57 - 0.69
J2310 - 0.79 0.71 - 0.86

datacubes), between spectroscopy and photometry.

The broad band photometry was extracted from HST and SDSS data and compared to the photo-
metry extracted from the IFS in the same spatial extent. For that, each spectrum in the mosaic was
multiplied by the transmission curve of the corresponding broad-band filters, in order to extract a
similar flux based on the IF'S data. Table 3.2 shows the ratios found between the broad-band aperture
photometry and the IFS derived photometry for the analysed galaxies. See an example in Figure
3.12, where we show the IFS of the nuclear region of NGC 2623 (extracted in a 4.5” aperture) in
comparison with the photometry from SDSS and HST images in the same aperture. In the case of
the LIRGs the spectra and photometry were extracted in a 4.5” aperture. For the PSQSOs we have
compared with photometry both the central and the integrated spectra. The numbers shown in Table
3.2 correspond to the central spectra. However, we note that they do not change significantly in the

case of the integrated spectra.

Moreover, we note that in all cases the is no color effect or is almost insignificant, and therefore
the flux recalibration is not altering the shape of the individual spectra.

3.2. VIMOS reduction

We employed the IFU mode of the VIMOS instrument (Le Févre et al., 2003) to perform optical
3D spectroscopy of three PSQSOs (J0202, J2128 and J2310). As for PMAS LArr data, arc lamp and
continuum lamp exposures were acquired for each configuration directly after the target exposures for
calibration purposes. Standard star exposures were taken for each night according to the instrumental
setup. As mentioned, each instrument has its own peculiarities in the reduction process. In this section
I will describe the main differences with respect to the PMAS reduction.
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Figure 3.12 PMAS LArr spectra of NGC 2623 extracted in a central 4.5” radius aperture. SDSS
photometry extracted in the same region is shown with blue points, and HST one in red. The numbers
indicate the flux recalibration factor by which the IFS datacube should be multiplied to match the
broad-band photometry. Note that there is no significant color effect.

3.2.1. VIMOS raw data

The VIMOS instrument is a complex IFU with 1600 operating fibres in the medium-resolution
mode. These are split up into 4 bundles of 400 fibres densely projected onto each of the 4 spectrograph
CCDs. Then, VIMOS raw data exposures are formed by 4 frames, each from a different CCD. In Figure
3.13 we show an example of the 4 raw frames of one of the exposures of SDSS J231055.50-090107.6.
Until spectra extraction the reduction was performed independently for each of the 4 frames, but after

that, they were glued together, to apply the remaining reduction steps in all of them simultaneously.

3.2.2. Spectra identification

As explain in Section 3.1.4, the fiber peaks need to be identified and traced in the continuum
exposures to be able to extract the spectra. In the case of VIMOS, peak_find task did not work well
in the spectra identification, due to the large number of broken or low-transmission fibers, resulting in
an understimation of total number of fibers. Instead, we have used a manually configurated ASCII file,
containing the location of the spectra on the CCD at each column and for each individual quadrant of
VIMOS data. For the broken fibers, R3D calculate their theoretical position by interpolating between
adjacent, well-behaved fibers.

3.2.3. Spectra extraction

In VIMOS data, the cross-talk between fibers is important, and we could not perform a simple
aperture extraction (see Section 3.1.5 for an explanation). To reduce the cross-talk effect, we adopted a
modified version of the Gaussian-suppression (Sénchez, 2006), first used in the reduction of the PINGS
data (Rosales-Ortega et al., 2010), and described in detail in Sédnchez et al. (2011). The new technique
assumes a Gaussian profile for the projection of each fibre spectrum along the cross-dispersion axis.
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Figure 3.13 VIMOS raw data from a single pointing of SDSS J231055.50-090107.6.
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It basically performs a Gaussian fitting to each of the fibres after subtracting the contribution of the
adjacent fibres in an iterative process. The cross-talk is reduced to less than 1% when adopting this
new method. The R3D task doing this is extract_gauss_simple.

Once we have extracted the RSS of the 4 quadrants, they were glued together into an unique frame
of 1600 spectra, to perform the following reduction steps simultaneusly for all of them. This allow us

to save reduction time. An example of the glued spectra is shown in top panel of Figure 3.14.

3.2.4. Wavelength calibration

The wavelength calibration procedureis analogous to that performed for PMAS data. See Sections
3.1.6 and 3.1.7 for more information. In this case, the HeAr lamps were used as calibrators, and an
accuracy of 0.2 A has been obtained by identifying 15 emission lines and using a polynomial function
of order 4. See in bottom panel of Figure 3.14 an example of SDSS J231055.50-090107.6 frame after

wavelength calibration.

3.2.5. Fiberflat correction

The main difference with PMAS data, is that in this case we have used the domeflat continuum
exposures to create the fiberflat, because we did not acquired twilight flat exposures. However, this

is enough for our purposes.

3.2.6. Flux calibration

Flux calibration was performed following the same steps as in PMAS LArr data. See Section 3.1.9
for more details. For VIMOS observations we do not have information about the V-band atmospheric
extinction values at the time of observation of the standards and the science targets, so we assumed
it was the same. However, we have taken into account the differences in the airmasses. The standard

stars used for this dataset are sumarized in Table 3.3.

3.2.7. Sky substraction and DAR correction

For each PSQSO, an adjacent blank sky exposure have been taken to properly substract it from
the science frames. The sky exposures were also reduced following all the previosly described steps.

To improve the sky substraction we have created a new sky frame where in each quadrant the sky
is calculated as the median of all the sky spectra in that quadrant in the orignal sky frame. In this
way the SNR of the sky spectra in increased.

Once sky substracted, each of the individual frames has been DAR corrected. Combining the
dithered exposures we were able to correct for dead fibres within the field-of-view. As for PMAS, the
final datacubes were re-calibrated in flux to match the SDSS and HST photometry (shown in Table
3.2).

3.3. OSIRIS data reduction

The data were reduced using standard procedures for CCD imaging within the IRAF package
(IMRED.CCDRED.CCDPROC). The bias frames acquired during the night were visually inspected and then



73

OSIRIS data reduction

3.3

4000

3500
T
|
|
11000

SEEES e N e - o

10000

e
s 22 sespmesssmememe:
— ] e

= R H

RSN s A e ke = i
SRR a e EE e (oo st m— SoERLIISCE Do STl
== e e e
e e i e —— —
s ¢ s P Y e e e e

s Ao -EEKHE sapmmemssmuampe: W

o mrmm o s me——r— oo t———

= =
P e
e A e e =
e e e e S e i s e =

EEEE=ESEr B SRS

ER | HJH.H umwuuﬁﬁuﬁ SEsme— e
mwwmmm .
il dEnEeE - E
3 = ;

Dispersion Axis
SDSS J231055.50-090107.6 wavelength calibrated
B
W
i
:z
1
i

i

1=

ST

I CCSETLl || (1 (A811 TESSR Il [y

SDSS J231055.50-090107.6 extracted spectra

| |
o o
o o
(e} O

| |
o o
o o
(e} O

200}
1600
1400
1000}

|
o
S
<

1600
1400
1000}

aquinu wnJ3dads

Wavelength (A)
Figure 3.14 Top panel: Extracted spectra of the PSQSO J2310 after pasting together the four qua-
drants in a 1600 spectra fits file. Lower panel: top panel after applying the wavelength calibration.
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Table 3.3. Standard stars observed for VIMOS dataset

Name Obs. Date UT  Airmass tegp (s)
LTT-7987 03 May 2008  09:40 1.01 41
G-93-48 06 June 2008  09:57 1.13 66
LTT-7379 11 June 2008  06:27 1.07 3
LTT-9239 13 June 2008 10:14 1.00 22
LTT-7987 14 June 2008  07:23 1.01 41
Feige-56 03 July 2008  23:29 1.34 14
Feige-110 26 July 2008 10:07 1.29 30
LTT-9239 30 July 2008  06:10 1.03 22
LTT-7379 02 August 2008 03:25 1.08 3
LTT-9239 08 August 2008 06:17 1.00 22

EG-21 09 August 2008 10:34 1.39 20

combined to create a master bias frame, which has been substracted to all the raw images. Due to
the high dark level obtained in the OSIRIS CCDs, a series of dark images with the same exposure
time as the science data were taken (5s darks for the spectrophotometric standard and 300s for the
science observations). After dark substraction we perform the flat-field correction, dividing the dark-
corrected images by the normalized flat frames. The 3 science exposures per filter were combined
using IMCOMBINE task and the cosmic rays were rejected during the combination. The same procedure
have been applied to NGC 2623 data and the spectrophometric standard star, Feige 34.

In the left panel of Figure 3.15 we show the blue continuum frame of NGC 2623 after the com-
bination. Note the presence of several sky emission rings at the left edges of the image. We have
substracted this background emission by developing a simple Python script to generate an articial
background map from the original images. First, we replaced the target emission by background emis-
sion adjacent to it, and then we smooth this image enough to generate the sky frame we will substract
(shown in middle panel of Figure 3.15). The blue continuum map of NGC 2623 substracted from this
sky background frame is shown in the right panel of Figure 3.15. Note how the sky emission rings
have almost disappear.

Finally, a relative flux calibration has been performed for each filter by comparing the aperture
photometry of Feige 34 measured in OSIRIS data, with the theoretical value obtained from Oke (1990)
calibrated spectra. These theoretical values have been obtained integrating the calibrated spectra flux
within the normalized trasmission profiles of the tunable filters. For each filter, we found the scaling
factor that transforms the flux units from counts s~ to erg s~' cm=2 A~

Once we had all the science images reduced, a mean continuum map was obtained by averaging
the adjacent continuums in the blue (6640A) and red (6760A) filters. Analogously, we have obtained a
mean Ha+continuum and [NII]+continuum maps by averaging the 6700A and 6705A and 6720A and
6725A filters, respectively. By substracting the mean continuum map to the latters, we have obtained

the pure Ha and [NII] emission line maps shown in Section 6.5.
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Tracing the evolution of galaxies with stellar

population models

4.1. Introduction

Simple stellar population (SSP) synthesis models are the crucial tool to interpret the spectros-
copy/photometry of galaxies and to infer their star formation and mass assembly histories, unveiling
the different stellar populations that have ever born there.

A SSP model is the theoretical spectrum of a group of stars with the same age (= born at the
same time, t) and having the same initial element composition (or metallicity, Z). In nature, the
best examples of SSPs are star clusters, that is, groups of stars that were born simultaneously from
the same molecular cloud. Star clusters are one of the main modes of star formation in galaxies,
specially in starbursts. They have been used to test the most modern evolutionary synthesis models,
finding very good agreement. Accuracies of about 0.1 dex in age and 0.3 dex in metallicity can
be achieved as long as the models are not extrapolated beyond their expected range of validity
(Gonzalez Delgado & Cid Fernandes, 2010).

Galaxies are centainly not SSPs, because their stars are born in different environments and times.
However, a complex population like a galaxy can always be expanded in a series of SSPs. Each SSP
inhabiting a galaxy has a particular spectrum, according to its age and metallicity and leaves its
imprint in the whole galaxy spectrum, like the lines in a barcode. Thus, a galaxy spectrum can be
seen as a fossil record of its history, containing rich information about all its stellar generations and
allowing us to know the different stages through which the galaxy evolved.

Much progress has been obtained in this decade through the extensive photometric and spec-
troscopic surveys on the local universe, like the Sloan Digital Sky Survey (SDSS). As I mentioned
in Chapter 1, this survey allow to discover the bimodality in the galaxy colour-magnitude diagrams
(Strateva et al., 2001) and provided us with thousands of high quality spectra. From the stellar po-
pulation analysis of them, it has been found that the blue cloud galaxies are younger and less massive
than the red-sequence galaxies (Mateus et al., 2006). These results indicate that massive galaxies as
seen nowadays have stellar populations formed at early times (result known as ”downsizing”).

The stellar population studies are therefore relevant to constrain the galaxy formation models.
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Because different formation scenarios leave distinct imprints in the stellar content of galaxies, by
deriving the stellar population properties in different examples of galaxies we can estimate when and
how the galaxies formed and how they evolve (for example from the blue cloud to the red sequence).

Evolutionary synthesis modelling was introduced more than forty years ago by Tinsley (1968). It
allows to predict the synthetic spectrum of a stellar population relying on three ingredients: (1) the
IMF, (2) the stellar evolutionary tracks; and (3) the stellar libraries, either empirical or synthetic.
Many advances have been made since the work of Tinsley due to improvements in our knowledge of
the stellar evolutionary tracks, of the stellar atmosphere models used to compute synthetic stellar
libraries, and in our ability to obtain homogeneous sets of observed stellar spectra at intermediate
or high spectral resolution and covering a wide range of stellar parameters (effective temperature,
gravity and metallicity).

The aim of this chapter is to summarize the recent advances and main uncertainties associated
to evolutionary synthesis models and how they affect to the determinations of the stellar populations
properties. In Section 4.2 I describe the main ingredients of the stellar population models. In Section
4.3 I summarize some of the models available in the literature. The degeneracies affecting the models

are explained in Section 4.3.1. In Section 4.4 I describe the spectral synthesis methods.

4.2. Ingredients and uncertainties in the models

4.2.1. Initial Mass Function

The initial mass function (IMF) describes the distribution of stellar masses in a newly formed
population (i.e. none of the stars have had a chance to loose mass or undergo supernova). It was first
derived by Salpeter (1955) from the stars in the Solar neighborhood. He obtained:

§(M) = &M > (4.1)

where & is a constant which sets the local stellar density. To determine the total number of stars N
formed with masses between M; and My we just have to integrate the IMF between these limits:
MQ M2
N = E(M)dM = & M~2%dM (4.2)
M1 Ml
Similarly, to determine the total mass in stars M, born with M; < M < My, we just multiply by the

mass:
Mo

Mo
M, = ME(M)AM = & M=E35aM (4.3)

M,y My
It is important to note that most of the stars formed (in number) are low mass stars. That is why
usually most of the mass in galaxies resides in low mass stars, they significantly outnumber massive
stars.

In most codes, the IMF is assumed to be a power-law of Salpeter index above a 1 My. However,
for masses below solar there are other parametrizations of the IMF, like the log-normal of Chabrier
(2003) or the shallower power-law of Kroupa (2001) with an index of av = -1.3. For even lower masses,
below 0.08 My, the power-law could be even shallower. Figure 4.1 (taken from Bastian et al. 2010)
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Figure 4.1 Comparison between different IMFs parametrized by the I' index. This figure has been
extracted from Bastian et al. (2010).

shows the different behaviour of the IMF as parametrized by the I' index. The IMF shape below and
around 1 Mg is very uncertain, and this mass range is very critical for galaxies at ages older than 1
Gyr because the main-sequence turnoff of these populations is located ~ 1 M. Using photometry,
the IMF uncertainty induces a shift in the mass-to-light ratio in some bands up to a factor 2, and can
even change the color evolution of a galaxy by 0.1 mag in V-K at intermediate ages (Conroy et al.,
2009).

The IMF has a direct impact on all the models calculations. The uncertainties on the upper
and lower mass limits in the IMF and the slope have a significant impact on the predicted mass,
luminosity, and star formation rates that have to be taken into account when results from different
IMFs are compared.

The origin of the IMF is the most import unsolved problem in star formation. Observationally it
is known that dense cores in molecular clouds have a power-law mass function rather similar to the
IMF. So the IMF may be determined in part by how such cores form from turbulent molecular gas.

Another topic of discussion is the universality of the IMF. Theory predicts that fragmentation
is easier if the gas can cool, so primordial gas without any metals (cannot cool) should form more
massive stars. However, observationally there is no clear evidence that the IMF varies strongly and
systematically with the initial conditions and/or environment after the first generations of stars (see
the review by Bastian et al. 2010).

In this work we use SSPs with Salpeter and Chabrier IMFs.
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4.2.2. Stellar tracks

Along its evolution, the stars vary in brightness and temperature, changing their position in the
Hertzsprung-Russell diagram (HR). The evolution of a star depends primarily on its mass. The most
massive stars rapidly consume their nuclear fuel and explode as a supernova, to finally transform into
a black hole. All this can happen as fast as in ~ 10 Myr for a 100 Mg, star. On the other hand, solar
mass stars spend much more time on the main sequence (~ 10 Gyr), and then transformed into a red
giant (RGB) and ultimately expel its atmosphere as a planetary nebula and become a white dwarf.

Stellar tracks tell us how is the temporal evolution in brightness and temperature of a star,
according to its mass. The Geneva and the Padova groups have reached during many years the state
of the art of stellar evolution modeling, and they have released complete sets of stellar tracks.

There are, however, several phases in the stellar evolution that are difficult to model either because
the physics that leads to the stars there is unknown, or either because their evolution is very fast
or variable in time. Some of these are: massive stars, thermally pulsating asymptotic giant branch
(TP-AGBs), Horizontal Branch (HB) and Post-AGBs. Here, I focuse on the first two (massive stars
and TP-AGBs) which are those that could most affect the kind of galaxies studied in this thesis. I
briefly summarize how they affect the results from stellar population models.

Massive stars

Uncertainties associated with the evolution of massive stars have a relevant impact on galaxies with
on-going star formation, in particular at wavelengths like the rest-frame ultraviolet that is dominated
by O and B stars. Some of the things to be considered are: rotation, magnetic fields and mass loss-
rates and binarity. In particular, rotation is common in massive stars and play an important role
in its evolution, although most of the evolutionary stellar models are now beginning to take it into
account. Rotation induce instabilities that produce the transport of angular momentum and chemical
elements to the outer radiative envelope. These rotationally induced mixing processes widen the main
sequence (MS) and increase the core hydrogen-burning lifetime, similar to the effects of convective
overshooting. It can also significantly increase the luminosity and the effective temperature, making
MS stars bluer and more luminous (Heger & Langer, 2000). Moreover, the Wolf Rayet (WR) phase
is also longer and starts earlier in the evolution.

Leitherer et al. (2014) have computed two sets of models; one with zero rotation velocity and
the other with a rotation velocity corresponding to 40 % of the break-up velocity of a star on the
zero-age main-sequence. These two values are considered the boundary cases and should bracket the
actual situation in the observations. The young SSPs for models with rotation are bluer in optical and
UV and emit a harder ionizing spectrum. This has important consequences when determining stellar
population properties. The models with rotation lead to older ages (as the same luminosity can be
reached with less massive stars), higher reddening (as the predicted SED is bluer), lower star cluster

masses (as the theoretical L /M is higher), or a combination of all these parameters.

Thermally pulsating asymptotic giant branch

TP-AGB phase is a very short-lived period at the end of the AGB phase that happens when the

main energy source comes from a double burning shell: an outer shell of hydrogen surrounding the
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helium core. The fact that the fusion shell changes in time (switching from He to H every 10* to 10°
years) in a quite explosive manner, produces the thermal pulses and mass-loss in this type of stars.

During the thermal pulses, material from the core region may be mixed into the outer layers in a
process referred to as dredge-up, that can change the surface composition. Several or strong dredge-
ups can lead to the formation of carbon rich TP-AGBs, whose spectroscopy is significantly different
from oxigen rich TP-AGBs (Langon & Mouhcine, 2002). The variability makes it difficult to model
the TP-AGBs, as their position in the HR diagram vary with time.

The spectral signature of stars in the TP-AGB phase appears around ~ 1 Gyr, which is the time
period when they are important contributors to the SSPs spectra. While the optical part of the spectra
is not significantly affected by the TP-AGBs, their emission dominates the NIR bands, and produces
a significant uncertainty in the K band luminosity and therefore, in the stellar masses derived from
it. In Figure 14 of Maraston (2005) it can be appreciated how different is the NIR spectra of a SSP of
0.8 Gyr with or without including TP-AGBs. Moreover, different treatment in the models also lead to
a factor 2 of difference in the derived stellar masses between Bruzual & Charlot (2003) and Maraston
(2005). However, the latest Charlot & Bruzual (2007, unpublished) predict 60 % more flux at K band
than their previous models, being in better agreement with Maraston (2005).

Here we use two sets of isochrones from Padova group (Fagotto et al. 1994 a,b, Girardi et al. 2000)
and for young SSPs (those younger than 4 Myr) the Geneva group tracks (Schaerer et al. 1993 a,b,
Charbonnel et al. 1993) without rotation.

4.2.3. Stellar libraries

The stellar libraries are another main ingredient in evolutionary synthesis models. The libraries
must be formed by a set of stellar spectra covering an homogeneous range of effective temperature
(Tesy), gravity (g), and metallicity (Z). These libraries can be empirical (based on observations of
stellar spectra) or synthetic (based on theoretical spectra obtained with stellar atmosphere models).
In terms of spectral range, spectral resolution and homogeneity in the parameter ranges the stellar
libraries have improved significantly in this decade. An extensive discussion of the main stellar libraries
(at optical wavelengths) obtained in the last two decades is provided by Gonzélez Delgado (2009).

Many aspects are important when considering a library for stellar population synthesis, and pa-
rameter coverage is one of the main issues. A good parameter coverage is not trivial for empirical
libraries, which are limited to whatever is possible to obtain given observational constraints (resolu-
tion, wavelength coverage, exposure time etc.). They have to cover not only a good wavelength range
(which limits the spectral resolution), but also cover from cool to hot stars, dwarfs and giants and
different chemical abundances.

Synthetic libraries overcome limitations of empirical libraries, for instance, their inability to cover
the whole space in atmospheric parameters, and particular abundance patterns that differ from that of
the observed stars (mainly from the solar neighbourhood, and in some few cases from the Magellanic
Clouds). However, synthetic libraries alone can not safely replace empiricals. Synthetic libraries are
based on model atmospheres and therefore are limited to the approximations adopted in the compu-
tations. Ideally, one would like to generate models that accounts for all the effects taking place across
the HR diagram: non-local thermodynamic equilibrium (LTE), line blanketing, sphericity, expansion,

non-radiative heating, convection etc. Such an approach is unfeasible at present time. The hardest
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stars to reproduce in this sense are the very hot and very cool stars, where extreme scenarios take
place (e.g. non-LTE effects for very hot stars, and sphericity for cool giants). Additionally, compu-
ting reliable high-resolution synthetic spectra is a very challenging task, since it requires building an
extensive and accurate list of atomic and molecular line opacities.

Spectral libraries, whether empirical or theoretical, have their own limitations (Martins & Coelho,
2007). Therefore, the best approach is to join empirial and synthetic libraries whose characteristics
are optimized to the science you want to do. Here, I highlight the characteristics of the stellar li-
braries used in this thesis: MILES (Sanchez-Blazquez et al., 2006) and Granada (Martins et al. 2005,
Gonzalez Delgado et al. 2005) libraries.

= MILES contains 985 stars spanning a large range of stellar parameters. The spectra were
obtained at the INT in the Roque de Los Muchachos Observatory in La Palma, and they cover
from 3500 to 7500 A with a spectral resolution of 2.3 A FWHM. The spectra are very well flux
calibrated. This library represents a significant improvement with respect to previous empirical

libraries. However, the library has still only a small number of hot stars (over 15000 K).

» Granada library contains 1654 high-resolution stellar spectra with a sampling of 0.3 A cove-
ring from 3000 to 7000 A. The library was computed using the latest improvements in stellar
atmospheres, non-LTE line-blanketed models for hot stars T.r; > 27500 K (Lanz & Hubeny,
2003), ATLAS (Kurucz, 1993) for stars with T.r; between 4500 K and 25000 K, and PHOENIX
line blanketed models (Hauschildt et al., 1999) for cool stars (3000 K < T.;r < 4500 K). The
gravity ranges from log g = -0.5 to 5.5, and the models are computed for five metallicities from
twice solar to 1/20 solar (Z = 0.04; 0.02; 0.005; 0.002 and 0.001). The full set of synthetic spectra
are available in http://www.iaa.es/~rosa.

The widely used Bruzual & Charlot (2003) (BCO03 hereafter) models are based on the STELIB library
(Le Borgne et al., 2003), a major advance in its days, but limited to 249 stars, some of which have
severe spectral gaps. Its relatively poor coverage of the stellar parameter space propagates to the
predicted SSP spectra, with collateral effects on the results of a spectral synthesis analysis. For
instance, Koleva et al. (2008) noticed that because of the lack of truly very metal-rich stars in the
library, BCO3 spectra for 2.5 Zs SSPs behave like ~Zs models of an older age. Moreover, using
well known star clusters from the literature, with ages and metallicity determinations from S-CMD
methods, Gonzélez Delgado & Cid Fernandes (2010) found that new generation of models using the
Granada and MILES libraries are superior to STELIB-based models both in terms of spectral fit
quality and regarding the accuracy with which age and metallicity are retrieved.
The SSP models used in this thesis are based on MILES and Granada libraries.

4.3. Evolutionary synthesis models

In this section I comment briefly the characteristics of the two bases of stellar population synthesis
models used in this thesis, the so called base GM and base CB. They have been previously described
in detail in Cid Fernandes et al. (2014) and used in the stellar population analysis of the CALIFA
sample (Gonzélez Delgado et al. 2014, 2015).

» Base GM is a combination of publicly available SSP spectra from Vazdekis et al. (2010), which
start at an age of 63 Myr, with the Gonzéalez Delgado et al. (2005) models for younger ages. The
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Figure 4.2 Spectral evolution of base GM SSPs (left) and base CB SSPs (right) for solar metallicity
and 8 ages from top to bottom 4 Myr, 10 Myr, 40 Myr, 160 Myr, 500 Myr, 1 Gyr, 3 Gyr and 10 Gyr.

former are based on stars from the MILES library, while the latter relies on the synthetic stellar
spectra from the Granada library. Only minor adjustments were needed to match these two sets
of models. First, we smoothed the Granada models to the spectral resolution of MILES (2.5
A FWHM), and then multiplied them by a factor of 1.05, estimated from a direct comparison
of the predicted spectra in the 63 Myr to 1 Gyr range, where these models agree very well
in both continuum shape and absorption features. These independently derived SSP spectra
complement each other, providing a base suitable for spectral fitting analysis of galaxies of all
types. The evolutionary tracks in base GM are those of Padova2000, except for the youngest
ages (1 and 3 Myr), which are based on Geneva tracks. This base is formed by 156 elements, the
specific subset of SSPs used in the spectral fits comprises 39 ages between 1 Myr and 14 Gyr
and four metallicities: Z = 0.2, 0.4, 1, and 1.5 solar Zs. They are based on the Salpeter IMF.

» Base CB is an updated version of the BC03 models (Charlot & Bruzual 2007, unpublished),
replacing STELIB by MILES and Granada libraries. The IMF is that of Chabrier, and the
evolutionary tracks are those collectively labeled as Padova 1994 by BCO03. The base is formed
by 160 SSPs comprising 40 ages in the 1 Myr to 14 Gyr range and four metallicities (0.2, 0.4,
1, and 2.5 Zg) were chosen for the spectral fits.

These two bases cover the same age range, and have the same number of metallicities. Both start at
7 = 0.2 Zg, but GM stops at 1.5 Zg, while CB extend to 2.5 Zg. Because MILES is based on stars
not far from the Sun, it does not contain many stars as metal-rich as 2.5 Zg, hence the latter models
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Figure 4.3 Comparison between two SSPs from base GM affected by age-metallicity degeneracy. In
red we show a SSP of 13 Gyr and 0.2 Zg while in black we show the SSP of 2 Gyr and 1.5 Zs. Both
are normalized at 5600 A.

should be interpreted with care. In principle we note that we do not expect such high metallicities
in the systems analyzed in this thesis. On the contrary, the oxygen abundances in LIRGs have been
found to be a factor 2 smaller than local emission line galaxies of similar luminosity and mass, as
a consequence of merger-induced gas inflows that move gas of low abundance into a nuclear region
whose initial abundance is higher (Rupke et al., 2008).

In Figure 4.2 we show the spectral evolution of GM SSPs (left) and CB SSPs (right) for solar
metallicity and 8 ages from top to bottom: 4 Myr, 10 Myr, 40 Myr, 160 Myr, 500 Myr, 1 Gyr, 3 Gyr
and 10 Gyr.

4.3.1. Degeneracies

The spectral synthesis is a degenerate problem. A given SSP will be redder due to several causes:
by having an older age, or a greater metallicity or if is affected by greater extinction. On the other
hand, a SSP will be bluer if it has younger ages, or lower metallicities or if it is not affected by
extinction or only by low values.

Depending on the type of galaxies where we want to apply the spectral synthesis, we must know
the kind of degeneracies we face and which is the best methodology to break them. In the case of
elliptical galaxies, which are on average older than a few Gyr and where the extinction is low, the main
problem is the age-metallicity degeneracy. In Figure 4.3 we compare two extreme cases to illustrate
this problem. In red we show a SSP of 13 Gyr and 0.2 Zg while in black we show the SSP of 2
Gyr and 1.5 Zg. Both are normalized at 5600 A. In terms of the continuum shape they are almost
indistinguishable.

On the other hand, in the type of galaxies studied in this thesis, with young and intermediate
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Figure 4.4 Comparison between two SSPs from base GM affected by age-extinction degeneracy. In
black we show a SSP of 1 Gyr not affected by extinction and in red we show a SSP of 100 Myr and
affected by 1.7 mag of extinction following Calzetti et al. (2000) law. Both are normalized at 5600 A
and in both the metallicity is fixed to solar.

stellar populations and where dust obscuration is important, the stellar continuum could be affected
by the age-extinction degeneracy. In Figure 4.4 we compare a SSP of 1 Gyr not affected by extinction
in black and in color blue a SSP of 100 Myr affected by 1.7 mag of extinction following Calzetti et al.
(2000) law. Both are normalized at 5600 A and in both the metallicity is fixed to solar. They are also
quite similar with some differences at the beginning and at the end of the spectra.

Whatever it is, to break the degeneracy the best option is to have spectroscopy. Through photo-
metry it is more complicated, although possible in case it covers a very large spectral range from UV
to IR. Similarly, with spectroscopy, the greater the spectral range the better the possibilities to break
degeneracies. In the next section we will discuss the different methods for spectral synthesis, specially
focusing on the one used in this thesis, the fossil method or full spectrum synthesis.

4.4. Spectral synthesis: the fossil method

There are two methods of analyzing spectra to constrain the stellar population properties. One of
them is through the stellar indices, and the second one is through the spectral synthesis.
The indices method is very useful to decouple the effect of age and metallicity, by combining the
strength of lines which are mainly sensitive to the main sequence turn-off temperature, or age sensitive,
like Balmer lines (H(3), with metallic lines which are sensitive to the temperature of the giant branch,
which depends on metallicity (Mg and Fe lines, or combined indices). The problem with this method is
that the Balmer lines may be affected by the emission of gas if any in the galaxy, and as a consequence

older ages will be derived in case of not taking it into account. That is why the indices method is



86 Tracing the evolution of galaxies with stellar population models 4.4

especially useful for the study of stellar populations in elliptical galaxies with little gas.

Here, I will focuse of the full spectral synthesis or fossil method which uses the SSPs models to
make a detailed A-by-A fit of the whole spectrum. This method is preferred to the stellar indices for
the galaxies studied in this thesis and in general, for young stellar systems where the Balmer lines
can be contaminated by nebular emission. Moreover, the spectral synthesis, and thanks that we can
fit both the stellar absorptions and continuum, allow us to break the age - Z - Ay degeneracies much
more easily than with photometry data alone (Sanchez-Blazquez et al., 2011).

There are several codes available to perform the synthesis. However, here I summarize the code
Starlight, developed by Cid Fernandes et al. (2005), because it has been used extensively to fit galaxy
spectra and it has been proved to give results in very good agreement with those produced by other
codes such as MOPED (Heavens et al., 2000) or STECMAP (Ocvirk et al., 2006).

Starlight fits the observed spectrum using a combination of several SSPs from high/intermediate
spectral resolution evolutionary synthesis models, in our case the GM and CB bases. The extinction
is modeled by a foreground dust screen, and parameterized by the V-band extinction Ay .

The strategy is to consider that the integrated light from a galaxy is the sum of simple stellar
populations, each with its ages and metallicities; thus, the best model of the galaxy luminosity is
calculated as:

N*
My = ;30 (¢, 2)107 044V (@3 —ix) (4.4)
7=1

where x; is the scaling factor that gives the fractional contribution to light of each SSP, q\x = Ay\/Ay

is the reddening curve, and
L3°P(t, Z)

SSP
i (t’ Z) =
’ L35F(t, Z)

® G (vs, 04) (4.5)

gives the spectrum of an SSP of age t and metallicity Z normalized at Ag and convolved with a
gaussian filter centered at velocity v, and with dispersion o,. The LfSP (t,Z) are taken directly from
the evolutionary synthesis models.

The fit searches for the minimum y? between the observations and the combined models.

Gy O o)
A A

where O, is the observed spectrum we are fitting and ey is the error spectrum. Normally, ey comes
from error propation during the data reduction. That is the case for CALIFA data, for which the
reduced cubes already contained carefully derived errors and bad-pixel flags that were implemented
in the pipeline (see Husemann et al. 2013, for details). However, for LArr data we did not propagate
errors during the reduction, and we needed to estimate them a posteriori, in an iterative way. The
procedure we have followed is explained in detail in Section 5.4.1.

From the x? minimization, Starlight finds the population vector (x;), that is, the fractional contri-
bution to light of each SSP at the normalization wavelength, that better reproduces the observations.
The Starlight output of each fitted spectrum is a plain ASCII file storing all the synthesis necesary
information. All these quantities are documented in the user manual.

In Figures 4.5, 4.6, 4.7 and 4.8 we show as examples the Starlight fits of the nuclear spaxel of
IC 1623 W, NGC 6090 NE, NGC 6090 SW and NGC 2623, respectively. All these spectra are from
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LArr, except for NGC 2623, where we show the CALIFA spectrum. The top panel shows the observed
nuclear spectrum (O,) in black solid line, together with the error spectrum in light grey. The best fit
model (M,) from GM base is shown in red and the residual spectrum (O, - M,) is shown in green
solid line. The bottom left panel shows the contribution in percentage to the total light of the SSPs
with different ages. The results are shown for the GM base in color red and the CB base in color
black. On the other hand, the bottom right panel shows the contribution in percentage to the total
mass of the SSPs with different metallicities in red for GM base and in black for CB base.
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Figure 4.5 Starlight fit of the nuclear spectrum of IC 1623 W with base GM. The top panel shows the observed nuclear spectrum (O,) in
black solid line, together with the error spectrum in light grey. The best fit model (M,) from GM base is shown in red and the residual
spectrum (O, - M,) is shown in green solid line. The bottom left panel shows the contribution in percentage to the total light of the SSPs
with different ages in red for GM base and black for CB base. The bottom right panel shows the contribution in percentage to the total mass
of the SSPs with different metallicities in red for GM base and black for CB base.
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Figure 4.6 Starlight fit of the nuclear spectrum of NGC 6090 NE with base GM. The panel distribution is the same as in Figure 4.5.
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Figure 4.7 Starlight fit of the nuclear spectrum of NGC 6090 SW with base GM. The panel distribution is the same as in Figure 4.5.
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Tracing the evolution of galaxies with stellar population models

4.4




Pre - Merger LIRGs: IC 1623 and NGC 6090

5.1. Introduction

To understand the role of major mergers in galaxy evolution we are characterizing the spatially
resolved stellar population properties and ionization mechanism in several interacting systems in
different stages of the merger process. In this chapter we present the results of the pre-merger LIRGs
IC 1623 and NGC 6090.

IC 1623 (also commonly referred to as VV 114 or IRAS 01053-1746) is a gas-rich (Mp,=5.1 x
10'° My; Yun et al. 1994) nearby (D=86.8 Mpc; 1”=420 pc) interacting system with high-infrared
luminosity (L;g=4.7 x 10 Lg; Armus et al. 2009). It consists of two galaxies: IC 1623 W and IC 1623
E. The western component resembles a distorted spiral with multiple, widespread HII regions. The
eastern galaxy is nearly invisible in the optical due to heavy obscuration, but becomes progressively
brighter than the western galaxy at NIR and longer wavelengths. There are two 2.2 pm emission
peaks in IC 1623 E, separated by ~ 800 pc. Moreover, they coincide with the two sites of emission at
8.4 GHz, suggesting a double core (Knop et al., 1994).

The two peaks are also clearly seen in our NICMOS 1.6 pm image. We labeled them as IC 1623
Eng and IC 1623 Egy in Figure 2.4. If they represent galactic nuclei, IC 1623 E itself might be
an advanced merger, interacting with a third galaxy IC 1623 W. The projected nuclear separation
between IC 1623 W and IC 1623 E is about 6 kpc, consistent with a IIIb interaction stage or close
binary according to Veilleux et al. (2002) classification.

Frayer et al. (1999) found a large amount of dust (Mg,s=1.2 x 108 M) distributed across the
system with a dust temperature of 20 - 25 K. Submillimeter emission is extended over 30” (12 kpc).
A good correlation exists between the spatial distribution of the submillimeter and CO emission,
indicating that gas and dust are spatially coincident. Their peak is located near the suspected dyna-
mical center of the merger remnant, between IC 1623 W and IC 1623 E nuclei. However, radio and
NIR peaks trace star forming regions, which are not spatially correlated with CO and submilimiter
emission. This displacement indicates that the gas collapses before the stars and explains the cool
temperature of the dust. About half of the warmer dust traced in the mid-IR is associated with the
eastern galaxy, where both compact (nuclear region) and extended emission is found (Le Floc’h et al.,
2002). Evidence for wide-spread star formation activity and shocks across the entire system is found
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in the UV, optical, and mid-IR (Knop et al., 1994; Goldader et al., 2002; Rich et al., 2011). Analysing
Far UV and X ray data, Grimes et al. (2006) found a galactic superwind in IC 1623. This outflow of
material is moving at 300 - 400 km s~!. Also, assuming that the hard X-ray emission is tracing high
mass X-ray binaries (HMXBs) and is not contaminated by an AGN, they derive the SFR for the two
galaxy components which is roughly equal with ~28 Moyr~! for IC 1623 E and ~33 Moyr—* for IC
1623 W. With respect to the existence of an active galactic nucleus in this system, Iono et al. (2013)
identified a highly obscured AGN (with <4 x 10® M) in IC 1623 E using sub-arcsecond resolution
ALMA cycle 0 observations of HCN (4-3) and HCO™ (4-3) emission, suggesting that both starburst
and AGN activities might have been triggered by the ongoing merger.

NGC 6090 is an IR luminous (L;z=3.2 x 10! Lg; Sanders et al. 2003) galaxy merger viewed
face-on. The optical images of NGC 6090 show two galaxies of roughly equal size that are almost
completely overlapping and a pair of tidal tails that extend at least 65 kpc to the southwest and 50
kpc northeast. At optical and NIR the separation of the nuclei is ~3.2 kpc (Dinshaw et al., 1999).
While the southwestern nucleus (NGC 6090 SW) appears amorphous, the northeastern galaxy (NGC
6090 NE) clearly has distorted spiral structure. The most striking feature of NGC 6090 NE is the
abundance of luminous blue and red knots along the western arm and the paucity of similar clusters
on its eastern spiral arms. NGC 6090 SW also shows a similar abundance of blue knots along the
eastern side, and one extremely luminous knot at the northern end.

The molecular gas has a single component that peaks between the two galactic nuclei (Bryant & Scoville,
1999), suggesting that the gas responds to the interaction faster than the stars. Although the two
galaxies show strong Ha emission at their nuclei, the Ha emission appears to be brighter on the
companion-facing side of each galaxy (Hattori et al., 2004). Arribas et al. (2004) found an irregular
morphology in the innermost regions around the nuclei (1 - 2 kpc), where a ”bridge” connects the nort-
hern part of these two regions. A common envelope extends up to about 7 kpc. There is considerable
evidence for starburst activity, but no evidence at optical or radio wavelengths for a compact AGN.
Wang et al. (2004) found the dense molecular gas peaks in the overlap region. Weak radio continuum
in overlap region indicates that the history of star formation there may not be very long (in agreement
with Gonzélez Delgado et al. 1998). Otherwise, supernovae after the starbursts would have produced
comparable radio continuum emission as in the two nuclei. The weak radio continuum and weak CO
(3-2) emission in NGC 6090 SW suggest that there is much less star formation activity than in NGC
6090 NE. From optical IFS, Sugai et al. (2004) found that the fraction of heavy elements is currently
increasing in the kiloparsec-scale star forming region to the West of NE nucleus. Young starbursts and
starburst related outflow where previously reported in NGC 6090 using UV (Gonzélez Delgado et al.,
1998).

The aim of this study of IC 1623 and NGC 6090 is to combine high quality IFS from PMASQLArr
at CAHA with previous high resolution HST imaging to investigate the physical processes that occur
during the early stages of major mergers. In Section 5.2 we summarize the data and observations.
In Section 5.3 we present the results of the star clusters photometry detected in the HST images.
The stellar population properties derived from the IFS are described in Section 5.4. In Section 5.5 we
show the ionized gas distribution, dust attenuation, and the emission line ratios tracing the ionization
source. The gas kinematics is described in Section 5.6. The analysis of the Star Formation Rates is
shown in Section 5.7.

Throughout the chapter we assume a flat cosmology with Q= 0.272, Oy = 0.728 and Hy = 70.4
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Figure 5.1 In greyscale we show the HST F435W continuum image of 1C 1623 W. The average conti-
nuum of the IFS in our spectral range is superimposed with red contours. We note some characteristic
regions of this galaxy. The nucleus corresponds with the peak at 2 ym in NIR and was determined by
Knop et al. (1994). At bluer wavelengths, another important emission peak appears that corresponds
with the giant star forming region labeled by us as C1 in the figure. The distorted spiral arm is also
covered by our datacube.

km s ~! Mpc ! (WMAP, seven years results). For IC 1623 redshift (z=0.020067) this results in a
distance of 86.8 Mpc. At this distance 1” corresponds to 0.421 kpc. For NGC 6090 (z=0.029304), the
distance is 127.7 Mpc, 1” corresponds to 0.619 kpc.

5.2. Data

For both galaxies we have the PMAS LArr IFS and HST imaging. Detailed information on the
characteristics of the data and their reduction procedure is given in Chapters 2 and 3.

In the case of IC 1623, because of the extensive dust lane that covers almost all IC 1623 E, our
optical IF'S observations cover only the star formation in the western galaxy. In Figure 5.1 we show
the HST F435W continuum image of IC 1623 W in the region where we have taken the IFS. The
average continuum of the IF'S in our spectral range is superimposed with red contours. We note some
characteristic regions of this galaxy. The nucleus corresponds with the peak at 2 pm in NIR and was
determined by Knop et al. (1994). At bluer wavelengths, another important emission peak appears
that corresponds with the giant star forming region labeled by us as C1 in the Figure. The distorted
spiral arm is also covered by our datacube.

In the case of NGC 6090, our IFS covers the main body of the system, including both nuclei.
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Figure 5.2 In greyscale we show the HST F435W continuum image of NGC 6090. The average conti-
nuum of the IFS in our spectral range is superimposed with red contours. In the NE component the
most striking feature is the increased star formation with abundant luminous blue and red knots along
the western arm. We have defined this region of multiple star clusters formation as MSC. The position
of NGC 6090 NE nucleus is noted in the figure as NNE. As can be seen, the luminosity maximuum
of the IFS continuum falls between NNE and MSC. The position of SW nucleus is not clear. In this
work, we have considered as SW nucleus the continuum peak of the IF'S, where the luminosity reachs
its maximuum. However, there exist one extremely luminous knot at the northern end of the SW
component (also indicated in the figure), that we can not discard as a possible nucleus.

In Figure 5.2 we show the HST F435W continuum image of NGC 6090 in the region where we have
taken the IFS. The average continuum of the IFS in our spectral range is superimposed with red
contours. In the NE component the most striking feature is the abundance of star forming regions
along the western arm (in the side of the galaxy closest to NGC 6090 SW). We have defined this
region of multiple star clusters formation as MSC. From now on, we will refer to it as MSC in the
text. The position of NGC 6090 NE nucleus is noted in the Figure as NNE. As can be seen, the
luminosity maximuum of the IFS continuum falls between NNE and MSC. With respect to NGC
6090 SW, it also shows a similar abundance of blue knots along the eastern side. As explained in
Section 2.2.1, the position of SW nucleus is not clear. In subsequent analysis, we have considered as
SW nucleus the continuum peak of the IFS, where the luminosity reaches its maximuum. We have
labeled it in the Figure. Our SW nucleus will be indicated with a black dot in NGC 6090 maps in
Section 5.4 and thereafter. However, there exists one extremely luminous knot at the northern end of
the SW component (also indicated in the Figure), that we can not discard as a possible nucleus. This
is the brightest point source in NGC 6090 SW in optical and NIR HST images, and was previously

reported by Dinshaw et al. (1999). Given the mismatch between the radio emission peak and this
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knot, Dinshaw et al. (1999) suggest that it may not be the nucleus of SW component but actually a
foreground star. We have confirmed with our spectroscopy that it is not a foreground star because the
main absorption lines are at the redshift of the galaxy. Therefore, we can not discard it as the nucleus
of the SW galaxy. The position of this bright knot in following NGC 6090 maps will be indicated with
a star symbol. Just for comparison, in Section 5.4.11, we will discuss how the radial profiles of the
derived stellar population properties change when centering in our selected nucleus or in the knot.
Also, for both IC 1623 and NGC 6090 we have high resolution HST multiwavelength imaging from
UV to NIR covering the main bodies of both systems, from which we will derive, in the following

section, the star clusters photometry.

5.3. Star clusters photometry

During the last decade a significant population of extragalactic massive (> 5x10* Mg), young
(<1 Gyr) clusters have been detected in many environments: in the LMC (Elson & Fall, 1985), in
normal spirals (Larsen, 2004), in starburst galaxies (e.g., in M82; de Grijs et al. 2005), in ongoing
mergers (e.g., in the Antennae; Whitmore et al. 1999) and in merger remnants (e.g., in NGC 7252;
Maraston et al. 2001). These objects are known as young massive clusters YMC or super star clusters
SSC.

The HST caused a revolution in the field of extragalactic clusters. Its high angular resolution first
allowed to establish an upper limit to the size on young extragalactic clusters. They did indeed have
sizes (1 - 20 pc) comparable to globular clusters in our Galaxy (e.g., Whitmore et al. 1999).

The first environments that were discovered to contain copious amounts of massive star clusters
were those of galaxy mergers. Holtzman et al. (1992) studied the recent galaxy merger NGC 1275, and
found a population of blue point-like sources, with ages of less than 300 Myr old and masses between
10° - 10® Mg. These young massive clusters were also found in the prototypical merger remnant
NGC 7252, with ages ranging from 34 to 500 Myr, consistent with having been formed during the
interaction process (Whitmore et al., 1993). Many more examples soon followed, like those in NGC
3597 (Holtzman et al., 1996), in NGC 3256 (Zepf et al., 1999), in the Antennae NGC 4038/4039
(Whitmore et al., 1999, 2010; Bastian et al., 2006), and in Arp 284 (Peterson et al., 2009), among
others.

YMC found in mergers are an intriguing mode of star formation in the present-day universe. They
have many of the same properties as the galactic globular clusters, namely size and mass (and hence
stellar density). On the other hand, their ages, metallicities, and mass functions are much more similar
to those in galactic open clusters. This mixture of properties has led to their designation as young
globular clusters, implying that they are the same as the old globular clusters in our Galaxy (only
younger) and that any differences between these populations are simply due to evolutionary effects.

In this section we will use HST photometry to characterize the stellar population properties
of the SSCs in IC 1623 and NGC 6090, to determine how are they related with the interaction
process. Although with less accuracy than with spectroscopy, we can estimate the stellar population
properties using photometry. According to Alvensleben (2004), a long wavelength basis from U band
through NIR is necessary to determine the SPs properties of star clusters in a reliable way, where
the availability of U band photometry is crucial. In this section we have used the HST images from
FUV to NIR. By comparing the colors and magnitudes of IC 1623 and NGC 6090 clusters with stellar
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population synthesis models we have derived their main properties: ages, masses, and the amount of
dust obscuration.

5.3.1. Method

The first step was to detect the star clusters present in HST images. For that, we registered
and resampled all the HST images to a common pixel scale, using GEOMAP/GEOTRAN IRAF
tasks. In the cases where more than one image per filter was available they were combined using the
IRAF imcombine task with the reject option set to crreject to eliminate cosmic-ray events. For the
detection we used a combination of the optical images in F435W and F814W filters. For that, we
removed large-scale background variations in this optical image in two steps. First, it was smoothed
with a 9 x 9 box median filter, and then, the smoothed image was subtracted from the original. The
input object list for photometry was obtained by running DAOFIND task in DAOPHOT package
on this background-subtracted image. This procedure is similar to that followed by Larsen & Brodie
(2000). As an additional selection criterion, only clusters with S/N > 5 in optical filters were considered
for subsequent photometry.

In Figure 5.3 we show F814W images of IC 1623 (top panel) and NGC 6090 (bottom panel). The
detected clusters are marked with apertures of different colors given by their F435W - F814W color
as:

1. Blue clusters: F435W — F814W < —1
2. Green clusters: -1 < F435W — FR14W < 0

3. Red clusters: F435W — F814W > 0

A total of 228 and 156 clusters where detected in IC 1623 and NGC 6090, respectively, with a SNR
> 5in FUV, F435W and F814W filters. Analogously, 225 and 117 clusters where detected in IC 1623
and NGC 6090 with a SNR > 5 in F435W, F814W, and F160W filters.

In IC 1623, the blue clusters are located in the western component while the red ones in the
eastern component. Strong dust lanes can be seen in IC 1623 E in HST V and B band images. Most
of the green clusters are located in IC 1623 W, a few in the spiral arms but preferentially around the
nucleus. In NGC 6090 almost all clusters are green or blue, with most of the blue ones located in
NGC 6090 SW and in the West side of NGC 6090 NE, in the region of multiple star clusters MSC. It
is important to note that this enhancement of the star formation is ocurring in the side of NGC 6090
NE facing towards the SW component. Only 6 red clusters are identified, one of them being NGC
6090 NE nucleus, and the others located at a distance of ~ 1.4 kpc, simetrically with respect to the
nucleus, 2 of them to the NE and the other 3 to the SW.

Differences in cluster colors could be due to real differences in the stellar population properties
and/or different levels of dust extinction affecting the clusters depending on their location. A cluster
could be redder due to a high amount of extinction or an older stellar population, or a combination
of both. This is the so-called age-extinction degeneracy. In the following section we will use our
multiwavelength information to break this age-extinction degeneracy and estimate the SP properties
of the clusters.

Photometry was obtained using the phot task in APPHOT. It gives us the fluxes of the clus-
ters in all the filters, by specifying the aperture radius, and the position and width of the sky



5.3 Star clusters photometry 99

A DEC (arcsec)

20 15 10 5 0 -5
A RA (arcsec)

NGC6090

6] St E
4l 1
o p
g 2700 f 3 1
8 o
g 0* o |
m-2f © e :
D o
4_4* oo@ oo il
_6, |
_8, i al
5 0 -5

A RA (arcsec)

Figure 5.3 F814W images of IC 1623 (top panel) and NGC 6090 (bottom panel). North is up, East
to left. The detected clusters are marked with circles of different colors given by their F435W -
F814W color as: 1) blue clusters those with F435W — F814W < —1; 2), green clusters if -1 <
F435W — F814W < 0 and 3), red clusters if F'435W — F814W > 0. In IC 1623 the blue clusters are
located in the western component while the red ones in the eastern component. Strong dust lanes can
be seen in IC 1623 E in HST V and B band images. Most of the green clusters are located in IC 1623
W, a few in the spiral arms but preferentially around the nucleus. In NGC 6090 almost all clusters
are green or blue, with most of the blue ones located in NGC 6090 SW and in the West side of NGC
6090 NE in MSC region. Only 6 red clusters are identified, one of them being NGC 6090 NE nucleus,
and the others located at a distance of ~ 1.4 kpc, simetrically with respect to the nucleus, 2 of them
to the NE and the other 3 to the SW.
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ring for background determination. We have followed the recommendations of the reference guide
to IRAF/APPHOT package (Lindsey E. Davis), chosing an aperture radius of ~ FWHM pgp, and ~
4 x FWHM pgp for the sky ring inner radius and width. The aperture photometry of sources requires
the correction for the light lost due to the finite size of the aperture used, that is called the aperture
correction. The best way to determine aperture corrections is from real point sources (stars) on the
images. However, isolated bright stars to obtain a meaningful correction were only present in optical
images, but not in UV neither in NIR. Thus, aperture corrections were determined from analytically
generated point sources using Tiny Tim software (Krist et al., 2011).

We have converted these fluxes into STMAG magnitudes, using equation (6) in Sirianni et al.

(2005). The errors have been calculated through error propagation:

n
AF = |F + ngper X (sky + 0%p) x (1 4+ —2) (5.1)
Nsky
where F is the star cluster flux within the aperture, n,e, is the number of pixels in the aperture, sky
is the sky background value per pixel, measured in the sky annulus around the cluster, ng, is the
number of pixels in the background annulus, and oo is the readout noise of the CCD. Analogously,

the magnitude errors:

AF
Amag = 1,08577 (5.2)

5.3.2. Clusters ages

We have compared the colors and magnitudes of IC 1623 and NGC 6090 clusters with those of
Charlot & Bruzual SSPs models (2007, unpublished) in a range of ages between 1 Myr to 13 Gyr. These
models are analogous to those in Bruzual & Charlot (2003), but replacing STELIB (Le Borgne et al.,
2003) by a combination of the MILES (Sanchez-Bldzquez et al., 2006) and GRANADA (Martins et al.,
2005) libraries. Chabrier IMF and Padoval994 evolutionary tracks were used. Model colors have been
computed using STSDAS.SYNPHOT software. Using Calzetti et al. (2000) extinction law we have
computed also the colours of the models reddened by up to 6 mag. Despite the recent improvements
in modelling tecniques, it is very difficult from photometry to estimate metallicity on individual
clusters. From the spectroscopy we found that the average value for the metallicity in these systems
is ~ 0.6 Zg (see Section 5.4.6). Taking this into account, we have used solar metallicity SSP models
(1 Zg) in this analysis.

Comparing the position of the clusters in color - color diagrams with respect to the model positions
we can estimate the range of cluster ages. In Figure 5.4 we show the FUV - F435W vs F435W - F814W
diagram for IC 1623 (top panel) and NGC 6090 (bottom panel), which is the best for breaking the
age - Ay degeneracy. The color coding is the same as in Figure 5.3, but only those clusters with SNR
> 5 in FUV, F435W, and F814W filters are included in the plots. The black solid line is the path
described by SSP models from 1 Myr to 13 Gyr, Zg, and Ay = 0 mag. The greyscale lines are the
paths for the same models reddened by 1 to 3 mag, with the lighter shades tracing the more reddened
models.

IC 1623. The vast majority of IC 1623 W clusters (blue ones) are very young (< 200 Myr) and
affected by very low to almost no foreground extinction (< 1 mag). If we considered they are not
obscured at all, then they could have ages up to 200 Myr. If they are affected by some extinction 0.5



5.3 Star clusters photometry 101

10 1C1623

STIS FUV - F435W

-3 -2 -1 0 1 2
FA35W - F814W

10 NGC6090

F140LP - F435W

-3 -2 -1 0 1 2
FA35W - F814W

Figure 5.4 FUV - F435W vs F435W - F814W diagram for IC 1623 clusters (top panel) and NGC 6090
clusters (bottom panel). The color coding is the same as in Figure 5.3, but only those clusters with
SNR > 5 in FUV, F435W, and F814W filters are included in the plots. The black solid line is the path
described by SSP from 1 Myr to 13 Gyr, Zs, and Ay, =0 mag. The greyscale lines are the paths for
the same models reddened by 1 to 3 mag, with the lighter shades tracing the more extincted models.
For both systems the blue and most of the green clusters are consistent with ages younger than 200 -
300 Myr, assuming very low to almost no foreground extinction. If affected by some extinction 0.5 -
1.0 mag, they could be even younger than 10 Myr. In the top panel, the only red cluster is located in
IC 1623 E component and is consistent with an extinction between 2 - 3 mag and with an age below
10 Myr. This might suggest that, although hidden under large amounts of dust, some clusters in IC
1623 E are as young as IC 1623 W clusters. In the bottom panel, the red cluster is the nucleus of
NGC 6090 NE, compatible with ages below 50 Myr and a Ay = 2 - 3 mag. In any case it seems that
the nucleus itself is rejuvenating as a consequence of the merger process.
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- 1.0 mag, then they could be even younger than 10 Myr. The green clusters are affected by slightly
larger average extinctions, above 0.5 mag and up to 2 mag. However, they also have ages below 200
Myr. Only 3 of them could be older, up to 500 Myr. Also, only one red cluster (located in IC 1623 E)
has enough SNR in FUV filter to appear in this diagram. It is consistent with an extinction between 2
- 3 mag and with an age below 10 Myr. This might suggest that, although hidden under large amounts
of dust, some clusters in IC 1623 E are as young or more than IC 1623 W clusters.

NGC 6090. In the case of NGC 6090 (bottom panel) we found something similar. The blue
clusters are very young (< 300 Myr) and affected by very low to almost no foreground extinction (< 1
mag). If we considered they are not obscured at all, then they could have ages between 50 - 300 Myr.
If they are affected by some extinction 0.5 - 1.0 mag, then they could also be younger than 10 Myr.
The scatter is much higher for green clusters, allowing them to be affected by 0 - 2 mag of extinction
and having ages up to ~ 300 Myr. The only red cluster that has enough SNR in FUV band to appear
in this diagram is the nucleus of NGC 6090 NE. Given the age-extinction degeneracy, it is possible
that it has around 50 Myr affected by 2 mag of dust extinction, or being younger than 10 Myr if
affected by 3 mag. In any case it seems that the nucleus itself is rejuvenating as a consequence of the
merger process.

Analogously, in Figure 5.5 we show the F435W - F814W vs F160W - F814W diagram for IC 1623
(top panel) and NGC 6090 (bottom panel). This diagram allows to estimate the range of extiction
affecting the clusters which are obscured in the FUV. Only clusters with SNR > 5 in F435W, F814W,
and F160W filters are shown. Again, the black solid line is the path described by SSPs from 1 Myr
to 13 Gyr, Zw, and Ay = 0 mag. The greyscale lines are the paths for the same models reddened by
up to 6 mag, with the lighter shades tracing the more extincted models.

IC 1623. We found that IC 1623 E clusters (the red points in the Figure) are affected by very high
values of extinction, between 2 - 6 mag. Except for the < 10 Myr cluster that appears in top panel
of Figure 5.4, we can not estimate the ages of the remaining clusters in IC 1623 E, as they are not
bright enough in the UV and this diagram does not allow us to break the age-extinction degeneracy.

NGC 6090. Analogously, for the few red clusters in NGC 6090 (bottom panel) we found that they
are not so severely extincted, with much lower values of the extinction around 1 - 2 magnitudes. We
note that while in NGC 6090 the difference in the values of extinction between the two components is
small (~ 1 mag more of extinction in NGC 6090 NE than in NGC 6090 SW) for IC 1623 the contrast
between both components is much higher, possibly up to 6 mag in some cases.

5.3.3. Clusters mass

We found that NICMOS 1.6 pum band is the most sentitive to mass variations. We will estimate
the mass range of the star clusters, by comparing their 1.6 um absolute magnitude with the absolute
magnitude of SSPs models of masses ranging from 10 to 10° M. The results are shown in Figure
5.6 for IC 1623 (top panel) and NGC 6090 (bottom panel). This is a F814W - F160W vs NIR 1.6pm
absolute magnitude diagram. The paths from models of 10, 10%, 107,10® and 10° M, are shown as
solid and dashed lines. The models have been cut between 1 - 500 Myr, as we know from the previous
section that these are the older ages our clusters can have.

IC 1623. For the western component of IC 1623 we found the clusters have masses between 10°
- 107 M. However, IC 1623 E clusters have larger masses, between 107 - 108 M. There are two of
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Figure 5.5 F435W - F814W vs F160W - F814W diagram for IC 1623 clusters (top panel) and NGC
6090 (bottom panel). Only clusters with SNR > 5 in F435W, F814W, and F160W filters are shown.
The black solid line is the path described by SSPs from 1 Myr to 13 Gyr, Zs, and Ay=0 mag. The
greyscale lines are the paths for the same models but reddened by 1, 2, 4 and 6 mag. From top panel
we found that IC 1623 E clusters (the red points in the figure) are affected by very high values of
extinction, between 2 - 6 mag. We can not estimate their ages as they are not bright enough in the
UV and this diagram does not allow us to break the age-extinction degeneracy. Analogously, for the
few red clusters in NGC 6090 (bottom panel) we found that they are not so severely extincted, with
much lower values of the extinction around 1 - 2 magnitudes. While in NGC 6090 the difference in
the values of extinction between the two components is small (~ 1 mag more of extinction in NGC
6090 NE than in NGC 6090 SW) for IC 1623 the contrast between both components is much higher,
possibly up to 6 mag in some cases.
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them with masses possibly up to 10 M. In fact, they are no "normal” clusters, but very close or
spatially coincident with the two nuclei in IC 1623 E: IC 1623 Exyg and I1C 1623 Egyy .

NGC 6090. Also, in NGC 6090 most clusters have masses between 10° - 10" My. The two
”clusters” with higher 1.6 pum luminosity (above 10*Ly) and therefore, higher masses (around 107 -
10% M) are NGC 6090 E nucleus (the red one) and NGC 6090 W nucleus (the blue one).

We have performed a rough estimate of the total mass in clusters in these systems, by assigning a
certain average mass for the clusters in each luminosity L; ., range. In particular, we have separared
the clusters in four possible luminosity ranges: from 0.9 < log Lj g.m < 1.5 we assign a mass of ~ 105
Mg, if 1.5 < log Ly gum < 2.65 then ~ 105 Mg, if 2.65 < log Lj gum < 3.5 then ~ 107 M, and above
log L1 6um > 3.5 we assign ~ 10® Mg. In the case of IC 1623 W we have 0, 143, 62 and 1 clusters in
each range, leading to a clusters mass M%Lfﬁz?,w ~ 9 x 10% My. In NGC 6090 we have 0, 19, 79, 19
clusters in each luminosity range, leading to M%%?CGO% ~ 2 x 10° My. As we will discuss in Section
5.4.8 these masses are in agreement with the ones we derived from the spectroscopy for the young

stellar components.

5.4. Stellar populations

The stellar content of a galaxy can be approximated as the combination of many simple stellar
populations, SSPs. Each SSP is a group of stars that formed at the same time and under the same
initial chemical composition and has a particular spectra according to them. Every SSP within a
galaxy leaves its imprint on the whole galaxy spectra, like the lines in a barcode. When comparing
galaxy spectroscopy or photometry with stellar population synthesis models, we can estimate the star
formation history (SFH) of galaxies, unveiling the different stellar populations that have ever born
there.

In this section we use the stellar continuum shape to characterize the spatially resolved stellar
population properties and constrain the star formation history of IC 1623 and NGC 6090.

5.4.1. Methodology

As explained in Section 4.4, there are two ways to determine the stellar populations using spec-
troscopic data. In this thesis we apply the full spectral synthesis method, that consists in fitting
the full galaxy spectra using stellar population synthesis models. This technique has been extensi-
vely tested and applied (Cid Fernandes & Gonzélez Delgado, 2010; Cid Fernandes et al., 2013, 2014;
Gonzalez Delgado & Cid Fernandes, 2010; Gonzélez Delgado et al., 2014) and it has been proven to
reduce the age-metallicity degeneracy (Sdnchez-Bldzquez et al., 2011). It is also worth pointing out
that despite the diversity of spectral synthesis methods, substantial changes in the results are more
likely to come from revisions in the input data and from updates in the base models, the single most
important ingredient in any spectral synthesis analysis.

A general consensus in the field is that uncertainties in the results for individual objects average
out for large statistical samples (Panter et al., 2007). With IFS, each galaxy is a statistical sample per
se, hence, even if the results for single spaxels (or zones) are not iron-clad, the overall trends should be
robust. Cid Fernandes et al. (2014) present an analysis of the errors caused by use of different spectral
synthesis models and spectrophotometric calibration, applied to the CALIFA data. They find that
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Figure 5.6 F814W - F160W vs NIR 1.6um absolute magnitude diagram for 1C1623 clusters (top
panel) and NGC 6090 clusters (bottom panel). Only clusters with SNR > 5 in F435W, F814W and
F160W filters are shown. The colors of the clusters are the same as in Figure 5.3. The paths from
models of 10°, 10%, 107,10% and 10° M ® have been shown as solid and dashed lines. The models have
been cut between 1 - 500 Myr, as we known from previous diagrams that the clusters are not older
than 500 Myr in these two pre-merger LIRGs. The greyscale coding represents the variation in stellar
extinction as in previous figures. Top panel: IC 1623 W have clusters with masses between 10° - 107
M. However, IC 1623 E clusters are more massive, between 107 - 108 M, and two of them with mass
possibly up to 10° M. In fact, they are no "normal” clusters, but very close or spatially coincident
with the two nuclei in IC 1623 E: IC 1623 Eyg and IC 1623 Egy. Bottom panel: In NGC 6090 most
of the clusters have masses between 10° - 107 M. The most massive, with 1.6um luminosity above
10* L, and mass ~ 107 - 108 M, are located in NGC 6090 NE nucleus (the red one) and NGC 6090
SW nucleus (the blue one).
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noise and shape-related errors at the level expected for CALIFA lead to uncertainties of 0.10-0.15
dex in stellar masses, light-weighted mean ages and metallicities, with larger uncertainties on star
formation histories and therefore on mass-weighted quantities. There are even larger uncertainties
associated with the choice of population synthesis model, at the level 0.2-0.3 dex.

In this thesis we have used the Starlight code (see Section 4.4), but before being able to apply
it to our IFS data, a series of pre-processing steps were performed to prepare the datacubes for the
stellar population analysis. Adequate signal-to-noise ratio in the stellar continuum is vital to extract
robust ages, metallicities and star formation histories from continuum spectra in which we observe
the integrated light of multiple stellar populations. For CALIFA data a Voronoi binning algorithm
was used to combine the spectra in neighbouring spaxels until a combined spectrum of sufficient SNR
(> 20 at 5650 A) was obtained. In the case of CALIFA data all the process of analysis is described in
detail in Cid Fernandes et al. (2013).

For our LArr data we follow the same steps as in the CALIFA survey, but with some differences.
First, they were corrected by Galactic extinction using Schlegel et al. (1998) maps and the extinction
law of Cardelli et al. (1989) with Ry = 3.1. Then, they were rest-framed using the redshift provided
by NED and spectrally resampled in steps of 2 A from 3650 - 7000 A. To ensure the quality of the fits,
Starlight needs as inputs an error e; ; y spectrum, indicating the error of the flux for each spectral
pixel, and a flag spectrum, b; ;x, which indicates which are the pixels with unreliable flux entries,
that we do not want to fit. For CALIFA the reduced cubes already contained carefully derived errors
and bad-pixel flags that were implemented in the pipeline (see Husemann et al. 2013, for details).
However, for LArr data we did not propagate errors during the reduction, and we need to estimate
them a posteriori, in an iterative way.

First, we perform a quick Starlight fit to all the spectra, using a simplified spectral base and a
mask for the spectral regions we do not want to fit. This includes both the main emission lines ([OII]JAA
3727, 3729, He, Ho, Hy, HB, [OIII]A4959, [OIII]A5007, [OI]A6300, Her, [NII]A6548 and [NII|A6583),
and regions with no reliable continuum due to the subtraction of strong sky lines, mainly Hgl 4358
A, Hgl 5461 A and Nal D (around 5890 A). From Starlight output, we obtain the theoretical spectra
of the best model fit, M; ; x, and the weights vector, w; ; x, which is zero for the masked pixels, >0 for
the fitted ones and -1 for the clipped pixels. The clipped pixels are those that verify:

‘Om",\ — Mi’j’)\’ > 5 x RMS(Oi’j’)\ — Mm",\) (5.3)

over all (non-masked) pixels. O; ;\ are the observed input spectra and RMS are the initials of Root
Mean Square. This is a good first choice when e; ;) is still not available. To calculate it, we used
the residuals of the fit R; j» = O; ;) - M, ;. For each spectral pixel in R; ;)\, € is calculated as
the standard deviation of the nearest 100 pixels that satisfy (w;;>0). On the other hand, the flag
array, b, ; » is defined as 0 (good pixels) when w; ;y > 0 and as 9 (bad pixels) when w; ; x» = -1 and
its neighbouring pixels. During this step we visually checked that Starlight was clipping the right
points.

Finally, we discard from the analysis all the spaxels with S/N < 5. For consistency with CALIFA
data (which will be used in the next chapter for the merger LIRG NGC 2623), the S/N were calculated
in the rest-framed window between 5590 and 5680 A. In Figure 5.7 we show the S/N ratio maps,
calculated in the rest-framed window between 5590 and 5680 A for IC 1623 (left panel) and NGC
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Figure 5.7 S/N ratio maps calculated in 5635 4 45 A interval for IC 1623 (left panel) and NGC 6090
(right panel). Color scale is the same in both maps and goes from 5 to 75. Superimposed in contours
are HST F435W images, smoothed to match the spatial resolution of our LArr data. The black dots
indicate the optical position of the nuclei. In the case of NGC 6090 SW the black star indicate the
position of the brightest knot.

6090 (right panel). Color scale is the same in both maps and goes from 5 to 75. Superimposed in
contours are the HST F435W images, smoothed to match the spatial resolution of our LArr data
which is ~ 1.7 arcsec (see Section 2.2). The black dots indicate the position of the optical nuclei.

Now, we are ready to apply Starlight. As explained in Section 4.4, Starlight is a spectral synthesis
method which combines the spectra from a base of SSPs to match an observed spectrum by minimizing
the x? of the fit. As a result, it finds the fractional contribution (x;) of each of the elements in the
spectral base to the total flux at the normalization wavelength.

The results reported in this chapter rely on the GM base of models, whose characteristics are
explained in detail in Section 4.3. This base combines the Granada models of Gonzéalez Delgado et al.
(2005) for t < 63 Myr with those of Vazdekis et al. (2010). They are based on the Salpeter IMF. It
contains 156 SSPs, comprising four metallicities, Z = 0.2, 0.4, 1, and 1.7 Zg, and 39 ages between t
= 10% and 1.4 x 109 yr.

For comparison purposes, we have performed the spectral synthesis using also the model base
called CB (see Section 4.3), which is built from an update of the Bruzual & Charlot (2003) models,
replacing STELIB by a combination of the MILES and GRANADA spectral libraries (the same ones
used in base GM). The IMF is that of Chabrier (2003) and it comprises 160 SSPs of four metallicities,
Z =0.2,04, 1, and 2.5 Z¢, and 40 ages between t = 10° and 1.4 x 10'° yr.

The fits were carried out in the 3800 - 6850 A interval. Reddening was modelled with the
Calzetti et al. (2000) curve with Ry = 4.5, which has been shown to be the more apropiate for
starburst galaxies. The main emission lines were masked, as well as the Nal D doublet (because its
sensitivity to the ISM absorption) and some residuals from the sky substraction.

The Starlight output of each fitted spectrum is a plain ASCII file storing all the synthesis infor-
mation. All these quantities are documented in the user manual. For our purposes we focused on: the
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Figure 5.8 Mean relative deviation maps A, tracing the quality of the fits for IC 1623 (left panel)
and NGC 6090 (right panel). Color scale is the same in both maps and goes from 0 to 10. Contours
are HST F435W images, smoothed to match the spatial resolution of LArr data. Only spaxels/zones
with A < 10% are reliable to be considered in the analysis.

A Figure of merit, the V-band stellar extinction (Ay/), the total stellar mass and luminosity, and the
population vector, expressed in terms of light (x;) and mass (m;) fractions. For LArr data we have

developed our own Python macros to handle the synthesis results.

5.4.2. Fit quality

The quality of the spectral fits should be examined before proceeding to interpretation of the
results. The fit quality indicator:

1 |05 — M|
A=—2> (5.4)
N)\ff )\ M)\

has been proposed in Cid Fernandes et al. (2013) (CF2013 hereafter) as the best Figure of merit to
trace the quality of the fits (see their Section 5.1). Again, Oy and M, are the observed and model
spectra, respectively, and the sum is carried over the Nif f wavelengths actually used in the fit, i.e.,
discarding masked, flagged, and clipped pixels. A = 10% is a reasonable quality-control limit.

In Figure 5.8 we show the A maps for IC 1623 (left) and NGC 6090 (right) data. The color scale
in both maps is the same, and goes from 0 to 10. As can be seen, the larger residuals (A >10%) are
located in the outer regions, specially for NGC 6090. We visualize the fits and found the S/N = 5
limit too low for the spectral synthesis. Generally, A < 10 % when S/N > 20. From now on, only the

spaxels with A < 10 % are shown in the maps and considered in the analysis.

5.4.3. Stellar luminosity

In Figure 5.9 we show the observed surface brightness maps at 5635 A (not dust-attenuation
corrected) for IC 1623 W (upper left panel) and NGC 6090 (upper right panel). Azimuthal averaging
of the maps is another option to compress these results for easier comparison. PyCASSO code provides
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circular conversion tensors to obtain the radial profiles as a function of radius in kiloparsecs. The lower
panel shows the radial profile of the surface brightness densities for NGC 6090 NE in red, NGC 6090
SW in green and IC 1623 W in blue. The light red, green and blue points are the values from every
spectra in the datacubes as a function of radius.

For IC 1623 W we found that the stellar luminosity decreases from 0.4 Lo pc=2 A~! in the
nucleus to 0.08 Lo pc=2 A=! at 2.2 kpc. Between 2.2 kpc and 4.5 kpc, the luminosity density remains
approximately constant around 0.08 Le pc2 A-1. Beyond 4.5 kpc it decreases again down to 0.04
Lo pc2 A1 at 6 kpc from the nucleus.

NGC 6090 NE and NGC 6090 SW have a similar profile in the luminosity density, but the
NE component is 0.2 dex more luminous. For NGC 6090 NE it ranges from 0.2 Lg, pc=2 A~! in the
nucleus to 0.05 Lo pc=2 A~! at 2.7 kpc. For NGC 6090 SW it goes from 0.13 Lg pc=2 A~! in the
nucleus to 0.03 Ly pc~2 A1 at 2.7 kpe.

Comparing the surface brightness profiles of our pre-mergers with CALIFA spirals from Marino et al.
(2015), we found that in the nuclear regions pre-mergers are not consistent with having a bulge com-
ponent, because at the cores of IC 1623 W and NGC 6090 the surface brightness profiles grow linearly
or flatten rather than keep growing faster as expected if a bulge were present. The inner parts (<
2 - 3 kpc) of IC 1623 W and NGC 6090 are more compatible with pure disk profiles, resembling to
some Sc to Sdm in Marino et al. (2015). However, we have to consider that the surface brightness
profiles are altered in these systems due to star formation induced by the interaction. In the case of
IC 1623 W this is seen in the flattening of the profile above 2.5 kpc, coinciding with the star-forming
region C1. In both components of NGC 6090 the profiles flatten in the nucleus as a consequence of the
merger-induced star formation in the nuclear regions. For a perfect disk, the surface brightness profile
should keep growing linearly in the nucleus (see Figure 2 of Sdnchez-Blazquez et al. 2009) rather than
flattening.

5.4.4. Stellar dust extinction

The stellar extinction maps are shown in Figure 5.10. Panels are as in Figure 5.9. The upper left
panel is IC 1623 W stellar extinction map and the upper right panel is NGC 6090. The lower panel
shows the radial profile of the stellar dust extinction as a function of the radial distance in kpc, in
red for NGC 6090 NE, green for NGC 6090 SW and blue for IC 1623 W.

IC 1623 W (upper left) has very little reddening, with Ay < 0.4 mag nearly everywhere. From
the radial profile, we found a slight but nonuniform increase of the average extinction from 0.06 mag
in the nucleus to 0.4 mag at 5 kpc. Between 5 - 6 kpc it decreases again. The regions most affected
by extinction are located ”behind” areas where a lot of HII regions accumulate. The most extreme
case is to the South of the C1 bright cluster concentration at (3 East,-6 South), where the extinction
reaches 1.2 mag. To checked that the increase in Ay is real, we have compared the observed and fitted
spectra of the dusty spaxels with several spaxels in their surroundings. Although all are dominated by
the emission lines, we find that the underlying continuum is significantly redder in the spaxels where
Starlight derives high extinction, while in the not-so-extincted spaxels the continuum is significantly
bluer. Therefore, we conclude that the observed distribution in Ay is real. As an explanation we
suggest that the enhancement of Ay could be due to the accumulation of dust swept the supernovae

in the star forming regions, at least in some spaxels. Another possibility is that the interaction itself
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Figure 5.9 Observed surface brightness at 5635A (not corrected for Ay.,) in logaritmic scale for IC
1623 (upper left) and NGC 6090 (upper right). The color scale is the same for both maps. The
contours correspond to the smoothed HST F435W images. Lower panel: mean radial profile of the
observed surface brightness as a function of the radial distance in kiloparsecs, in red for NGC 6090
NE, green for NGC 6090 SW and blue for IC 1623 W. The light red, green and blue points are the
values measured for every individual spectra in the datacubes. For IC 1623 W we found that the
stellar luminosity decreases from 0.4 Lg pc=2 A~! in the nucleus to 0.04 L, pc=2 A1 at 6 kpc from
the nucleus. In NGC 6090 NE it ranges from 0.2 Lo, pc=2 A~! in the nucleus to 0.05 Lo, pc=2 A~! at
2.7 kpc away from the nucleus. NGC 6090 SW has a similar profile in the luminosity density to NGC
6090 NE, but ~ 0.2 dex less luminous.

has led to the accumulation of dust in these regions.

In NGC 6090 (upper right) we found that in most spaxels in the NE component the extinction
ranges between 1.2 - 1.6 mag. On the other hand, in the SW component we found values ranging
from 0.6 mag in the North to about 0.2 mag in the South. To the West of NGC 6090 NE and in the
bridge between the two galaxies the dust extinction has intermediate values of 0.8 - 0.9 mag. There
is approximately 1 mag difference in the stellar dust extinction between the two components. When

averaging (lower panel), we do not find significant gradients of the dust distribution across the main
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Figure 5.10 Stellar dust extinction maps for IC 1623 (upper left panel) and NGC 6090 (upper right
panel). The color scale is the same for both maps from 0 to 1.6 mag. The contours correspond to the
smoothed HST F435W images. Lower panel: radial profile of the stellar dust extinction as a function
of the radial distance in kiloparsecs, in red for NGC 6090 NE, green for NGC 6090 SW, and blue
for IC 1623 W. The light red, green, and blue points are the values measured for every individual
spectra in the datacubes. In the case of IC 1623 W (upper left) it is almost not reddened, with Ay
below 0.4 mag nearly everywhere. From the radial profile, we found a slight but nonuniform increase
of the average extinction from 0.06 mag in the nucleus itself to 0.4 mag at 5 kpc. Between 5 - 6 kpc
it decreases again. The regions most affected by extinction are located ”behind” areas where a lot of
HII regions accumulate. The most extreme case is to the South of the C1 bright cluster concentration
at (3 East,-6 South), where the extinction reaches 1.2 mag. In NGC 6090 (upper right) we found
that in most spaxels in the NE component the extinction ranges from 1.2 to 1.6 mag. To the West of
this component and in the bridge between the two galaxies the dust extinction is 0.8 - 0.9 mag. On
the other hand, in the SW component we found values ranging from 0.6 mag in the North to about
0.2 mag in the South. There is ~ 1 mag difference in the stellar dust extinction between the two
components. When averaging (lower panel), we do not find significant gradients of extinction across
the main bodies of the individual galaxies, reflected in the nearly flat radial profiles. We found average
values of ~ 1.2 mag and 0.5 mag along NGC 6090 NE and NGC 6090 SW, respectively.
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bodies of the individual galaxies, reflected in the nearly flat radial profiles. We found average values
of ~ 1.2 mag and 0.5 mag along NGC 6090 NE and NGC 6090 SW, respectively. Finally, we note that
in these pre-merger systems one of the components is significantly more obscured than the other. In
these cases it is the eastern component which is more obscured, althought the difference is higher for
IC 1623 than for NGC 6090. The radial variations of Ay in these systems (IC 1623 and NGC 6090)
are flat, very different to typical spiral galaxies, which show a negative radial gradient independently
of the morphology (Gonzalez Delgado et al. 2015, GD2015 hereafter).

5.4.5. Ages

The simplest way to quantify the SFH of a system is to compress the age distribution encoded
in the light population vectors to their first moments. For this purpose we will use the following
definition:

< log age >p= th,Z log t (5.5)
t,7
where x; 7 is the fraction of light at the normalization wavelength (5635 A) due to the base population
with age t and metallicity Z.

The mean stellar age maps are shown in Figure 5.11. The scale is the same for both maps to
facilitate the comparison and goes from < log age >;, = 6.0 to 9.0.

In IC 1623 W the nuclear regions are clearly older than the outer parts. From the radial profile
we find a negative trend of the mean age with distance; from ~ 300 Myr in the nucleus to ~ 30 Myr
3 kpc away. From 3 to 6 kpc the age remains approximately constant between 15 - 40 Myr.

In NGC 6090 the older spaxels are located in the outskirts for both components, but specially
for the SW galaxy, where they reach ages up to ~ 300 Myr. The youngest spaxels (~ 50 Myr) are
located in the bridge. When averaging we found that both components have the same mean ages,
between 50 - 100 Myr. Moreover, there are no significant variations across the face of the galaxies,
with an almost flat trend of ages with distance (see lower panel of Figure 5.11).

In both pre-merger systems the age profiles are significantly flatter than in Sb to Sc galaxies
(GD2015). Even for IC 1623 W, where we find a negative gradient, the absolute variation of the ages
from the nucleus to the outskirts is ~ 280 Myr, while for Sbs and Scs the variation in the inner 1HLR
is ~ 3 Gyr and ~ 620 Myr, respectively.

5.4.6. Metallicity

The mean metallicity has been obtained like the mean ages, but weighing by the mass. That is,

colapsing the metallicity distribution to their first moments, using the mass population vectors.

<log Z, >y= Z,ut,zlogZ (5.6)
t.7

where j1; 7 is the mass fraction at the normalization wavelength due to the base population with age
t and metallicity Z. For comparison purposes, this is the same definition adopted in GD2015.

The mass-weigthed metallicity maps are shown in Figure 5.12. The scale range in both maps is
the same, and goes in log from -0.7 to 0.23 (0.2 to 1.7 Z).
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Figure 5.11 Mean stellar age maps (in logaritmic scale) for IC 1623 (upper left panel) and NGC 6090
(upper right panel). The color scale is the same for both maps and ranges from 6 to 9. The contours
correspond to the smoothed HST F435W images. Lower panel: radial profile of the mean stellar age as
a function of the radial distance in kiloparsecs,in red for NGC 6090 NE, green for NGC 6090 SW and
blue for IC 1623 W. The light red, green and blue points are the values measured for every individual
spectra in the datacubes. In IC 1623 W the nuclear regions are clearly older than the outer parts.
From the radial profile we find a negative trend of the mean age with distance; from ~ 300 Myr in the
nucleus to ~ 30 Myr at 3 kpc away from it. From 3 to 6 kpc the age remains approximately constant
between 15 - 40 Myr. However, in NGC 6090 it seems to happen the contrary, the older spaxels are
located in the outskirts for both components, but specially for the SW galaxy, where they reach ages
up to ~ 300 Myr. The youngest spaxels (~ 50 Myr) are located in the bridge. When averaging we
found that both components have the same mean ages, between 50 - 100 Myr. Moreover, there are not
significant variations across the face of the galaxies with an almost flat trend of ages with distance.

In IC 1623 W (upper left panel) we found that the metallicity is higher in the outskirts than in
the nuclear region. From the radial profile (lower panel) we found that the metallicity really increases
outwards; from around -0.5 to -0.3 (0.3 - 0.5 Zg) around the nucleus to -0.2 (0.6 Zg) between 1.5 and
4.5 kpc away, and up to 0 (1.0 Zg) between 4.5 and 6 kpc.
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Figure 5.12 Mean stellar metallicity maps for IC 1623 (upper left) and NGC 6090 (upper right). The
color scale is the same for both maps and goes from -0.7 to 0.25. Lower panel: radial profile of the
mean stellar metallicity as a function of the radial distance in kiloparsecs, in red for NGC 6090 NE,
green for NGC 6090 SW, and blue for IC 1623 W. The light red, green, and blue points are the values
measured for every individual spectra in the datacubes. Given the uncertainties, from this figure we
can conclude that both pre-merger LIRGs have global mean metallicities ~ 0.6 Zg. The metallicity
radial profiles, at least in the inner 3 kpc of these three galaxies, are either slightly positive or flat,
that is, metallicity is increses or remains constant with distance.

In NGC 6090 (upper right) we found several regions with high metallicity values; to the East of
NE nucleus (Zx ~ 1.6 Zg), in the bridge between components and south of NGC 6090 SW, with Zx
ranging from ~ 0.8 - 1.6 Zs depending on the spaxel. From the radial profile we found that in the NE
component the metallicity ranges from -0.4 in the nucleus to -0.1 at 1.5 kpc away (0.4 - 0.8 Zg). Above
1.5 kpc the metallicity stabilizes at ~ 0.7 Zg. In the SW component the metallicity also increases
from -0.4 in the nucleus to -0.25 at 1.5 kpc away (0.4 - 0.6 Zg). Above 1.5 kpc it also stabilizes at ~
0.6 Zg. Both profiles are fairly similar, with NGC 6090 NE being ~ 0.1 dex more metallic than NGC
6090 SW.

However, as can be seen in the lower panel, the scatter is large. Metallicity in one of the most
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difficult quantities to constrain. The fact that sometimes age and Z grow in the opposite sense, as in
IC 1623 W, could suggests that the results are affected by the age-metallicity degeneracy. As shown by
Sénchez-Blazquez et al. (2011), full spectral synthesis is much less sensitive to this than conventional
index-based approaches. Due to this, we will take the metallicity results with caution. Focusing on the
mean value it seems that all of them IC 1623 W, NGC 6090 NE SW have global mean metallicities
around ~ 0.6 Zg.

The metallicity radial profiles in the inner 3 kpc of these three galaxies are approximately flat. That
is, metallicity remains constant or even slightly increases with distance in these pre-merger systems,
contrary to what happens in spirals earlier than Sc which show a negative gradient (GD2015). In
anycase, this kind of inverted/flat metallicity gradients were previously found in the gas metallicity
of mergers where significant gas inflows have occurred (Rich et al., 2012; Kewley et al., 2010). Given
the above mentioned degeneracies and the huge scatter in the results, the stellar metallicity should

be interpreted with caution.

5.4.7. Stellar mass surface density

In Figure 5.13 we show the stellar mass surface density (log p,) maps for IC 1623 W (upper left
panel) and NGC 6090 (upper right panel), and the radial profiles for both systems (lower panel).

In IC 1623 W nucleus and in the cluster concentration C1 is where the highest values of the
mass surface density are reached, with a logarithmic value of around 3.7. From the radial profile we

2 in the nucleus itself to 2.8

found a negative gradient with distance, going from log p, = 3.7 Mg pc™
at 3 kpc; it increases again up to log u, = 3.0 at 4.5 kpc, and decreases sharply to log u, ~ 2.2 at 6
kpc.

For NGC 6090 we found that the stellar mass surface density is significantly higher in the NE
component than in the SW. The region with the highest value of the mass surface density (log pi, ~
3.8) is located to the South East of NGC 6090 NE nucleus. In NGC 6090 SW, log i, is higher in the
North of the component than in the South. From the radial profile, we also found a negative gradient
of the stellar mass density with distance, but not as steep as for IC 1623 W; log u, goes from 3.8 to
3.2 for NGC 6090 NE and from 3.0 to 2.7 for NGC 6090 SW.

The central density in IC 1623 W and NGC 6090 NE is similar to the central density of Sbc
galaxies and NGC 6090 SW is more similar to Sc, but their radial profiles are different because they

are much flatter than in spirals (GD2015).

5.4.8. Stellar masses

Another important Starlight output is the stellar mass, which is calculated from the stellar lumi-
nosity taking into account the mass to light ratio of the different SSPs. The total stellar mass obtained
from the sum of all spaxels is M = 3.9x10° Mg and 6.8x10'° Mg, for IC 1623 W and NGC 6090,
respectively. This is the mass locked in stars today. Counting also the mass returned by stars to the
interstellar medium M’'= 5.5x10'°M, and 9.6x10'°M,, were involved in star formation for IC 1623
W and NGC 6090, respectively.

Since in LIRGs the light is dominated by young stellar populations and the extinction may be
important in some regions, we could be underestimating the stellar mass from old stars. To check this,
we have alternatively determined the old stellar mass using MIR data from Spitzer at 3.6 and 4.5
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Figure 5.13 Stellar mass density maps for IC 1623 (upper left) and NGC 6090 (upper right). The
color scale is the same for both maps and goes from log u, = 1.5 to 4. Contours correspond to the
smoothed HST F435W images. Lower panel: radial profile of the stellar mass density as a function of
the radial distance in kiloparsecs, in red for NGC 6090 NE, green for NGC 6090 SW, and blue for IC
1623 W. The light red, green, and blue points are the values measured for every individual spectra in
the datacubes. In IC 1623 W nucleus and in the cluster concentration C1 is where the highest values
of the mass surface density are reached, with a logarithmic value of around 3.7. From the radial profile
we found a negative gradient with distance, going from log u, = 3.7 M pc? in the nucleus itself to
2.8 at 3 kpc; it increases again up to log pu, = 3.0 at 4.5 kpc, and decreases sharply to log p, ~ 2.2 at
6 kpc. For NGC 6090 we found that the stellar mass surface density is significantly higher in the NE
component than in the SW. The region with the highest value of the mass surface density (log p, ~
3.8) is located to the South East of NGC 6090 NE nucleus. In NGC 6090 SW, log i, is higher in the
North of the component than in the South. From the radial profile, we also found a negative gradient
of the stellar mass density with distance, but not as steep as for IC 1623 W; log u, goes from 3.8 to
3.2 for NGC 6090 NE and from 3.0 to 2.7 for NGC 6090 SW.
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pm following the approach proposed by Meidt et al. (2014). Using Independent Component Analysis
they found that, when isolationg the contribution from old stars, the [3.6] - [4.5] color ranges from
-0.15 to -0.02. However, in the presence of ” contaminants” (hot dust, polycyclic aromatic hydrocarbon
(PAH) emission and intermediate age Red Super Giants (RSG) and Asymptotic Giant Branch (AGB)
stars) this color is much redder [3.6] - [4.5] 2 0.3 Meidt et al. (2012). The latter is the case of our two
galaxies whose average [3.6] - [4.5] color are 0.27 and 0.20 for IC 1623 W and NGC 6090, respectively.
This indicates that ”contaminants”, probably dust emission, are important in our LIRGs.

In this case, we can estimate the stellar masses from the global mass to light ratio at 3.6pum (Qﬁf’ﬁ),
calibrated by Jarrett et al. (2013):

log (§6(Ms/Le) = —0,22 + 3,42([3,6] — [4,5)) (5.7)

where [3.6] and [4.5] are the magnitudes measured at 3.6 and 4.5 pum bands. This expression is
calculated under several assumptions that we have to take into account. On the one hand, it considers
the SSPs of Bruzual & Charlot (2003) with a Chabrier IMF that is optimal for early type galaxies.
On the other hand, it considers that the average mass to light ratio for strictly old stars is log (3¢
= -0.23 £ 0.1 dex. This was determined by Meidt et al. (2012, 2014) and is valid in the range of
metallicities covered by our models. The global mass to light ratio can also be expressed as:

o= 73 (58)
where M, is the total stellar mass and L;tfé is the total luminosity at 3.6 ym. From it, we can calculate
the total stellar mass.

With this procedure we found that the old stellar mass derived from the MIR is 3.4x10°Mg,
and 4.4x10'°M,, for IC 1623 W and NGC 6090, respectively. Given that equation 4.7 is valid for
early type galaxies, when comparing with our optical estimates, we consider only the stellar mass in
populations with ages greater than 1.4 Gyr, which is 5.3x10'°M, and 8.8x10'°M, for IC 1623 W
and NGC 6090, respectively. The masses derived with our optical spectroscopy are a factor 1.5 - 2
bigger than the masses calculated with the MIR photometry. However, this factor is explained by the
difference in the IMF. Our optical analysis uses a Salpeter IMF (results from GM base of models),
and these masses should be on average a factor 1.84 larger than when compared with Chabrier IMF,
as calculated by Gonzélez Delgado et al. (2015). In fact, from Starlight results with the base CB,
which uses Chabrier, we found an old (> 1.4 Gyr) stellar mass of 2.6 x101°Mg, and 5.9x10°M,, for
IC 1623 W and NGC 6090, respectively.

This remarkable agreement between mass estimations from optical spectra and MIR imaging
confirms that for IC 1623 W and NGC 6090 we are not underestimating the stellar masses with
Starlight, and also ensures that the extinction estimates are approximately correct.

5.4.9. 1D Star Formation Histories

The 1D SFHs are obtained by collapsing the spatial information, summing the SFH of every
single spaxel in the datacubes, keeping the whole age range used in the spectral fitting so we can get
a detailed idea of when the bursts of star formation started and how many of them occurred.
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In Figure 5.14 we present the total 1D SFH in light for IC 1623 W (top panel) and NGC 6090
(bottom panel). They x axis represents the ages of the SSPs included in our base, while the y axis
represents the relative light fraction calculated over all spaxels in the cubes, for a given age.

For IC 1623 W we found that there could have been two relevant ” young” bursts, in the last 1 Myr
and 8 Myr. However, the spectral differences between these two SSPs are not enough to distinguish
(within our temporal resolution) if they were individual bursts or something more ”continuous”. In
anycase the young components may be younger than 10 Myr. Within the intermediate age range we
found that star formation took place between 500 to 140 Myr ago with the more intense peak located
at 140 Myr. The old populations formed between 14 Gyr and 6 Gyr ago for IC 1623 W.

In the case of NGC 6090, most of the young star formation started in the last 20 Myr and seems
to have been continuous since. Two relevant intermediate age bursts may have occured in NGC 6090,
one at 1.4 Gyr and another peaking around 600 Myr. The old populations formed between 14 Gyr
and 5 Gyr ago for this system.

As usual, due to the highly non-linear relation between light and mass in stars, the young popula-
tions that show up so well in light practically disappear when seen in mass. This can be seen in Figure
5.15, where we present the total 1D SFH in mass for IC 1623 W (top panel) and NGC 6090 (bottom
panel). Now, the y axis represents the relative mass fraction calculated over all spaxels in the cubes,
for a given age. As can be seen, in both cases more than 90 % of the mass is in stellar populations
older than 1.4 Gyr.

5.4.10. Contribution of young, intermediate and old populations

Population synthesis studies in the past found that a useful way to summarize the SFH is to
condense the age distribution encoded in the population vector into age ranges. This strategy co-
mes from a time when the analysis was based on equivalent widths and colors (Bica et al., 1988;
Fernandes et al., 2003), but it was also applied to full spectral fits (Gonzalez Delgado et al., 2004).
We divide into: young stellar populations (YSP, SSPs <140 Myr), intermediate age stellar populations
(ISP, 140 Myr < SSPs <1.4 Gyr) and old stellar populations (OSP, SSPs >1.4 Gyr). We select these
three age bins to correspond to the main sequence lifetimes of stars with distinctly different optical
line and continuum features.

Figure 5.16 presents images of the light fraction due to YSP, ISP, and OSP (xy, x;, and x¢). IC
1623 W is shown in the top panels, and NGC 6090 in the bottom panels.

We find that both pre-merger systems are clearly dominated by young stellar populations wides-
pread across the whole observed extension.

In IC 1623 W we found that the contribution of the YSP to light is around 90 % everywhere
except in the nucleus, where the contribution is around 50 %. Only in the nucleus the ISP have a
significant contribution, between 30 - 40 %. The contribution of OSP is everywhere below 20 % in IC
1623 W.

In NGC 6090 we found that almost all spaxels have YSP contribution above 70 %, except for
some spaxels located at the easternmost end of NGC 6090 NE and at the south edge of NGC 6090
SW. In these regions the contribution of ISP and OSP are also important.

In Figure 5.17 we show the radial averages of the contributions to light of YSP, ISP and OSP in
blue, green, and red colors, respectively. IC 1623 W is shown in the top panel, and NGC 6090 in the
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Figure 5.14 Total 1D SFHs in light for IC 1623 W (top panel) and NGC 6090 (bottom panel). The x
axis represents the ages of the SSPs included in our base, while the y axis represents the relative light
fraction calculated over all spaxels in the cubes, for a given age. For IC 1623 W we found that there
could have been two relevant ”young” bursts, in the last 1 Myr and 8 Myr. However, the spectral
differences between these two SSPs are not enough to distinguish (within our temporal resolution) if
they were individual bursts or something more ”continuous”. In anycase the young components may
be younger than 10 Myr. Within the intermediate age range we found that star formation took place
between 500 to 140 Myr ago with the more intense peak located at 140 Myr. The old populations
formed between 14 Gyr and 6 Gyr ago for IC 1623 W. In the case of NGC 6090, most of the young
star formation started in the last 20 Myr and seems to have been continuous since. Two relevant
intermediate age bursts may have occured in NGC 6090, one at 1.4 Gyr and another peaking around
600 Myr. The old populations formed between 14 Gyr and 5 Gyr ago for this system.
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Figure 5.15 Total 1D SFHs in mass for IC 1623 W (top panel) and NGC 6090 (bottom panel). The
x axis represents the ages of the SSPs included in our base, while the y axis represents the relative
mass fraction calculated over all spaxels in the cubes, for a given age. As usual, due to the highly
non-linear relation between light and mass in stars, the young populations that show up so well in
light practically disappear when seen in mass. For both galaxies, more than 90 % of the mass is in
stellar populations older than 1.4 Gyr.

bottom panel. NGC 6090 NE profile is drawn with solid lines and NGC 6090 SW with dashed lines.

For IC 1623 W we found that the contribution of the YSP increases from 50 % in the nucleus
to 95% at 2.7 kpc. Above it and up to 6 kpc the contribution remains constant around 95 %. In the
case of the ISP they range from 36 % in the nucleus to not contributing at all, above 2.7 kpc. And for
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the OSP they contribute to 15 % of the light in the nucleus and only 5 - 7% in the outskirts.

In NGC 6090 we found that the contribution of YSP is ~ 75 % for both components up to 1.5
kpc. Above it, they contribute 10 % more in NGC 6090 NE than in NGC 6090 SW, 80% vs 70 %
respectively at 3 kpe. The average contribution of ISP is very small, below 10 % for both components,
but being a bit more important in the outskirts of the SW galaxy. The OSP contribute to 25 % of the
light of both components in the nucleus, and decreases to 15% (20 %) in the outskirts of NGC 6090
NE (SW).

Analogously, in Figures 5.18 and 5.19 we present maps of the mass contribution in percentage due
to young, intermediate and old populations (my, m; and mp) and their radial profiles for IC 1623
W (top panels) and NGC 6090 (lower panels). For both systems we found that most of the mass is
provided by the old stellar populations.

For IC 1623 W this is true everywhere, except for some spaxels in the outer regions, which
are completely dominated by young components. From the radial profile we found that the mass
contribution of the OSP and YSP evolve inversely. In a non uniform way, the OSP contribution
decreases from 80 % in the nucleus to 40 % in the outskirts at 6 kpc. Conversely, the mass in YSP
grow from 5% in the nucleus to 60 % in the outskirts at 6 kpc. In the case of the mass in ISP they
range from 15 % in the nucleus to not contribution at all above 2.7 kpc.

The same happens with NGC 6090, the OSP dominate the mass everywhere except in the
easternmost end of NGC 6090 NE, in some spaxels to the North West of NGC 6090 NE nucleus and
to the South of NGC 6090 SW, where the contributions of ISPs are also important, between 50 % -
80 %, and up to 90 % in some spaxels. From the radial profile we found that for both components the
OSP have more than 85 % of the mass, and this is true up to 3 kpc from the nuclei of the galaxies.
The fraction of stellar mass contributed by stars younger than 140 Myr is less that 7% everywhere.
The contribution of ISPs reaches values up to of 12% around 1.0 - 1.5 kpc of NGC 6090 NE and 1.5
- 2.2 kpc of NGC 6090 SW.

IC 1623 W. When summing the total mass in each age bin, we found that from the total M’=
5.5x10' Mg, in IC 1623 W, the mass in young M’(Y), intermediate age M’(I) and old M’(O) stellar
populations is 1.8x10° My, (3%), 8.2x10% Mg, (1%) and 5.3x101° M, (96 %), respectively.

NGC 6090. Analogously, from the total M’= 9.6x10'° M, in NGC 6090, the mass contained in
young M’(Y), intermediate age M’(I) and old M’(O) stellar populations is 1.0x10° M, (1%), 6.6x10?
Mg (7%) and 8.8x10'° My, (92 %), respectively.

For both systems we found that the mass in young stellar components SSPs < 140 Myr represent
less than a 3% of the total stellar mass. Moreover, we have compared the mass in YSP with the mass
in clusters derived in Section 5.3.3. The average ages of the clusters in these galaxies are precisely ~
140 Myr. For IC 1623 W we found 9 x 108 M, in clusters versus 1.8 x 10° Mg in SSPs < 140 Myr.
While for NGC 6090 we found 2 x 10° Mg, in clusters versus 1 x 10° Mg in SSPs < 140 Myr. Both
masses are comparable to each other within a factor of ~ 2. This would agree with the hypothesis

that the vast majority of stars form in clusters rather than in isolation.

5.4.11. NGC 6090 SW radial profiles from knot

As commented in Section 5.2, the exact position of NGC 6090 SW nucleus is not clear. In the
radial profiles shown in previous sections, we consider as nucleus the luminosity peak in the cube
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Figure 5.16 From left to right: Maps of contribution in percentage of young (a) t < 140 Myr , (b)
intermediate (140 Myr < t < 1.4 Gyr) and old (c) t > 1.4 Gyr stellar populations to the observed
light at 5635 A. Top panels: IC 1623 W. Bottom panels: NGC 6090. Contours represent the smoothed
HST F435W image. We find that both pre-merger systems are clearly dominated by young stellar
populations widespread across the whole observed extension. In IC 1623 W we found contribution
of the young stellar populations to light is around 90 % everywhere except in the nucleus, where
the contribution is around 50 %. Only in the nucleus the intermediate age stellar populations have a
significant contribution, between 30 - 40 %. The contribution of old stellar population is everywhere
below 20% in IC 1623 W. In NGC 6090 we found that almost all spaxels have YSP contribution
above 70 %, except some spaxels located at the easternmost end of NGC 6090 NE and at the south
edge of NGC 6090 SW. In these regions the contribution of ISP and OSP are also important.
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Figure 5.17 Radial profiles of the light contributions from (a) young xy (blue), (b) intermediate x;
(green) and (c) old populations xp (red) with the radial distance in kiloparsec. Top panel: IC 1623
W. Bottom panel: NGC 6090. The NE component profile is shown with solid lines, while the SW
component with dashed lines. For IC 1623 W we found that the contribution of the YSP increases
from 50% in the nucleus to 95% at 2.7 kpc. Above it and up to 6 kpc the contribution remains
constant around 95 %. In the case of the ISP they range from 36 % in the nucleus to not contributing
at all, above 2.7 kpc. And for the OSP they contribute to 15 % of the light in the nucleus and only
5 - 7% in the outskirts. In NGC 6090 we found that the contribution of YSP is ~ 75% for both
components up to 1.5 kpe. Above it, they contribute 10 % more in NGC 6090 NE than in NGC 6090
SW, 80 % vs 70 % respectively at 3 kpc. The average contribution of ISP is very small, below 10 %
for both components, but being a bit more important in the outskirts of the SW galaxy. The OSP
contribute to 25 % of the light of both components in the nucleus, and decreases to 15% (20 %) in
the outskirts of NGC 6090 NE (SW).
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Figure 5.18 From left to right: Maps of the contribution in percentage of young (a) t < 140 Myr ,
(b) intermediate (140 Myr < t < 1.4 Gyr), and old (c) t > 1.4 Gyr stellar populations to the total
stellar mass. Top panels: IC 1623 W. Bottom panels: NGC 6090. Contours represent the smoothed
HST F435W images. For both systems we found that most of the mass is contained is old stellar
populations. For IC 1623 W this is true everywhere, except for some spaxels in the outer regions,
which are completely dominated by young components. The same happens with NGC 6090, the OSPs
dominate the mass everywhere except in the easternmost end of NGC 6090 NE, in some spaxels to
the North West of NGC 6090 NE nucleus and to the South of NGC 6090 SW, where the contributions
of ISPs are also important, between 50 % - 80 %, and up to 90 % in some spaxels.
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Figure 5.19 Radial profiles of the mass contributions from (a) young xy (blue), (b) intermediate x;
(green), and (c) old populations xp (red) with the radial distance in kiloparsec for IC 1623 W (top
panels) and NGC 6090 (bottom panels). For IC 1623 W we found that the mass contribution of the
OSP and YSP evolve inversely. In a non uniform way, the OSP contribution decreases from 80 % in
the nucleus to 40 % in the outskirts at 6 kpc. Conversely, the mass in YSPs grow from 5% in the
nucleus to 60 % in the outskirts at 6 kpc. In the case of the mass in ISP they range from 15 % in the
nucleus to not contribution at all above 2.7 kpc. In NGC 6090 we found that for both components the
OSPs have more than 85 % of the mass, and this is true up to 3 kpc from the nuclei of the galaxies.
The fraction of stellar mass contributed by stars younger than 140 Myr is less that 7% everywhere.
The contribution of ISPs reaches values up to of 12% around 1.0 - 1.5 kpc of NGC 6090 NE and 1.5
- 2.2 kpc of NGC 6090 SW.

continuum, marked as a black dot in the maps. However, there exists the possibility that the real
nucleus is the bright knot located to the North West of this component, which is indicated with a star
symbol in the maps. As a sanity check we have repeated the radial profiles of the stellar population

properties taking the knot position as origin. The only property for which the radial profile changes is
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Figure 5.20 Comparison of the radial profiles of the stellar population properties of IC 1623 W for
GM base (blue lines) and CB base (red lines). From top left to bottom right we show: (a) stellar dust
attenuation, (b) ages, (c) metallicities and (d) stellar mass surface densities.

the metallicity. The trend is the same, metallicity grows with distance from the core, but the gradient
is steeper from the knot than from our nucleus. From the knot it goes from -0.6 to -0.15 (0.25 - 0.7
Zw), while for our nucleus it goes from -0.4 to -0.25 (0.4 - 0.6 Zy). For the other properties the profiles
are very similar and the differences are not significant.

5.4.12. Comparison of results with base CB

As mentioned at the end of Section 5.4.1, we performed two sets of Starlight fits using different
model bases, the so-called GM and CB. So far, we have presented the results with GM base. Here we
will describe the main differences in the derived stellar population properties if we consider the base
CB.

In Figure 5.20 we compare the radial profiles of IC 1623 W: (a) stellar dust attenuation, (b) ages,
(c) metallicities, and (d) stellar mass surface densities; for GM base of models in color blue and CB
base in red. In IC 1623 the differences between them are:
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Figure 5.21 Comparison of the radial profiles of the stellar population properties of NGC 6090 for GM
base (blue lines for NE component and black lines for SW one) and CB base (red lines for NE and
green lines for SW). From top left to bottom right we show: (a) stellar dust attenuation, (b) ages, (c)
metallicities and (d) stellar mass surface densities.

= Dust extinction is very similar with both bases, with GM returning slightly higher extinctions
than CB. Averaging at all distances, the difference between GM and CB is 0.02 + 0.02 mag.

Therefore, they can be considered equal.
= Stellar ages derived by GM are older than CB, by 0.26 + 0.06 dex.

= Stellar metallicity is slighly higher with GM base than with CB by 0.08 4+ 0.07 dex. Given

the dispersion, they can be considered approximately equal.

= Stellar mass surface density is 0.66 + 0.25 dex higher with GM than with CB base when
averaging at all distances. Simply taking into account the difference in the IMFs we expect GM
to have 0.26 dex more mass surface density than CB. The difference between bases increases in
the outermost regions, above ~ 4.5 kpc. Given the low SNR (~ 5) of the outer spaxels of the

datacube, we have found that even small variations in the stellar population properties translate
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into big relative differences in the mass to light ratios, translating in mass differences of ~ 0.5
dex.

Analogously, in Figure 5.21 we make the same comparison for NGC 6090. Now, to distinguish
between the NE and SW components, we have used blue solid line for GM base and NE, red for CB
and NE, black for GM and SW and green for CB and SW. The differences between them in NGC
6090 are:

= Dust extinction is very similar with both bases, with GM returning slightly higher extinctions
than CB. For NGC 6090 NE, the difference between bases is 0.19 + 0.03 mag on average. In
the case of NGC 6090 SW, the difference between GM and CB is smaller, less than 0.1 mag at
all distances. On average, 0.07 + 0.02 mag.

= Stellar ages derived by GM are younger than CB in the case of NGC 6090 NE, by -0.17 4 0.03
dex. For NGC 6090 SW we can not conclude the same. In its nuclear region GM base derives
ages 0.5 dex younger than CB. At 1.5 kpc the radial profile of CB inverts to match or slightly
pass the GM radial profile. Averaging at all distances the difference between GM and CB is
-0.08 + 0.18 dex. They are, therefore, indistinguishable.

= Stellar metallicity of NGC 6090 NE is 0.4 dex higher for GM than CB at the middle of the
radial profile (~ 1.5 kpc). However, when averaging at all distances we found 0.16 4 0.13 dex. For
NGC 6090 SW, the difference between GM and CB is 0.07 £ 0.05 dex, almost indistinguishable.

= Stellar mass surface densities are higher with GM than with CB base for both NGC 6090
components. For NGC 6090 NE we found an average difference of 0.36 + 0.06 dex, while for
NGC 6090 SW, 0.28 + 0.13 dex. Simply taking into account the difference in the IMFs we
expect GM to have 0.26 dex more mass surface density than CB. The remaining differences are

small and can be explained by the dissimilarities in the stellar population properties.

5.5. Ionized gas emission

The Starlight best fits were subtracted from the observed spectra to obtain 3D cubes with the
pure nebular emission line spectra. These emission spectra contain information relative to the ionised
gas properties. In this section we present maps of key line ratios sensitive to the ionization mechanism,
together with Ha luminosity and ionized gas dust attenuation.

5.5.1. Methodology

We have measured the line fluxes of some prominent emission lines: [OII]A3727, HS, [OIII]A5007,
[OI]A6300, Her, [NIIJA6583 and [SII]A,A6716,6731 when present in the emission line spectra.

First, a local continuum is estimated around each line by using a few pixels located at both si-
des of the emission. This local continuum is subtracted to account for small mismatches between
the Starlight best fitted model continuum and the real galaxy continuum. Then, the emission li-
ne fluxes in each spaxel are calculated by fitting the lines with Gaussian profiles. Nearby, blended

lines (e.g. [NII] and Ha) are fitted simultaneously using multiple Gaussian profiles. The Python
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scipy.optimize.leastsq task perform the fits by computing the minimization of the reduced 2.
Emission-line intensity maps are thus created for each individual line.

The statistical uncertainty in the measurement of the line fluxes was calculated from the product
between the standard deviation of the adjacent continuum o. and the FWHM of the emission line.
However, this statistical uncertainty does not account for systematic uncertainty in the data reduction
or stellar continuum fitting. In order to avoid spurious weak line measurements, we imposed two
criteria to discriminate between real features and noise: (1) only spaxels with line fluxes with relative
error < 0.4 and (2) only spaxels with S/N > 5 are included in the maps, where the noise has been
calculated as the standard deviation of a blank region in the outskirts of the map (when possible).

5.5.2. Ionized gas morphology

IC 1623 W. Figure 5.22 shows the observed Ha (left panel) and Hf (right panel) emission flux
for IC 1623 W, that traces the distribution of the ionised gas. They are in units of 1071¢ erg s™' ecm™2
and in logaritmic scale to enhance the contrast. As these maps show, ionized gas is extended across
the galaxy. The morphology is identical in both, with Ha being brighter than HB. The brightest
regions are those that correspond to aggregates of SSCs and star forming regions along the distorted
spiral arm. To get a better idea of the overall morphology of 1C 1623 W, in Figure 5.23 we have
superimposed in red contours the LArr Ha emission over the HST F435W continuum image. In it we
can see that Ha emission is concentrated in the distorted spiral arm and SSCs aggregates (of which
we have labeled C1 and C2 in the image). Furthermore, in the nuclear area we detected a cylindrical
structure which seems to leave or enter the nucleus. Due to its morphology, at first we thought it
might be a gas inflow / outflow. Yet we see in the HST image that this emission has also a stellar
counterpart with several SSCs along C3. Moreover, we will see in Sections 5.5.5 and 5.5.6 that in this
region massive stars dominate the photoionization. We have labeled it as C3 in this Figure.

NGC 6090. Analogously, in Figure 5.24 we show the observed Ha (left panel) and Hf (right

1 ¢em~2 and in logaritmic scale

panel) emission flux for NGC 6090. They are in units of 10716 erg s~
to enhance the contrast. The ionised gas distribution is extended across both components in a more
uniform and less clumpy way than in IC 1623 W. The NE component is more luminous than the
SW one. The two black points indicate the position of the nuclei of the two galaxies. In Figure 5.25
we show the HST F435W continuum image of NGC 6090. The red contours represent the LArr Ho
emission. In the NE component, the Ha peak is offset to the West of the nucleus. As expected, it
is spatially coincident with the MSC region. For the SW component, Ha peaks in the northern half
where most of the star forming regions accumulate.

For IC 1623 W the remaining emission line maps are shown in Figure 5.26. From top left to
bottom right: [OIT]A3727, [OIII]A5007, [OI]A6300, [NITJA6583, [SITJA6716 + [SII]A6731 and [SII|A6716
/ [SII]A6731, which is a tracer of the electron density. All panels except the last one which is a ratio,

L em~2. The scale range is different for each map

are in logaritmic scale and in units of 1071¢ erg s~
to maximize the contrast.

The continuum HST F435W image is superimposed in contours, smoothed to match the spatial
resolution of our LArr data. Analogously, in Figure 5.27 we show the emission line maps for NGC
6090. The order is the same, except the [SII] lines, which are not covered by our spectra of NGC

6090 due to its higher redshift. In both cases, the morphology is the same for Ha and Hf3 and does
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Figure 5.22 Ho emission line flux (left panel) and HB emission line flux (right panel) for IC 1623 W.
They are in units of 10716 erg s™! cm~2 and in logaritmic scale to enhance the contrast, ranging from
0.2 to 2.8. The smoothed HST F435W continuum image is superimposed in contours. lonized gas is
extended across the galaxy. The brightest regions correspond to aggregates of SSCs and star forming
regions along the distorted spiral arm.
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Figure 5.23 IC 1623 W HST F435W continuum image together with LArr Ha line emission in red
contours. We see that Ha emission is concentrated in the distorted spiral arm and SSCs aggregates
(we have labeled C1 and C2 in the image). Furthermore, in the nuclear area we detected a cylindrical
structure that also coincides to several SSCs. We have labeled it as C3 in this figure.
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Figure 5.24 NGC 6090 Hor emission line flux (left panel) and Hf emission line flux (right panel). Both
are in units of 10716 erg s7! cm~? and in logaritmic scale ranging from 0.2 to 2.3. The smoothed HST
F435W continuum image is superimposed in contours. The ionised gas distribution is extended across
both components in a more uniform and less clumpy way than in IC 1623 W. The NE component is
more luminous than the SW one. The two black points indicate the position of the nuclei of the two
galaxies.
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Figure 5.25 NGC 6090 HST F435W continuum image together with LArr Ha line emission in red
contours. In the NE component, the Ha peak is offseted to the West with respect to the nucleus. As
expected, it is spatially coincident with the MSC region. For the SW component, Ha peaks in the
northern half where most of the star forming regions accumulate.
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Figure 5.26 Emission line maps of IC 1623 W. From top left corner to bottom right: [OII|A3727,
[OIII]A5007, [OI]A6300, [NITJA6583, [SITJA6716 + [SITJA6731 and [SIT]A6716 / [SII]A6731, which is a
tracer of the electron density of the emitting gas (n.). All panels, except the last one which is a ratio,
are in logaritmic scale and in units of 107! erg s7! ecm~2. The scale range is different for each map
to maximize the contrast. In the case of the [SII]A\6716 / [SII]A6731 panel the range in between 0.4
to 1.4, which are the limits within which the ratio is sensitive to density variations. The smoothed
continuum HST F435W image is superimposed in contours. The morphology is the same for Ha and
Hf and does not change significantly with the ionization degree of the gas. There are only changes in

the relative intensity between regions.
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Figure 5.27 Emission line maps of NGC 6090. From top left corner to bottom right: [OII|A3727,
[OIII]A5007, [OIJA6300 and [NIIJA6583. In NGC 6090, [SII] lines are not covered by our spectra
due to its higher redshift. All panels are in units of 1071 erg s=! cm™~? and in logaritmic scale. The
morphology is the same for Ha and HG and does not change significantly with the ionization degree of
the gas. There are only changes in the relative intensity between regions; i.e, NGC 6090 SW [NII|A6583
intensity is much lower than that of NGC 6090 NE in the same map. However, their intensities are
more similar to each other in the [OIIIJA5007 map.

not change significantly with the ionization degree of the gas. There are only changes in the relative
intensity between regions; i.e, in IC 1623 W the [NIIJA6583 emission of C2 with respect to C1 is much
less than in the [OIII]A5007 map, where their intensities are more similar. The same happens for NGC
6090 SW, whose intensity is much lower than that of NGC 6090 NE in the [NIT]A\6583 map, but more
similar to each other in the [OIII]A5007 one. These relative differences are indicative of variations in

the ionization conditions and will be treated in Sections 5.5.5 and 5.5.6.
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5.5.3. Emission line ratios sensitive to gas density

IC 1623 W. The [SIT]A6716/[SII]A6731 doublet ratio is primarily sensitive to the electron density
of the emitting gas (n.), and it is shown in the bottom-right panel of Figure 5.26. It traces variations
in density bewteen 10° to 10?2 cm™3 (at T, = 10* K, Osterbrock & Ferland 2006), that correspond to
values of the ratio between 0.4 to 1.4. Outside these limits the ratio is no longer sensitive to density
variations. In IC 1623 W, the ratio reaches its minimum around the star forming region C1 with
values ~ 1.2, equivalent to an electron density of ~ 260 cm 3. Everywhere else the ratio is above the
low density limit (> 1.4), indicating that densities are below 100 cm 3.

NGC 6090. This estimation is not available for this galaxy as the [SII] lines are not included in

the spectrum.

5.5.4. Tonized gas dust attenuation

The observed ratio of Ha to HF emission lines provides an estimate of the ionized gas dust atte-
nuation Ay along the line of sight through a galaxy. The effect of reddening on the ratio F(Ha)/F(Hf)

can be written as:

onfif)  touf
HA3) = 5.9
o(HB) e (5.9)

where c(Hf) is the logarithmic extinction coefficient, I(Ha) and I(HS3) are the dereddened fluxes,
F(Ha) and F(HQ) are the observed fluxes, and f(Ha) is the reddening function for a given extinction
curve at 6563A. We assume an intrinsic ratio of I(Ha)/I(H3)=2.86, valid for case B recombination
with T = 10000 K and electron density 10 cm™3 (Osterbrock & Ferland, 2006).

In turn, c(Hp) relates to the extinction at different wavelengths from the expression:
Ay =25 c(HB) (1+ /) (5.10)

We have used the Calzetti et al. (2000) reddening function, as it has been proven to work better for
starburst galaxies. At V band the function takes a value of fi, = - 0.12.

Finally, the dereddened fluxes can be obtained from:
I, = F), 10<HA+fV)] (5.11)

In Figure 5.28 we show the line attenuation at 5500 A (left panels) and the dereddened Ha emission
line (right panels) for IC 1623 W (top) and NGC 6090 (bottom).

In IC 1623 W, the mean extinction is ~ 0.8 mag. As we already found from the stellar extinction
map (upper left panel of Figure 5.10), the regions most affected by extinction are located behind areas
where a lot of HII regions accumulate. For example, behind C1 cluster located approximately at (3
arcsec to East, -6 arcsec to South) the extinction reaches its maximum value of around 2.5 mag at (3
arcsec to East, -8 arcsec to South). The same happens behind C2, with values up to 1.6 mag. Also,
values between 1.3 - 1.6 mag are found in the distorted spiral arm, and between 1.0 - 1.3 mag to the
South-East of the nucleus and along the cylindrical structure C3. Everywhere else, the extinction is
below 1 mag. Given the generally low values of extinction, the main morphology of the dereddened
Ha map (top right panel) is very similar to the Ha reddened emission (see left panel of Figure 5.22).
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Figure 5.28 Line attenuation at 5500 A (left panels), calculated from the Ha/Hf3 emission line ratio
assuming a Calzetti like dust attenuation curve and dereddened Ha emission line (right panels) for
IC 1623 W (top) and NGC 6090 (bottom). In IC 1623 W the regions most affected by extinction are
located behind areas where a lot of HII regions accumulate. For example, behind C1 cluster located
approximately at (3 East,-6 South) the extinction reaches its maximum value of around 2.5 mag at
(3 East,-8 South). The same happens behind C2, with values up to 1.6 mag. Also, values between
1.3 - 1.6 mag are found in the distorted spiral arm, and between 1.0 - 1.3 mag to the South-East of
the nucleus and along the cylindrical structure C3. For NGC 6090 we found an average difference of
~1 mag between components. For the NE component the average extinction is 1.75 mag, however it
ranges between 1.5 mag in the nucleus of the galaxy, to values around 2 mag in the North and higher
values up to 2.5 mag in a few spaxels in the South. For the SW component we found an average value
around 0.8 mag, but it also varies across the galaxy from 0.5 mag in the South to 1 mag in the North.
In the overlapping / bridge region the extinction have values ~ 1.3 - 1.4 mag. From the dereddened
Ha maps (right panels), we found that the main morphology does not change significantly. There is
a good spatial correlation between the extended Ha emision and the regions where the young stellar
populations are contributing to > 70 % to the total light.
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In NGC 6090, the average extinction of the NE component is 1.8 mag, however it ranges between
1.5 mag in the nucleus of the galaxy, to values around 2 mag in the North and higher values up to 2.5
mag in a few spaxels in the South. For the SW component we found an average value around 0.8 mag,
but it also varies across the galaxy from 0.5 mag in the South to 1 mag in the North. We found an
average difference of ~ 1 mag between components, as also happens with the stellar extinction (see
upper right panel of Figure 5.10). In the overlapping / bridge region the extinction have values ~ 1.3
- 1.4 mag. Although the extinction in NGC 6090 NE is quite high, the morphology of the dereddened
Ha map (bottom right panel) is also very similar to the Ha reddened emission (see left panel of Figure
5.24).

There is a good spatial correlation between the extended Ha emission and the regions where the
YSP are contributing to > 70 % to the total light (see left panels of Figure 5.16 for comparison).

Moreover, we have compared the ratio between ionized gas extinction to stellar extinction, consi-
AV gas

dering as reliable spaxels those with extinctions above 0.15 mag. For IC 1623 we found <

V,stars

= 2.1 + 1.1, while for NGC 6090 < % > = 1.6 £+ 0.6. Analysing UV and optical spectra of 39
starburst galaxies, Calzetti et al. (1994) found < % > = 2.0 + 0.4, which is compatible with the
results from our pre-merger LIRGs. This discrepancy could be a consequence of the fact that the hot
ionizing stars (the ones contributing to the emission lines) are associated with dustier regions than

the cold stellar populations which contribute most of the optical continuum.

5.5.5. Emission line ratios sensitive to ionisation conditions

Standard line ratios sensitive to the shape of the ionising spectrum have been calculated. First,
we focus on those ratios where lines are close enough in wavelength space to not be strongly affected
by dust attenuation. In Figure 5.29 we show the [NII|]A6583/Ha (left panels), [OI]A6300/Ha (right
panels) line ratio maps for IC 1623 W (top) and NGC 6090 (bottom). The scale is the same for both
and goes from 0 to 0.5 for [NIIJA6583/Ha and from 0 to 0.15 for [OI]A6300/Hc.

» [NII]\6583/Ha map of IC 1623 W: the lowest value of this ratio (~ 0.15) is located in
the clusters regions C1 and C2, followed by the spiral arm and region C3 with 0.20 - 0.25. The
region with the highest value of the ratio (0.35 - 0.40) forms a strip originating above C1 and
ending at the top right corner of the map.

» [NII]\6583/Ha map of NGC 6090: we found average values of this ratio of ~ 0.45 and ~
0.35 for the NE and SW components, respectively. No significant variations are observed across

the faces of the galaxies.

According to Kauffmann et al. (2003) regions with [NII]A6583/Ha < 0.56 are compatible with being

high-metallicity star forming regions, which is the case everywhere in our two pre-merger LIRGs.

= [OI]A6300/Ha map of IC 1623 W: the nucleus, spiral arm, C1 and C2 have ratios below 0.03.
Values between 0.06 - 0.08 are found in the outskirts and in the strip that extends approximately
from above C1 to the top right corner of the map, which also presented enhancement in [NII]/Ho.
Only two spaxels in the top corners of the map present values around 0.11, which is the highest
value of the ratio in IC 1623 W.
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Figure 5.29 [NIIJ]A6583/Ha (left panels) and [OI]A6300/Ha (right panels) emission line ratio maps
for IC 1623 W (top panels) and NGC 6090 (bottom panels). The scales go from 0 to 0.5 for the
nitrogen ratios and from 0 to 0.15 for the oxygen ratios. Every spaxel in our two pre-merger LIRGs
shows [NII]A6583/Ha < 0.56, compatible with star formation ionization according to Kauffmann et al.
(2003). Also, [OI]A6300/Ha = 0.03 for pure HII regions (Heckman et al., 1990), and between 0.08-0.16
for starburst-related LINERs. In our two pre-merger LIRGs we found (except for 3 spaxels) ratios
below the LINER definition. We expect them to be dominated by stellar photoionization or at best
for something composite between star formation and LINER emission.

= [OI]A6300/Ha map of NGC 6090: this ratio ranges from < 0.03 in the nuclear regions of
both NE and SW components, to ~ 0.07 in the outer regions traced by our data. There is also
a single spaxel in the South of the SW component with a value of ~ 0.11.

According to Heckman et al. (1990) the [OI]A6300/Ha ratio for pure HII regions is below 0.03.
In addition, the range of this ratio for starburst-related LINERs is 0.08 - 0.16. This is an important
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Figure 5.30 [OIII]A5007/H/ line ratio maps for IC 1623 W (left panel) and NGC 6090 (right panel).
The scale is the same for both and goes from 0 to 3. In IC 1623 W the found values of this ratio
below 2.0 everywhere, except in the cluster regions C1 and C2 where values up to 3 can be found.
In NGC 6090 the [OIIIJA5007/Hf ratio is below 1 for the NE component and ~ 1.2 for the SW
component, with some spaxels in its South reaching values around 2. Both [OIII]\5007/Hg ratio maps
are everywhere below 3. Ratios above 3.2 would be expected for Seyfert emission (Heckman et al.,
1987; Veilleux et al., 1995), which can be discarded in our two pre-merger LIRGs.

subclass of LINERs in which the main source of ionization is associated with the diffuse radiation
field of metal-rich dusty starbursts (Heckman et al., 1996).

Therefore, in our pre-merger LIRGs we found (except for 3 spaxels) ratios below the LINER
definition. We expect them to be dominated by stellar photoionization or at best for something
composite between star formation and LINER emission.

In the particular case of IC 1623 W, the fact that the two LINER spaxels are located at the
edge of the map, is in agreement with Rich et al. (2011) results. They performed IFS of IC 1623 W
covering a FoV significantly larger than us and with better spectral resolution, which allows them
to fit several components in some regions. They found that the core of IC 1623 W is dominated by
starbursts while in the outskirts the emission is dominated by shocks (= LINER). We note that in the
region in common with them (the core of IC 1623 W) our results are in total agreement with them,
in the sense that the line ratios are starburst dominated. We note that in the FoV covered by us and
with the spectral resolution of V300 grating, the line profiles do not show more than one velocity
component.

Finally, in Figure 5.30 we show [OIII]A5007 /Hf line ratio maps for IC 1623 W (left) and
NGC 6090 (right). The scale is the same for both and goes from 0 to 3.

= In IC 1623 W this ratio is below 2.0 everywhere except in the cluster regions C1 and C2, where

values up to 3 can be found.

= In NGC 6090 the ratio is below 1 for the NE component and ~ 1.2 for the SW component,
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with some spaxels in its South reaching values around 2.

Both [OIII]A5007/Hf ratio maps are everywhere below 3. Ratios above 3.2 would be expected for
Seyfert emission (Heckman et al., 1987; Veilleux et al., 1995), which can be discarded in our two

pre-merger LIRGs, even in the nuclei.

5.5.6. Diagnostic diagrams

In the left panels of Figure 5.31 we show the [NITJA6583/Ha vs [OIII]A5007 /H( diagnostic diagrams
for IC 1623 W (top panels) and NGC 6090 (bottom panels). Line ratios from individual spaxels are
plotted as filled circles. Overplotted as black lines are empirically and theoretically derived separations
between LINERs/Seyferts and HII regions. Dotted line is from Kauffmann et al. (2003), a conservative
demarcation line to separate pure star formation ionization from other ionization mechanisms; solid
line is Kewley et al. (2001), which represents regions of composite ionization mechanisms, normally
starbursts and shocks. Finally, the dashed-dotted line is Cid Fernandes et al. (2010), that separates
Seyferts from LINERs. Spaxels consistent with pure star formation ionization are plotted in colour
blue and the composite in colour green. In the right panels, we show where the different ionization
mechanisms are located within each system.

We found that for both galaxies the dominating ionization mechanism is star formation, at least
in the region mapped by us. However, there are some spaxels in the ”composite” emission region,
between Kauffmann et al. (2003) and Kewley et al. (2001) demarcation lines. In IC 1623 W they
are located in the strip extending from above C1 to the upper right corner of the map, and four
spaxels at the southern end of this component. In NGC 6090 they are located in the outskirts of
the map, above 2” - 3" from the nuclei.

Given the proximity of the vast majority of the ”composite” spaxels to the Kauffmann demarcation
line, we do not think that the ionization source is different for them, and is therefore quite possible
that they are also star forming regions. In addition, recently Sanchez et al. (2015) found that some of
the HII regions (~ 14 %) detected in the CALIFA sample are also over the Kauffmann demarcation
line.

However, for a few spaxels we can not discard a truly composite photoionization. The nature of
the composite emission have been proposed to be a combination of hot stars plus either ionization by
a power-law radiation field associated with an AGN or shock excitation where the shock may result
from such processes as cooling flows or superwind activity (Kewley et al., 2001). Given the position
of the composite emission in our pre-merger LIRGs, we can rule out the AGN as a possible origin.
We think it can also be due to ISM shocks that would occur naturally as a result of the increase of
the supersonic turbulence in mergers (Bournaud et al., 2010).

5.6. Kinematics

We have determined both the stellar and gas kinematics of NGC 6090 and IC 1623 W, when
possible. Starlight fits the stellar kinematics using the absorption lines. It determines the position of
the lines vo, and their width vg,, which are the shift and broadening applied to the base models to
match the observed spectra. Starlight usually does a very good job in measuring the stellar kinematics,

but sometimes (e.g., HII galaxies) a spectrum has few absorption lines where to anchor vy, and vg.
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Figure 5.31 [NIIJA6583/Ha vs [OIII]JA5007/H/ line ratio diagnostic diagrams (left panels) and distri-
bution of the ionization (right panels) for IC 1623 W (top panels) and NGC 6090 (bottom panels). In
the left panels, overplotted as black lines are empirically and theoretically derived separations between
LINERs/Seyferts and HII regions. Dotted line is Kauffmann et al. (2003), solid line is Kewley et al.
(2001), and the dashed-dotted line is Cid Fernandes et al. (2010), that separates Seyferts from LI-
NERs. Spaxels consistent with pure star formation ionization are plotted in colour blue and the
composite ones in colour green. We found that for both galaxies the dominating ionization mecha-
nism is star formation, at least in the region mapped by us. In IC 1623 W the only ”composite”
spaxels are the ones located in the strip extending from above C1 to the upper right corner of the
map, and four spaxels at the southern end of this component. In NGC 6090 they are located in the
outskirts of the map, above 2” - 3” from the nuclei. Given the proximity of the vast majority of the
”composite” spaxels to the Kauffmann demarcation line, we do not think that the ionization source is
different for them, and is therefore quite possible that they are also star forming regions. However, we
can not totally discard some contribution from ISM shocks which would naturally occur as a result
of the increase of the supersonic turbulence in merger.
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estimates, which may then go wild, since all there is to fit in this case is the continuum shape. This
is the case with our galaxies, except in the nucleus of IC 1623 W which is dominated by absorption
lines, in the remaning spaxels of IC 1623 W and in NGC 6090 the v, is too broad and non realistic.
Therefore, we will not rely on the stellar kinematics and pay attention only to the gas kinematics.
The ionized gas kinematics is much more reliable for these systems, as it is derived from the promi-
nent emission lines, in this case from Ha. For each emission line we fit a single Gaussian profile. When
several lines are blended, as for Ha and the [NIIJAA6548,6583 we fit simultaneously three Gaussians,
constraining the position of the nitrogen lines with respect to Ha. The position in wavelength of the

center of the Gaussian (A) can be converted to velocity using:

A= Ao
Ao

V0,Ha = c (5.12)

where )\g is the rest-frame wavelength of the line, ~ 6562.8 for Ha, and ¢ is the speed of light.

Analogously, the velocity dispersion can be calculated as:

Orra = 222 (5.13)
Ao

where 0, is the width in A of the fitted Gaussian.

To obtain the final velocity dispersion, we have substracted the instrumental resolution (o, ) in

OHa = \/ 0-12'-104 - Ugnst (514)

quadrature:

where 0,5 at Ha is ~ 140 km s~ 1.

5.6.1. Velocity field of IC 1623 W

In left panel of Figure 5.32 we show the ionized gas velocity field map for IC 1623 W. A distorted
rotation pattern is seen, with the NW side receding from us and the SE approaching us. We performed
a simple estimate of the kinematical properties of this system. First, we found that the kinematic minor
axis which simmetrizes the velocity field, is formed by spaxels whose velocities range from 70 - 100
km/s. In the Figure we have indicated with black dots the spaxels whose velocities in the original
map were vo g, = 100 & 10 km/s. This is the velocity we have subtracted to our velocity field to have
a symmetric rotation between the approching a receeding sides. This also indicates that our redshift
correction considering NED value was insufficient. Moreover, the black solid line crossing the black
dots is our finally chosen kinematic minor axis. It has a position angle of PA = 69°. In the Figure we
also show the kinematic minor axis we would have obtained if we had chosen as velocity reference 70
+ 10 km/s instead of 100 + 10 km/s. It is indicated with a black dashed line and it has a PA = 70°,
almost parallel to our chosen kinematics minor axis.

With respect to the kinematic major axis, we have tried to find the direction along which the
velocity range of the rotation curve is maximized. There are two possibilities, labeled as 1 (solid line)
and 2 (dashed line) in the Figure. In the right panel of Figure 5.32 we show the rotation curves along
both possible kinematic major axes, with solid blue line for 1 and dashed blue line for 2. As explained
before, we have corrected our velocity field for a reference velocity of 100 km/s. According to this, the

major axis 1 is more symmetric, oscillating from -190 to 190 km/s. However, we note that it is not
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Figure 5.32 Left: Ionized gas velocity field of IC 1623 W. A distorted rotation pattern is seen, with the
NW side receding from us and the SE approaching us. The kinematic minor axis which symmetrizes
the velocity field is formed by spaxels whose velocities range from 70 - 100 km/s. We have indicated
with black dots the spaxels whose velocities in the original map were vo o = 100 £ 10 km/s. The
black solid line crossing the black dots is our finally chosen minor kinematic axis, with a PA = 69°.
We also show the kinematic minor axis we obtain if we choose as velocity reference 70 £ 10 km/s
instead of 100 £ 10 km/s. It is indicated with a black dashed line and it has a PA = 70°. Right:
velocity curves along the two kinematic major axes, labeled as 1 (solid line) and 2 (dashed line) in
the left panel.

exactly perpendicular to the kinematic minor axis. This is common in mergers where the rotation is
disturbed. On the other hand, the velocity range traced is larger using the kinematic major axis 2. In
this case, the velocities oscillate between -240 to 180 km/s. This curve would be symmetrical if we had
considered a velocity offset of ~ 70 km/s (whose kinematics minor axis is also shown in the velocity
map with dashed line). Moreover, in this case kinematic major and minor axes are perpendicular.

Given the intersection between both pairs of kinematics axes 1 and 2, we found two possible
kinematic centers in this galaxy, (8,10) and (6,10), respectively. It is important to note that these
kinematic centers do not coincide with the photometric one.

5.6.2. Velocity field of NGC 6090

The ionized gas velocity field map of NGC 6090 is shown in Figure 5.33. The NE component is a
face on spiral, so we do not expect to find significant rotation, as we are only seeing the movements
of gas perpendicular to the disk. The velocity range is small and oscillates between -5 to 65 km/s.
The only region of NGC 6090 NE approaching us is the nucleus. We hypothesize that there could be
an outflow, however, we can not resolve it with our spectral resolution. To the South, there is gas
receeding from us at ~ 65 km/s, problably due to the interaction. On the other hand, NGC 6090 SW
seems to retain traces of the rotation, but very distorted. Its velocity field ranges from -35 km/s to
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Figure 5.33 Ionized gas velocity field of NGC 6090. The NE component is a face on spiral, so we do not
expect to find significant rotation, as we are only seeing the movements of gas perpendicular to the
disk. The velocity range is small and oscillates between -5 to 65 km/s. The only region of NGC 6090
NE approaching us is the nucleus. With our spectral resolution we can not confirm if it could be an
outflow. To the South, there is gas receeding from us at ~ 65 km/s, problably due to the interaction.
On the other hand, NGC 6090 SW seems to retain traces of the rotation, but very distorted. Its
velocity field ranges from -35 km/s to the North to +50 km/s to the South of this component.

the North to +50 km/s to the South of this component. The morphology of NGC 6090 reminds us of
the Antennae. Hydrodynamical simulations of the Antennae suggest that 500 - 600 Myr have passed
since the first pericenter passage. If a similar time has passed for NGC 6090, then ~ 500 Myr would

be enough to significantly distort the original rotation.

5.6.3. Velocity dispersion

Figure 5.34 shows the ionized gas velocity dispersion maps for IC 1623 W (left) and NGC 6090
(right).

In IC 1623 W the velocity dispersion is low in the star forming regions and in the distorted spiral
arms, with oy, < 120 km/s. However, o, > 120 km/s in several outermost spaxels, with a region to
the NW of the nucleus where oy, reaches up to 170 km/s. We interpret this result as a consequence
of shocks being more important there, producing a broadening of the emission lines. This is again in
agreement with Rich et al. (2011), who found widespread shocks in the outskirts of IC 1623, beyond
the region traced by us.

In NGC 6090 there exists a gradual increase in the velocity dispersion from ~ 140 - 150 km/s
to the East side of NE component, to 170 km/s in the bridge between components, and up to 190
km/s to the SW of the SW component. The increase of the velocity dispersion in the bridge between
components could be due to the shocks produced by the interaction itself. In the case of the higher
values to the South of the SW component there exists also the posibility that we are simultaneously

observing several gas components moving at different velocities as a consequence of the interaction.
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Figure 5.34 ITonized gas velocity dispersion map for IC 1623 W (left panel) and NGC 6090 (right
panel). In IC 1623 W, the velocity dispersion is low in the star forming regions and in the distorted
spiral arms, with oy, < 120 km/s. However, o, > 120 km/s in several outermost spaxels, with a
region to the North West of the nucleus where oy, reaches up to 170 km/s. We interpret this result
as a consequence of shocks being more important there, producing a broadening of the emission lines.
In NGC 6090 there exist a gradual increase in the velocity dispersion from ~ 140 - 150 km/s to the
East side of NE component, to 170 km/s in the bridge between components, and up to 190 km/s to
the South West of the SW component. The increase of the velocity dispersion in the bridge between
components could be due to the shocks produced by the interaction itself. In the case of the higher
values to the South of the SW component there also exist the posibility that we are simultaneously
observing several gas components moving at different velocities as a consequence of the interaction.

5.7. Star formation rates

In this section we have derived the Star Formation Rates (SFRs) of IC 1623 W and NGC 6090
using multiwavelength data from UV, optical IF'S, and MIR.

First, from our IFS there are two ways to estimate the SFRs. On the one hand, for the spaxels of
the galaxies where the gas is photoionised by light from stars, we can measure the SFR from the dust
attenuation corrected Ha line luminosity. We use the conversion to star formation rate provided by

Lacerda et al. (private communication), calculated for the average metallicity of our galaxies ~ 0.7
Ze and for Bruzual & Charlot (2003) models with both Salpeter

SFR(Moyr™") = 7,4 x 107 2L(HQ) corr (erg s71) (5.15)

and Chabrier IMF"
SFR(Moyr™") = 4,4 x 107 2L(HQ) cory (erg s7Y) (5.16)

The first calibration is remarkably similar to the standard calibration of Kennicutt (1998)a, calculated
for solar metallicity models with Salpeter IMF (0.1 - 100 My). While the second one is more similar to
the Calzetti (2013) calibration also for solar metallicity and Kroupa IMF. We note that variations over
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the constant in this relation are present and mainly due to differences in the stellar IMF assumption

and in general, to the stellar population models used to derive it.

We have computed the results from both the spatially resolved information (summing over all
spaxels in the datacubes) and also using the integrated spectra. Also, we compare between the two
model bases, that is, GM which uses Salpeter IMF and CB which uses Chabrier’s. The Ha dust-
attenuation corrected luminosity is shown in Table 5.1. The corresponding SFRs are reported in
Table 5.2.

On the other hand, we can also use the stellar continuum. Its decomposition provides an indepen-
dent estimate of star formation rate, uncontaminated by non-stellar photoionisation sources. However,
the errors on the spectral decomposition are more difficult to quantify. The SFR can be obtained by
summing all the stellar mass formed since a lookback time tgp and performing a mass-over-time
average:

SFR(tsr) = = > M (5.17)

tsk t<tsp

where M, is the total mass of stars formed at lookback time t. This gives the mean SFR since t=tg.
One can tune tgp to reach different depths in the past, but as tgr increases this estimator becomes
increasingly useless, converging to the mass density divided by to,=14 Gyr (the largest age in the
base). For comparison purposes we estimate it for tgr=30 Myr, which is approximately the lifetime
of the ionizing populations also emitting in He, that is O and early B stars, and also for tgp=140
Myr which is more comparable to the FUV emission, tracing stellar populations dominated by up to
A0 stars.

Additionally, we have used GALEX FUV and NUV imaging to determine the SFR. First, we have
measured the observed fluxes and converted them into magnitudes to calculate the extinction in the
FUV, using equation (2) in Cataldn-Torrecilla et al. (2015):

Appy = 0,556 + 2,292 x (FUV — NUV) (5.18)

The SFR has been calculated from the dust attenuation corrected FUV luminosity, using the cali-
bration provided by Lépez-Fernandez et al. (private communication), derived by using CB base of
models. For Z ~ 0.7 Zg this calibration is:

SER(Moyr™') =38 x 107" L(FUV ) copr (erg s71) (5.19)

For solar metallicity this equation is a factor 0.87 smaller than the one reported by Calzetti (2013)
with Kroupa IMF.

Finally, we have used a hybrid calibration including the Spitzer MIPS 24 pm flux to check if there
is star formation completely obscured from view in the optical, which is not accounted for by the
Balmer decrement attenuation correction. The calibration for a Salpeter IMF is:

SFR(Muoyr—) = 7,4 x 107* [L(Ha) s + 0,020 L(24)] (erg s7) (5.20)
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For a Chabrier IMF:
SER(Moyr—') = 4,4 x 107* [L(Ha) ops + 0,020 L(24)] (erg s ) (5.21)

where L(Ha)ps is the observed Ha luminosity and L(24) = A Ly at 24um. Again, all the luminosities
and resulting SFRs are reported in Tables 5.1 and 5.2, respectively.

First, we note that in both IC 1623 W and NGC 6090 there are no significant differences between
the spatially resolved SFRs and the SFRs derived from the integrated spectra.

In both IC 1623 W and NGC 6090

SFR(30Myr) ~ SFR(Hc)

SFR(140Myr) ~ SER(FUV)

this makes sense precisely because Ha ionizing stars usually have < 30 Myr. This includes O and early
B stars, for later spectral types the number of ionizing photons emitted declines drastically. However,
the UV is emitted by up to A0 stars with lifetimes ~ 100 Myr.

In the case of IC 1623 W for Salpeter IMF, SFR (Ha) is a factor 1.6 higher than SFR (30 Myr),
but they are remarkably similar for Chabrier IMF. Most of the SFR is IC 1623 W is happening in
the distorted disk and probably a Chabrier IMF is more appropiated in this case. In NGC 6090, the
SFR results agree for both IMFs.

The average SFR from the very young stellar populations and He is 14 & 1 Mg, yr~! for IC 1623
W and 20 4+ 3 My yr~! for NGC 6090 (with Chabrier IMF). For the populations below 140 Myr
and FUV, the SFR = 5 4+ 1 Mg yr~! for both systems (also, with Chabrier IMF), a factor of 3 - 4
smaller than the one for the very young components (< 30 Myr) and Ha. This difference indicates
that recent SFR is more concentrated in instantaneus bursts occurred in the last 10 Myr rather than
as a continuum SFR (see Figure 5.14).

Also, with the continuum, the SFRs derived with Salpeter IMF are a factor 1.5 4+ 0.3 larger than
the Chabrier ones. For Ha we found something similar, 1.69 + 0.03.

When including the MIR, we found hybrid SFR = 15 My, yr~! and 17 My, yr—! for IC 1623 W and
NGC 6090, respectively. They are very similar to the ones derived from dust-attenuation corrected
Ho and SFR(30 Myr). We can conclude that for IC 1623 W and NGC 6090 there is no substantial
star formation which is not accounted for by the Balmer decrement attenuation correction.

Finally, we note that in the Milky Way, < SFR > = 1.9 + 0.4 M, yr~! (Chomiuk & Povich,
2011). This calculation is based on the Kroupa IMF. However, they note that the Chabrier IMF
yields total stellar masses that are practically identical to the Kroupa IMF, implying that the SFR
calculated in their work should also represent SFR assuming a Chabrier IMF. Under this assumption,
we found that the average SFR in our two pre-merger LIRGs is enhanced by a factor 8 - 9 with respect
to the Milky Way.

5.7.1. Star formation rate densities

Using Ha and the stellar continuum in the last 30 Myr we also calculate the star formation rate
densities (SFR per unit area):
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Table 5.1. Multiwavelength luminosities of IC 1623 W and NGC 6090.

Luminosities 1C 1623 W IC 1623 W NGC 6090 NGC 6090
(erg s71) spatially resolved integrated spatially resolved integrated
L(Ha) ops 1.69 x 10 1.69 x 102 1.31 x 10%2 1.31 x 102
L(Ha) corr 3.47 x 10*2 3.40 x 10%2 4.95 x 1042 4.96 x 10*2

L(FUV)ps 5.93 x 1013 2.66 x 1043
L(FUV)corr 1.45 x 10% 1.47 x 10%
L(24) 8.35 x 10 1.23 x 10%

Note. — All the luminosities are in units of erg s~!.

Table 5.2.  Multiwavelength Star Formation Rates for IC 1623 W and NGC 6090.

SFR 1C 1623 W 1C 1623 W NGC 6090 NGC 6090
(Mg yrh) spatially resolved integrated spatially resolved integrated
Base GM Salpeter x < 30 Myr 18 15 30 36
Base BC03 Salpeter Haoyrr 26 25 37 37
Base CB Chabrier x < 30 Myr 14 12 16 21
Base BC03 Chabrier Haeppr 15 15 22 22
Base CB Chabrier x < 140 Myr ) 4 4 )
Base CB Chabrier GALEX FUV 6 6
Hybrid Salpeter Haps + 24pum 25 28
Hybrid Chabrier Haps + 24pum 15 17

Note. — All the SFR are in units of M yr~—!. The SFR derived from our optical IFS is computed for
spatially resolved and for integrated spectra. The first 4 rows in the table compare the continuum (* <
30 Myr) and Ha emission for the different model bases, using different IMFs. The next two rows compare

the continuum (x < 140 Myr) and the FUV estimates. Finally, the last two rows are the hybrid Happs +
24 pm estimate including the MIR.
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= In IC 1623 W, we cover a total area of 30 kpc?, which leads to < X SFR(30Myr) > ~ 0.47
Mg yr ! kpc? and < ¥ SFR(Ha) > ~ 0.5 Mg yr ! kpc~2.

= In NGC 6090 the total area covered is 40 kpc?, leading to < ¥ SFR(30Myr) > ~ 0.4 Mg
yr ! kpc~? and < ¥ SFR(Ha) > ~ 0.55 Mg yr ! kpc2.

= The Milky Way disk has a radius of active star formation of 13.5 kpc, that implies < 3 SFR
> = 3.3 x 1072 Mg, yr ! kpc 2 (Kennicutt & Evans, 2012).

The star formation rate densities of our pre-merger LIRGs are 120 - 170 times higher than in the
Milky Way.

In Figure 5.35 we show the star formation rate densities (in logarithmic scale) estimated from Ho
(left panels) and from the stellar continuum in the last 30 Myr (right panels) for IC 1623 W (top
panels) and NGC 6090 (lower panels). Comparing the left and right panels we note some similarities
and differences.

InIC 1623 W the ¥ SFR(Ha) follows the morphology seen in the ionised gas, while ¥ SFR(30Myr)
is more uniform, that is, there is less contrast between regions. In both plots, we can identify the en-
hanced SFR surface densities in the nucleus of IC 1623 W and in the star forming regions C1 and
C2. However, in C1 and C2 the Ha derived star formation rate density is a factor ~ 6 higher than
that derived from the continuum. This happens also in some spaxels along the spiral arm and in some
spaxels near the nucleus with factors between 3 - 5. On the contrary, in the top left and specially in
the top right corners, the opossite happens; ¥ SFR(30Myr) is a factor 3 - 8 higher than ¥ SFR(Ha).
Despite this, for the vast majority of the spaxels the match is quite good. When averaging in the
maps we found <log ¥ SFR(30 Myr)> = -0.23 + 0.19 and <log ¥ SFR(Ha)> = -0.28 + 0.48.

For NGC 6090 both maps are remarkably similar. In some spaxels in the MSC region and in
the outskirts the ¥ SFR(Ha) is a factor between 2 - 4 greater than the derived from the continuum.
On the contrary, in the South of NGC 6090 SW the ¥ SFR(30Myr) is a factor 3 greater than %
SFR(Hea). This also happens East side of NGC 6090 NE nucleus, with a factor 1.4 difference. The
overall agreement is very good. When averaging in the maps we found <log ¥ SFR(30 Myr)> = -0.32
+ 0.47 and <log ¥ SFR(Ha)> = -0.32 £+ 0.49.

The conclusion is that ultimately, both methods provide a similar and satisfactorily robust mea-
surement of the star formation rate. It is important to note that these are quite ”simple” systems,
in the sense that the dominating ionization mechanism is cleary star formation and the extinction is
relatively low, so we do not expect substancial star formation completely obscured from view in the
optical, i.e. star formation that is not accounted for by the Balmer decrement attenuation correction.
This is not always the case, in fact, in the merger LIRG NGC 2623 studied in Chapter 6 we found a
more complex ionization structure and higher extiction, requiring multiwavelength SFR, to verify the

results.

5.7.2. TIFS-base variations over Scalo’s b parameter

As stated in CF2013, it is often useful to consider SFRs in relation to some fiducial value instead
of absolute units. The classical example is Scalo’s birthrate parameter, defined by us as b*¢, which

measures the SFR in the recent past (t < tgp) with respect to its average over the whole lifetime of
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Figure 5.35 SFR density estimated from dust-attenuation corrected Ha (left panels) and SFR density
averaged over the last 30 Myr, measured from the decomposition of the stellar continuum (right panels)
for IC 1623 W (top panels) and NGC 6090 (bottom panels). We only plot spaxels with Xgpr > 1072
Mg yr! kpe™2 In IC 1623 W the ¥ SFR(Ha) follows the morphology seen in the ionised gas, while
Y, SFR(30Myr) is more uniform. In both plots, we can identify the enhanced SFR surface densities
in the nucleus of IC 1623 W and in the star forming regions C1 and C2. However, in C1 and C2 the
Ha derived star formation rate density is a factor between ~ 6 greater than the derived from the
continuum. Despite this, for the vast majority of the spaxels the match is quite good. When averaging
in the maps we found <log ¥ SFR(30 Myr)> = -0.23 + 0.19 and <log ¥ SFR(Ha)> = -0.28 + 0.48.
For NGC 6090 both maps are remarkably similar. In some spaxels in the MSC region and in the
outskirts the ¥ SFR(Ha) is a factor between 2 - 4 greater than the derived from the continuum. On
the contrary, in the South of NGC 6090 SW the ¥ SFR(30Myr) is a factor 3 greater than ¥ SFR(Ha).
The overall agreement is very good. When averaging in the maps we found <log 3 SFR(30 Myr)> =
-0.32 £+ 0.47 and <log ¥ SFR(Ha)> = -0.32 + 0.49.



150 Pre - Merger LIRGs: IC 1623 and NGC 6090 5.7

the system. It is obtained dividing the star formation rate surface density since t=tsp, SFRyy(tsr),
by its asymptotic value (see also equation 12 of CF2013):

SEFR,,(tsr)

bl (tgp) = 22

The superscript ”loc” is to emphasize that the reference lifetime average SFR is that of the same

spatial location xy. One should recall that while young stars in a spaxel were probably born there (or
near it), old ones may have migrated from different regions. Thus, despite the identical definitions,

loc
ry

other definitions. For instance, one might prefer to compare SF R, (tsr) to SF Rgq(te) of the galaxy

the physical meaning of b2¢ is not really the same as for galaxies as a whole. The IFS data allow for
as a whole. This variation measures the ”present” (t < tgp) "here” (at zy) to the "past” (t < too)

average in the whole galaxy. We defined it as b9 and its mathematical expression is

i tsr) = St (5.23)
See also equation 13 of CF2013. A formally similar but conceptually different definition is obtained
using for the reference value in the denominator the SFR surface density within the same time scale
but evaluated in the whole galaxy, i.e., to compare not "now versus then” but "now here versus now
there”. We defined this property as ¢/ and obtained it through equation 14 of CF2013, or:

al SFR.,(tsr)

cfy (tsr) = Wi(tm (5.24)
These three definitions cover the different combinations of time and space enabled by the application
of fossil methods to IFS data.

In Figure 5.36 we show maps of b’¢ (left panels), b9 (middle panels), and ¢ (right panels)
for three values of tgp: 30 Myr (top), 140 Myr (middle), and 1400 Myr (bottom) for IC 1623 W. All
panels are in logarithmic scale to highlight regions where SFR(tgr) is larger than the chosen reference
value; the dynamical range of the images goes from 1 to 50 (0 to 1.7 in log). The same is shown in
Figure 5.37 for NGC 6090. In this case the dynamical range of the images goes from 1 to 100 (0 to 2
in log).

We are going to discuss both systems simultaneously:

» The first column of panels (a, d, g) shows the regions where the recent star formation
on the different timescales (30 Myr, 140 Myr, 1400 Myr) is enhanced with respect
to the average of these same regions over their whole lifetime: Before starting the
description of the various panels we emphasize that this first column is the most difficult for
us to interpretate, given that the stellar populations inhabiting each spaxel/region have not
remained static in that position throughout the whole lifetime of the system, but have changed
with the dynamics of the galaxy:.

IC 1623 W. In panel a, we see that the SFR is enhanced everywhere except in the nucleus
itself. The larger b'°® are located in the outskirts (it increases outwards) and specially to the
East of the nucleus. We consider that this could be due to the interaction with IC 1623 E.
Considering the past 140 Myr (panel d) the enhancement is located again to the East of the
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Figure 5.36 Spatially resolved SFR surface density on the last tgp= 30 Myr (top), 140 Myr (middle)
and 1400 Myr (bottom) in units of different reference values for IC 1623 W. The left panels compare
SFRyy(tsr) to SFR.y(t) i.e., the all-times average at xy, thus providing a local version of Scalo’s
b parameter. Middle panels compare the local mxy(tsp) to the all-times average over the whole
galaxy SF Ry (too). Panels on the right compare SFR,,(tsr) to that of the galaxy as a whole over
the same time scale mgal(tgp). All images are on log scale from log 1 to log 50, such that only
SFR,,(tsr) values above the corresponding reference value are visible. See in the text in Section 5.7.2
a detailed description of each map.
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Figure 5.37 Spatially resolved SFR surface density on the last tgp= 30 Myr (top), 140 Myr (middle)
and 1400 Myr (bottom) in units the same reference values as Figure 5.36, but for NGC 6090. All
images are on log scale from log 1 to log 50, such that only mw (tsr) values above the corresponding
reference value are visible. See in the text in Section 5.7.2 a detailed description of each map.
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nucleus and also near C2. On the longest time scale considered (panel g) almost none spaxel has
been more active than their lifelong average, with very few exceptions. This confirms what we
found in Figure 5.14 and in top middle panel of Figure 5.16, there are no relevant intermediate-
old stellar populations in IC 1623 W.

NGC 6090. In panel a we found that almost everythere across the galaxies the SFR in the last
30 Myr have been larger than in the past average, specially to the North West of NE component
and to the South of SW component. Considering the past 140 Myr (panel d), only a few spaxels
at the East edge of NE component and to the South of SW component have a SFR enhanced
with respect to their past average. On the contrary, in the past 1.4 Gyr (panel g) only some
spaxels to the North West of the NE component, in a region partially coincident with MSC
region, in the eastern edge of this same component and in the southern edge of SW component

have been more active than their lifelong average.

» In the middle column of panels (b, e, h) we can see the regions where the recent
star formation on the different timescales (30 Myr, 140 Myr, 1400 Myr) is enhanced
with respect to the average of the galaxy over its whole lifetime:

IC 1623 W. From the longest timescale (h) to the shortest (b) we found that the region
where the SFR is enhanced goes from only the nucleus to widespread across the system. The
140 Myr timescale (panel e) show something intermediate. This distribution is consistent with
an inside-out formation in the last 1.4 Gyr.

NGC 6090. In NGC 6090 NE we found something analogous to IC 1623 W. From the longest
timescale (h) to the shortest (b) we found that the region where the SFR is enhanced goes
from concentrated in the MSC region to widespread across the system. In NGC 6090 SW the
enhancement of the SFR is only relevant in the last 30 Myr, but significantly less than in the

NE component.

» The right column of panels (c, f, i) shows the regions where the recent star for-
mation on the different timescales (30 Myr, 140 Myr, 1400 Myr) is enhanced with
respect to the average of the galaxy in the same timescales. They show the location

of the recent star formation in the galaxy for each timescale, so to speak:

IC 1623 W. At all timescales, the only region with relevant enhacement of the SFR with
respect to the galaxy at this same time is the nuclear region.
NGC 6090. We found a distribution in the enhancement of the SFR very similar to its middle

column of panels, except for the shortest timescale (panel ¢), where the relative ratio is lower.

In summary, both pre-merger LIRGs show an enhancement of the SFR at the central part (nuclei or
close) in the three timescales chosen (30 Myr, 140 Myr and 1.4 Gyr) in comparison with the average
SFR occured along the Hubble time in the galaxies and the SFR occurred in the galaxies in the same

time periods.
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5.8. Summary and conclusions

In this chapter we have fully characterized two pre-merger LIRGs: IC 1623 W and NGC 6090.
Using HST multiwavelength imaging and PMAS LArr IFS with V300 grating, we have analyzed the
star clusters properties, the stellar population properties, the ionized gas distribution and properties,
the ionization mechanism, the kinematics, and the star formation rates.

Our main results are:

1. Star clusters properties: IC 1623. IC 1623 W clusters are very young (< 200 Myr) and affected
by very low to almost no foreground extinction (< 1 mag). On the contrary, the clusters in IC
1623 E are affected by 2 - 6 mag of extinction. For the only IC 1623 E cluster emitting in FUV,
we derive an age below 10 Myr, and Ay = 2 - 3 mag. This might suggest that, although hidden
under large amounts of dust, some clusters in IC 1623 E are as young or more than IC 1623
W clusters. Moreover, IC 1623 W clusters have masses between 10° - 10”7 M, while in IC 1623
E they are more massive ~ 107 - 10® Mg. A rough estimate of the total mass in clusters in IC
1623 W is ~ 9 x 108 M, which represents 3 % of the total stellar mass.

NGC 6090. Most NGC 6090 SW clusters and NGC 6090 NE clusters in MSC region are also
young (< 300 Myr) and affected by very low to almost no foreground extinction (< 1 mag).
The rest of clusters in NGC 6090 NE are also consistent with ages < 300 Myr and Ay up to 2
mag. The only red ”cluster” emitting in FUV is NGC 6090 NE nucleus. It has ages between 10
- 50 Myr and is affected by 2 - 3 mag. It seems that in this case the nucleus is rejuvenating as a
consequence of the merger process. In general, NGC 6090 clusters have masses between 10° - 107
Mg. The two "clusters” with higher masses (around 107 - 10% Mg) are NGC 6090 NE nucleus
and NGC 6090 SW nucleus. The total stellar mass in clusters in NGC 6090 is approximately ~
2 x 10° Mg, which represents 4 % of the total stellar mass.

When comparing the mass in clusters with the mass in YSP (SSPs < 140 Myr) for both pre-
merger LIRGs, we found that both are comparable to each other within a factor of ~ 2. This
would agree with the belief that the vast majority of stars form in clusters rather than in

isolation.

2. Stellar luminosities: In IC 1623 W the observed (not dust-attenuation corrected) stellar lumi-

nosity decreases from 0.4 Ly pc=2 A~ in the nucleus to 0.08 Lo pc=2 A~! at 2.2 kpc. Between
2.2 kpc and 4.5 kpc, the luminosity density remains approximately constant around 0.08 Lg
pc=2 A=1. Above 4.5 kpc it decreases again down to 0.04 Lo pc=2 A~1 at 6 kpc.
NGC 6090 NE and NGC 6090 SW have a similar gradient in the luminosity density, but
with the NE component being 0.2 dex more luminous. For NGC 6090 NE it ranges from 0.2 L
pc=2 A1 in the nucleus to 0.05 Lg, pc=2 A~1 at 2.7 kpc. Analogously, for NGC 6090 SW it goes
from 0.13 Lo pc=2 A~! in the nucleus to 0.03 Lg, pc=2 A~ at 2.7 kpe.

3. Stellar dust extinction: IC 1623 W has little extinction, with Ay below 0.4 mag nearly everyw-
here. The regions most affected by extinction are located ”behind” areas where a lot of HII re-
gions accumulate, as C1, where the extinction reaches values up to 1.2 mag. As an explanation
we suggest that the enhancement of Ay could be due to the accumulation of dust swept by the
supernovae of the star forming regions, at least in some spaxels. Another possibility is that the

interaction itself has led to the accumulation of dust in these regions.
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In NGC 6090 NE the extinction ranges from 1.2 - 1.6 mag, while in NGC 6090 SW from 0.6
mag in the North to about 0.2 mag in the South. To the West of NGC 6090 NE and in the bridge
between the two galaxies the dust extinction has an intermediate value of 0.8 - 0.9 mag. There is
approximately 1 mag difference in the stellar dust extinction between the two components. We
note that in these two pre-merger systems one of the components is significantly more obscured
than the other. In these cases it coincides that is the eastern component which is more obscured,
althought the difference is higher for IC 1623 than for NGC 6090.

. Stellar ages: In IC 1623 W the nuclear regions are clearly older than the outer parts. From

the radial profile we find a negative trend of the mean age with distance; from ~ 300 Myr in
the nucleus to ~ 30 Myr at 3 kpc away from it. From 3 to 6 kpc the age remains approximately
constant between 15 - 40 Myr.

In NGC 6090 it happens the contrary, the older spaxels are located in the outskirts, specially
for the SW galaxy, where they reach ages up to ~ 300 Myr. The youngest region is the bridge
between components with ~ 50 Myr. When averaging, both components have the same mean
ages between 50 - 100 Myr and almost flat trends of age with distance.

. Stellar metallicities: We found that metallicity is one of the most difficult quantities to constrain.

The scatter is large and in some spaxels of IC 1623 W age and Z grow in the opposite sense,
suggesting that the results could be affected by the age-metallicity degeneracy. Focusing on
the mean values, it seems that all of them IC 1623 W, NGC 6090 NE SW have global mean
metallicities around ~ 0.6 Za. The metallicity radial profiles in these three galaxies (at least
in the inner 3 kpc) are approximately flat, that is, metallicity remains constant with distance.
This is in agreement with the inverted metallicity gradients which are found in the ionized
gas metallicity of mergers where significant gas inflows have occurred (Kewley et al., 2010;
Rich et al., 2012).

. Stellar mass surface densities: In IC 1623 W the highest values of the mass surface density

are reached in the nucleus and in C1, with a logarithmic value of around 3.7. From the radial
profile we found a negative gradient with distance, going from 3.7 in the nucleus itself to 2.8 at
3 kpc. Above it, it increases again slighly up to 3.0 at 4.5 kpc.

For NGC 6090 we found that the stellar mass surface density is significantly higher in the NE
component than in the SW. The region with the highest value of the mass surface density (log
i ~ 3.8) is located to the South East of NGC 6090 NE nucleus. In NGC 6090 SW, log p, is
higher in the North of the component than in the South. From the radial profile, we also found
a negative gradient of the stellar mass density with distance, but not as steep as for IC 1623 W.
log 1y goes from 3.8 to 3.2 for NGC 6090 NE and from 3.0 to 2.7 for NGC 6090 SW.

. Stellar masses: From the spectral synthesis the total stellar mass obtained is M = 3.9x 10! Mg,

and 6.8x10'Y M, for IC 1623 W and NGC 6090, respectively (for Salpeter IMF). This is the
present day mass locked in stars. Counting also the mass returned by stars to the interstellar
medium M’= 5.5x10° M, and 9.6x10'° My, were involved in star formation for IC 1623 W
and NGC 6090, respectively.

Stellar masses from Spitzer 3.6 pym: We have derived the mass in old stellar populations from
the MIR at 3.6 wm, which is 3.4x10'° M, and 4.4x10'° M for IC 1623 W and NGC 6090,
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respectively. From spectral synthesis we found that the masses in SSPs > 1.4 Gyr are 5.3x10'°
Mg and 8.8x10 Mg, for IC 1623 W and NGC 6090, respectively.

The masses derived with our optical spectroscopy are a factor 1.5 - 2 bigger than the masses
calculated with the MIR photometry. However, this factor is explained by the difference in the
IMF. Our optical spectral synthesis analysis uses a Salpeter IMF (results from GM base of
models), and these masses should be on average a factor 1.84 larger than when compared with
Chabrier IMF (Gonzalez Delgado et al., 2015). Taking this into account, the agreement between
optical and MIR estimations is remarkable and confirms that for IC 1623 W and NGC 6090 we
are not underestimating the stellar masses with optical spectral synthesis, also ensuring that

the extinction estimates are approximately correct.

. Star Formation Histories: We calculate and compare both the time resolved 1D SFHs and the

spatially resolved SFHs, condensing the population vector into three age ranges, namely young
(YSP, SSPs < 140 Myr), intermediate (ISP, 140 Myr < SSPs < 1.4 Gyr), and old populations
(OSP, SSPs > 1.4 Gyr).

IC 1623 W

= From the time resolved 1D SFH we get a more detailed idea of when the bursts of star
formation started and how many of them occurred. We found that the young components
may be younger than 10 Myr. Within the intermediate age range we found that star
formation took place between 500 to 140 Myr ago with the more intense peak located at
140 Myr. The old populations formed between 14 Gyr and 6 Gyr ago for IC 1623 W.

s The contribution of YSP to light is around 90 % everywhere except in the nucleus, where
the contribution is around 50 %. Only in the nucleus the ISP have a significant contribution,
between 30 - 40 %. The contribution of OSP is everywhere below 20 % in IC 1623 W.

» When summing the total mass in each age bin, we found that from the total M’= 5.5x10'°
Mg in IC 1623 W, the mass in young M’(Y), intermediate age M’(I) and old M’(O) stellar
populations is 1.8x10° Mg, (3 %), 8.2x10% Mg, (1%), and 5.3x10'° M, (96 %), respectively.

NGC 6090

= From the time resolved 1D SFH we found that most of the young star formation started in
the last 20 Myr and seems to have been continuous since. Two relevant intermediate age
bursts may have occured in NGC 6090, one at 1.4 Gyr and another peaking around 600
Myr. The old populations formed between 14 Gyr and 5 Gyr ago for this system.

= Almost all spaxels have YSP contribution above 70 %, except for some spaxels located at
the easternmost end of NGC 6090 NE and at the South edge of NGC 6090 SW. In these
regions the contribution of ISP and OSP is also important. The average contribution of
ISP is very small, below 10 % for both components, but being a bit more important in the
outskirts of the SW galaxy. The OSP contribute to 25 % of the light of both components
in the nucleus, and decreases to 15 % (20 %) in the outskirts of NGC 6090 NE (SW).

» From the total M'= 9.6x10'° M, in NGC 6090, the mass contained in young M’(Y),
intermediate age M’(I) and old M’(O) stellar populations is 1.0x10° Mg (1%), 6.6x10°
Mg (7%) and 8.8x10'9 M, (92 %), respectively.
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10.

11.

12.

The general conclusion is that the light of both pre-merger systems is clearly dominated by the
young stellar populations, widespread across the whole observed extensions. However, in terms
of mass the YSP represent less than a 3% of the total stellar mass. Most of the stellar mass (80
- 100 %) is provided by the OSP.

. Tonized gas morphology: In IC 1623 W the Ha emission is concentrated in the distorted spiral

arm and SSCs aggregates C1 and C2. Furthermore, in the nuclear area we detected a cylindrical
structure, C3, which seems to leave or enter the nucleus. Due to its morphology, at first we
thought it might be a gas inflow / outflow. Yet we see in the HST image that this emission
has also a stellar counterpart with several SSCs along it. NGC 6090. The Ha is extended
across both components in a more uniform and less clumpy way than in IC 1623 W. The NE
component is more luminous than the SW one. In the NE component, the Ha peak is offseted to
the West with respect to the nucleus, spatially coincident with the multiple star clusters MSC
region. For the SW component, Ha peaks in the northern half where most of the star forming
regions accumulate. In both cases, there is a good spatial correlation between the extended Ha
emision and the regions where the young stellar populations are contributing to > 70 % to the
total light.

Ionized gas electron density: Using [SIT]A6716/[SII]A6731 doublet ratio we have determined the
electron density in IC 1623 W. The ratio reaches its minimum around the star forming region
C1 with values ~ 1.2, equivalent to an electron density of ~ 260 cm 3. Everywhere else the
ratio is above the low density limit (> 1.4), densities are below 100 cm~3. This estimation is
not available for NGC 6090 as the [SII] lines are not included in the spectrum.

lonized gas dust extinction: In IC 1623 W the average Ay is ~ 0.8 mag. As for the stellar
extinction, the regions most affected by extinction are located behind areas where a lot of HII
regions accumulate. Behind C1 the extinction reaches its maximum value of around 2.5 mag.
The same happens behind C2, with values up to 1.6 mag. Also, values between 1.3 - 1.6 mag are
found in the distorted spiral arm, and between 1.0 - 1.3 mag to the South-East of the nucleus
and along the cylindrical structure C3. Everywhere else, the extinction is below 1 mag. The
ratio between ionized gas and stellar extinctions in IC 1623 W is < % >=21+1.1.

In NGC 6090, the average extinction of the NE component is 1.8 mag, however it ranges
between 1.5 mag in the nucleus of the galaxy, to values around 2 mag in the North and higher
values up to 2.5 mag in a few spaxels in the South. For the SW component we found an average
value around 0.8 mag, but it also varies across the galaxy from 0.5 mag in the South to 1 mag
in the North. We found an average difference of ~ 1 mag between components, as also happens
with the stellar extinction. In the overlapping / bridge region the extinction have values in
between, ~ 1.3 - 1.4 mag. In NGC 6090, the ratio between ionized gas and stellar extinctions is
< Maas 5 — 1.6 4 (.6.

AV, stars

Emission line ratios sensitive to ionisation source: [NIIJ]A\6583 /Ha and [OI]A6300/He line ratios
are consistent with both IC 1623 W and NGC 6090 being dominated by young stars photoioni-
zation or in some spaxels by something composite between star formation and LINER, emission.
Only in a few spaxels (~ 3) in the outskirts of the maps, the ratios are consistent with starburst-
related LINERs. In the case of IC 1623 W, this is in agreement with Rich et al. (2011) results.
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13.

14.

15.

Like us, they found that the core of IC 1623 W is dominated by starbursts. However, they cover
a larger FoV and found that in the outskirts the emission is dominated by shocks (= LINER).

Diagnostic diagrams: We found that for both IC 1623 W and NGC 6090 the dominating ioniza-
tion mechanism is star formation, at least in the regions mapped by us. However, there are some
spaxels in the ”composite” emission region, between Kauffmann et al. (2003) and Kewley et al.
(2001) demarcation lines. In IC 1623 W they are located in the strip extending from above C1
to the upper right corner of the map, and four spaxels at the southern end of this component.
In NGC 6090 they are located in the outskirts of the map. Given the proximity of the vast
majority of the ”composite” spaxels to the Kauffmann demarcation line, we do not believe that
the ionization source is different for them, and is therefore quite possible that they are also star
forming regions. However, for a few spaxels we can not discard a truly composite photoionization
which we believe it should be due to ISM shocks that would occur naturally as a result of the

increase of the supersonic turbulence in mergers (Bournaud et al., 2010).

lonized gas velocity field: The velocity field of IC 1623 W shows a distorted rotation pattern,
with the NW side receeding from us and the SE approaching us. We estimate two pairs of
possible minor and major kinematic axes. The position angle of the minor kinematic axis is PA
~ 69 - 70°. The major kinematic axis is almost but not necesarily /exactly perpendicular to the
minor one, due to the distorsion in the velocity field caused by the interaction. Approximately,
the velocities range from -200 to 200 km/s. We found that the kinematic center of IC 1623 W
does not coincide with the photometric one.

NGC 6090 NE is a face on spiral, so we are only seeing the movements of gas perpendicular
to the disk. No rotation is found and the velocity range is small and oscillates between -5 to
65 km/s. The only region of NGC 6090 NE approaching us is the nucleus. We hypothesize that
there could be an outflow, however, we can not resolve it with our spectral resolution. To the
South, there is gas receeding from us at ~ 65 km/s, problably due to the interaction. On the
other hand, NGC 6090 SW seems to retain traces of the rotation, but very distorted. Its
velocity field ranges from -35 km/s to the North to +50 km/s to the South of this component. If
this system is similar to the Antennae, then ~ 500 Myr would be enough to significantly distort
the original rotation.

Tonized gas velocity dispersion: In IC 1623 W the velocity dispersion is low in the star forming
regions and in the distorted spiral arms, with oy, < 120 km/s. However, o, > 120 km/s in
several outermost spaxels, with a region to the North West of the nucleus where oy, reaches
up to 170 km/s. We interpret this result as a consequence of shocks being more important in
the outskirts, producing a broadening of the emission lines. This is again in agreement with
Rich et al. (2011), who found widespread shocks in the outskirts of IC 1623, beyond the region
traced by us. In NGC 6090 there exists a gradual increase in the velocity dispersion from ~ 140
- 150 km/s to the East of NE component, to 170 km/s in the bridge between components, and
up to 190 km/s to the South West of the SW component. The increase of the velocity dispersion
in the bridge between components could be due to the shocks produced by the interaction itself.
In the case of the higher values to the South of the SW component there also exists the posibility

that we are simultaneously observing several gas components moving at different velocities as a
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16.

17.

18.

consequence of the interaction.

Star Formation Rates: We have derived the SFRs using multiwavelength data from UV, optical
IFS (continuum and lines) and MIR.

= In both IC 1623 W and NGC 6090 we found that SFR(30 Myr) ~ SFR(Ha) and SFR(140
Myr) ~ SFR(FUV), which makes sense precisely because Ha ionizing stars usually have <
30 Myr. This includes O and early B stars, for later spectral types the number of ionizing
photons emitted declines drastically. However, the UV is emitted for up to A0 stars with
lifetimes ~ 100 Myr.

= The average SFR from the very young stellar populations and Her is 14 & 1 Mg yr—! for
IC 1623 W and 20 4+ 3 My, yr~! for NGC 6090 (with Chabrier IMF). For the populations
below 140 Myr and FUV, the SFR = 5 + 1 Mg, yr ! for both systems (also, with Chabrier
IMF), a factor of 3 - 4 smaller than the one for the very young components (< 30 Myr)
and Ha. This difference indicates that recent SFR is more concentrated in instantaneus

bursts occurred in the last 10 Myr rather than as a continuum SFR.

= The SFRs derived with Salpeter IMF are a factor 1.5 £ 0.3 larger than the Chabrier ones.
For Ha we found something similar 1.69 + 0.03.

= When including the MIR, we found hybrid SFR = 15 My, yr~! and 17 Mg yr! for IC
1623 W and NGC 6090, respectively. They are very similar to the ones derived from dust-
attenuation corrected Ha and SFR(30 Myr). We can conclude that for IC 1623 W and
NGC 6090 there is no substantial star formation which is not accounted for by the Balmer

decrement attenuation correction.

= The average SFR in our two pre-merger LIRGs is enhanced by a factor 8 - 9 with respect
to the Milky Way.

Star Formation Rate Densities: We have compared the star formation rate densities estimated
from Ha and from the stellar continuum in the last 30 Myr for IC 1623 W and NGC 6090. Both
methods (continuum and lines) provide a similar and satisfactorily robust measurement of the

star formation rate density. Moreover, when averaging we found

» In IC 1623 W, we cover a total area of 30 kpc?, that leads to < ¥ SFR(30Myr) > ~ 0.47
Mg yr ! kpe™? and < ¥ SFR(Ha) > ~ 0.5 Mg, yr—! kpc=2.

» In NGC 6090 the total area covered is 40 kpc?, leading to < ¥ SFR(30Myr) > ~ 0.4 Mg,
yr ! kpc? and < ¥ SFR(Ha) > ~ 0.55 Mg yr~! kpc=2.

» Compared with the < ¥ SFR > = 3.3 x 1072 Mg, yr—! kpc=2 of the Milky Way, the star
formation rate densities of our pre-merger LIRGs are 120 - 170 times higher than it.

1FS-base variations over Scalo’s b parameter: Both pre-merger LIRGs show an enhancement of
the SFR at the central part (nuclei or close) in the three timescales chosen (30 Myr, 140 Myr
and 1.4 Gyr) in comparison with the average SFR occured along the Hubble time in the galaxies

and the SFR occurred in the galaxies in the same time periods.
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The merger LIRG NGC 2623

6.1. Introduction

To understand the role of major mergers in galaxy evolution we are characterizing the spatially
resolved stellar population properties and ionization mechanism in several interacting systems in
different stages of the merger process. In this chapter we present the results of the evolved merging
LIRG NGC 2623.

NGC 2623 (Arp 243, UGC 4509, IRAS 08354 2555) is a nearby luminous IR galaxy (z ~ 0.01850,
L;r[8 - 1000 pm] ~ 3.56 x 10! L), which is the result of a major merger between two gas-rich
galaxies (Toomre, 1977). It shows a single nucleus, indicating that it is an advanced, post coalescence
merger, interaction stage 4 in Veilleux et al. (2002) classification. It also shows a blue star forming
region south of the main body and two extended tidal tails. The NIR surface brightness profile in
the nuclear regions follows a r'/* law, consistent with a system evolving into an elliptical galaxy
(Wright et al., 1990; Rothberg & Joseph, 2004). A substancial post starburst population dominates
in the circumnuclear region of NGC 2623 (Joy & Harvey, 1987; Armus et al., 1989; Liu & Kennicutt,
1995; Shier et al., 1996), while a young nuclear starburst is also present (Bernloehr, 1993; Shier et al.,
1996). Evans et al. (2008) reported that the blue, UV bright star forming region located 5 kpc south
of the nucleus, is formed by ~ 100 stellar clusters with ages between 1 - 100 Myr. This region could
be either part of a loop of material associated with the northern tidal tail, or nuclear tidal debris
created during one of the final passages of the progenitor nuclei prior to their coalescence. However,
the bulk of infrared luminosity comes from the obscured nuclear regions, and the off-nuclear starburst
only represents 1 % of the total star formation in NGC 2623. The ionization process in the nucleus of
NGC 2623 is a combination of a dusty starburst and shock heating due to an starburst related outflow
(Lipari et al., 2004). The outflow has an aperture angle § = 100° &+ 5° and reaches a distance of 3.2
kpc from the nucleus and a velocity of Vor=(-405 + 35) km s~!. The merger core hosts an AGN as
determined from the hard X-ray spectrum (Maiolino et al., 2003) and the presence of the [NeV] 14.3
pum line (Evans et al., 2008; Petric et al., 2011). However the energetics of the system are dominated
by star formation.

The aim of this study of NGC 2623 is to combine high quality IFS from CALIFA survey and
PMAS at CAHA with previous high resolution HST imaging and with narrow band filter imaging
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from Tunable Filters @ OSIRIS to present the most complete picture of the physical processes that
occur during the final stages of a major merger. In Section 6.2 we summarize the data and observations.
In Section 6.3 we present the results of the star clusters photometry detected in the HST images. The
stellar population properties derived from the IFS is described in Section 6.4. In Section 6.5 we show
the ionized gas distribution, dust attenuation, and the emission line ratios tracing the ionization source.
The gas kinematics is described in Section 6.6. A multiwavelength analysis of the Star Formation Rate
in NGC 2623 is shown in Section 6.7. Section 6.8 is the discussion of the results, and Section 6.9 is
the summary and conclusions.

Throughout the chapter we assume a flat cosmology with Q,,= 0.272, QO = 0.728 and Hy = 70.4
km s ~! Mpc ~! (WMAP, seven years results). For NGC 2623 redshift (z=0.018509), this results in a
distance of 80.0 Mpc. At this distance 1” corresponds to 0.390 kpc.

6.2. Data

For this galaxy we have the PMAS LArr IFS from the nuclear region along with CALIFA PPAK
IFS covering the main body of NGC 2623, that is, virtually the entire extension of the system,
except the outermost parts of the tidal tails. Also, we have HST high resolution imaging from UV to
NIR covering the main body of NGC 2623, from which we will derive the star clusters photometry.
Moreover, we have Tunable Filters OSIRIS @ GTC narrow line imaging of Ho and [NII]A6583, covering

NGC 2623
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Figure 6.1 In greyscale we show the HST F435W continuum image of NGC 2623 in the region covered
by CALIFA IFS. The average continuum from the IFS is superimposed with red contours. We note
some characteristic regions of this galaxy as the SW and NE tidal tails and the region rich in star
clusters located 10 arcsec to the south of the nucleus.
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Figure 6.2 F814W image of NGC 2623. North is up, East to left. The detected clusters are marked
with apertures of different colors given by their F435W - F814W color as: 1) blue clusters those
with F435W — F814W < —1, 2) green clusters if -1 < F435W — F814W < 0, and 3) red clusters if
FA35W — F814W > 0. In the left panel the whole galaxy is shown, where the black rectangle indicates
the region simultaneously covered by all the filters from UV to NIR. A zoom into this region is shown
in the right panel.

the full extent of NGC 2623. For a complete information on the characteristics of the data and their
reduction procedure see Chapters 2 and 3.

In Figure 6.1 we show the HST F435W continuum image of NGC 2623 in the region covered by
CALIFA TFS. The average continuum from the IFS is superimposed with red contours. We note some
of the characteristic regions of this galaxy as the SW and NE tidal tails and the region rich in star

clusters located 10 arcsec to the south of the nucleus.

6.3. Star clusters photometry

As explained in Section 5.3, galaxy mergers were the first environments discovered to contain
copious amounts of young massive star clusters. They are an intriguing mode of star formation in the
present-day universe. Using HST photometry we can characterize the stellar population properties of
the SSCs in NGC 2623, to determine how are they related with the interaction process. By comparing
the colors and magnitudes of NGC 2623 clusters with stellar population synthesis models we have
derived their main properties: age, mass, and the amount of dust extinction. The methodology of the
analysis, how we have detected the clusters, and performed aperture photometry is explained in detail
in Section 5.3.1.

6.3.1. Cluster distribution

In Figure 6.2 we show the F814W image of NGC 2623. The detected clusters are marked with
apertures of different colors given by their F435W-F814W color as: 1) blue clusters are those with
F435W — F814W < —1; 2) green clusters if -1 < F435W — F814W < 0 and 3) red clusters if
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FA435W — F814W > 0. In the left panel the whole galaxy is shown, where the black rectangle indicates
the region simultaneously covered by all the filters from UV to NIR. A zoom into this region is shown
in the right panel. A total of 156 clusters where detected with SNR > 5 in FUV, F435W, and F814W,
in the region in common for all filters. Analogously, 203 clusters where detected with SNR > 5 in
F435W, F814W, and F160W. In NGC 2623 the blue clusters are located in the concentration south
of the nucleus, while the red ones are located in the highly obscured nuclear region. Strong dust lanes
can be seen in the nucleus of NGC 2623 in HST B and V band images.

Differences in cluster color could be due to real differences in the stellar population properties
and/or different levels of dust extinction affecting the clusters depending on their location. A cluster
could be redder due to a high amount of extinction or an older stellar population, or a combination
of both. This is the so-called age-extinction degeneracy. In the following section we will use our
multiwavelength information to break this age-extinction degeneracy and estimate the SP properties
of the clusters.

6.3.2. Cluster ages

We have compared the colors and magnitudes of NGC 2623 clusters with those of Charlot &
Bruzual SSP models (2007, unpublished) in a range of ages between 1 Myr to 13 Gyr. Despite the
recent improvements in modelling tecniques, it is very difficult from photometry to estimate metallicity
of individual clusters. From the spectroscopy we obtain an average value for the metallicity inside 2
HLR of ~ 0.5 Zg (see Section 6.4.6). Taking this into account, we have used the 0.4 Zs SSP models
as a proxy in this analysis.

Comparing the position of the clusters in color-color diagrams with respect to the model positions
we can estimate the cluster ages. In Figure 6.3 we show the FUV - F435W vs F435W - F814W
diagram, which is the best for breaking the age - Ay degeneracy. The color coding is the same as in
Figure 6.2, but only those clusters with SNR > 5 in FUV, F435W, and F814W filters are included
in the plots. The black solid line is the path described by SSP models from 1 Myr to 13 Gyr, 0.4 Za,
and Ay = 0 mag. The greyscale lines are the paths for the same models reddened by 1 to 3 mag, with
the lighter colors tracing the more reddened models. From this plot we found that the concentration
of clusters south of the nucleus (the blue points in the Figure) is consistent with not being affected
by foreground extinction. They have ages ranging from 100 - 500 Myr, with an average around ~ 300
Myr. Only a few of them could be younger if we consider they are affected by some extinction. Using
only optical colors, Evans et al. (2008) derived cluster ages younger than us, between 1 - 100 Myr.
This result totally agree with the obtained by us using their same color-color diagram. However, we
found that including the UV we can constrain better the cluster ages. We have also confirmed this
result spectroscopically. This cluster-rich region in the south have mean ages between 200 - 300 Myr,
and the light in this region is dominated by intermediate age stellar populations between 140 Myr - 1
Gyr (see Sections 6.4.5 and 6.4.8). This reinforces the inclusion of UV bands in photometric analysis
to break the age-extinction degeneracy.

Analogously, in Figure 6.4 we show the F435W - F814W vs F160W - F814W diagram. Only
clusters with SNR > 5 in F435W, F814W, and F160W filters are shown. Again, the black solid line
is the path described by SSPs from 1 Myr to 13 Gyr, 0.4 Zg, and Ay = 0 mag. The greyscale lines
are the paths for the same models reddened by up to 6 mag, with the lighter shades tracing the more
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Figure 6.3 FUV - F435W vs F435W - F814W diagram for NGC 2623 clusters. The color coding is the
same as in Figure 6.2, but only those clusters with SNR > 5 in FUV, F435W, and F814W filters are
included in the plots. The black solid line is the path described by SSPs from 1 Myr to 13 Gyr, 0.4
Zo, and Ay=0 mag. The greyscale lines are the paths for the same models reddened by 1 to 3 mag,
with the lighter shades tracing the more extincted models.

extincted models. From it, we found that NGC 2623 nuclear clusters (the red points in the Figure) are
affected by high values of extinction, between 2 - 4 mag. However, given the location of some of these
clusters in the diagram of Figure 6.3, the less affected by extinction, we found they are younger that
the off-nuclear ones (the blue ones), with ages younger than 50 Myr. This suggests that the nuclear
region of NGC 2623 is slightly younger than its surroundings.

The greater scatter is in the circumnuclear clusters, that is, the green ones. They are consistent
with an average extinction of around 1 mag. Given their spread in the diagrams they are compatible
with having ages ranging from 1 - 500 Myr.

6.3.3. Clusters masses

We found that NICMOS 1.6 pum band is the most sentitive to mass variations. We will estimate
the mass range of the star clusters, by comparing their 1.6 pum absolute magnitude with the absolute
magnitude of SSP models of masses ranging from 10* to 10® M. The results are shown in Figure 6.5.
This is an optical color-color vs NIR 1.6um absolute magnitude diagram. The paths from models of
10%, 105, 10°, 107, and 10® M, are shown as solid and dashed lines. The models have been cut between
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Figure 6.4 F435W - F814W vs F160W - F814W diagram for NGC 2623 clusters. Only clusters with
SNR > 5 in F435W, F814W, and F160W filters are shown. The black solid line is the path described
by SSPs from 1 Myr to 13 Gyr, 0.4 Zs, and Ay=0 mag. The greyscale lines are the paths for the
same models but reddened by 2, 4, and 6 mag.

1- 500 Myr, as we know from the previous section that these are the older ages our clusters can have.
We found a large range of masses in the clusters of NGC 2623. The intermediate-age clusters in the
region south of the nucleus (the blue ones) have masses from 10* - 10> Mg,. For the circumnuclear
(green ones) the spread is larger 10* - 107 M. On the other hand, the vast majority of the inner nuclear
clusters (red ones) are consistent with masses between 10 - 108 M. These impressively large masses
are comparable to the most massive globular clusters seen in giant elliptical galaxies and the massive,
intermediate-age clusters seen in NGC 7252 and NGC 1316 (Maraston et al., 2004; Bastian et al.,
2006), and some YMC in Arp 220 (Wilson et al., 2006). Of course, their masses are expected to
decrease over the next 500 Myr due to the combined effects of stellar mass loss, supernova-driven
winds, and tidal trimming in the central galaxy potential.

We have performed a rough estimate of the total mass in clusters in NGC 2623, by assigning a
certain average mass for the clusters in each luminosity L; ¢,,» range. In particular, we have separared
the clusters in five possible luminosity ranges: if log L; g < 0.9 we assign a mass of ~ 10* Mg, from
0.9 < log Ligum < 1.5 we assign a mass of ~ 10° Mg, if 1.5 < log Ly 6ym < 2.65 then ~ 108 My, if
2.65 < log Ly 6um < 3.5 then ~ 10" M, and above log L1 6um > 3.5 we assign ~ 108 My, In the case
of NGC 2623 we have 39, 64, 75, 22, and 3 clusters in each range, leading to a total cluster mass of

M4 10603 ~ 6 X 108 M. As we will discuss in Section 6.4.10, this mass is in agreement with the one
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Figure 6.5 Right: F435W - F814W vs NIC 1.6 um absolute magnitude diagram. Only clusters with
SNR > 5 in F435W, F814W and F160W filters are shown. The solid and dashed lines are the path of
SSPs from 1 Myr to 500 Myr and with masses from 10° to 10® M. The greyscale coding represents
the variation in stellar extinction as in previous figures.

we derived from the spectroscopy for the young-intermediate stellar components.

6.4. Stellar populations

In this section we use the stellar continuum shape to characterize the spatially resolved stellar
population properties and constrain the star formation history of NGC 2623. We investigate how

widespread the star formation was and if it continues to the present time.

6.4.1. Methodology

Adequate signal-to-noise ratio in the stellar continuum is vital to extract robust ages, metallicities
and star formation histories from continuum spectra in which we observe the integrated light of
multiple stellar populations. For CALIFA data a Voronoi binning algorithm was used to combine
the spectra in neighbouring spaxels until a combined spectrum of sufficient S/N (> 20 at 5650 A)
was obtained. For consistency with CALIFA data, the S/N was calculated in the rest-framed window
between 5590 and 5680 A. All spaxels with S/N < 5 were discarded from the analysis. In Figure 6.6
we show the S/N maps of NGC 2623 for CALIFA and LArr data, calculated in 5635+45 A. Color scale
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Figure 6.6 S/N ratio maps calculated in 5635445 A interval. Color scale is the same for both maps and
goes from 5 to 75. The HST F555W image is superimposed in contours, smoothed to approximately
match the spatial resolution of our IFS. Left panel: CALIFA data, already in Voronoi zones. In this
case every spaxel/zone has S/N>20. Right panel: LArr data for the nuclear region of NGC 2623.

is the same in both maps and goes from 5 to 75. Superimposed in contours is the HST F555W image,
smoothed to a spatial resolution of ~ 2.0 arcsec, intermediate between LArr data (~ 1.7 arcsec) and
CALIFA data (~ 2.4 arcsec) spatial resolutions.

In the case of CALIFA data all the process of analysis is described in detail in Cid Fernandes et al.
(2013, 2014). For the LArr data the main steps are the same, with several differences. The methodology
of the analysis is explained in detail in Section 5.4.1. As in previous chapter, we have used the same
two model bases to perform the spectral synthesis, the so called GM base and CB base. Although
the maps and results shown rely on the GM base, in Section 6.4.11 we will describe how the results
would change with CB base.

We used PyCASSO code (Amorim et al. in prep.) to handle the synthesis results for CALIFA data
and our own Python macros in the case of LArr data.

6.4.2. Fit quality

The quality of the spectral fits should be examined before proceeding to interpretation of the
results. The fit quality indicator A defined by Cid Fernandes et al. (2013) is explained in Section
5.4.2. Experiments with the whole CALIFA data set suggest that A = 10% is a reasonable quality-
control limit.

In Figure 6.7 we show the A maps for NGC 2623 CALIFA (left) and LArr (right) data. The color
scale in both maps is the same, and goes from 0 to 10. As can be seen, the larger residuals (A >
10 %) are located in the outer regions. For CALIFA data it only happens in a few, while for LArr this
number is greater. We visualize the fits and found the S/N = 5 limit used in our LArr data too low
for the spectral synthesis. Generally, A < 10% when S/N > 20. From now on, only the spaxels with
A < 10% are shown in the maps and considered in the analysis.
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Figure 6.7 Mean relative deviation maps A, tracing the quality of the fits. Only spaxels/zones with
A <10 % are considered in the analysis. Contours represent the smoothed HST F555W emission. Left
panel: CALIFA data. Right panel: LArr data.

6.4.3. Stellar luminosity

In Figure 6.8 we show the observed surface brightness map at 5635 A (not dust-attenuation
corrected) for CALIFA and LArr data, and the radial profiles for both datasets. The upper left panel
is the total CALIFA map. The white dashed lines indicate the position of 1, 2, and 3 Half Light Radius
(HLR). In this case 1 HLR is equivalent to 3.3 kpc in physical distance. The upper right panels are
the LArr map and a zoom of the CALIFA map in the same region covered by LArr data. Azimuthal
averaging of the maps is another option to compress this result in a easier to compare way. PyCASSO
code provides circular conversion tensors to obtain the radial profiles of the CALIFA and LArr 2D
maps as a function of radius in units of kiloparsecs or HLR. The lower panel shows the radial profile
of the surface brightness density as a function of the radial distance in HLR, in red for LArr and
black for CALIFA. The light-red and grey points are the values from all the spectra we have at each
radius. As it can be seen in the lower panel, there exists a good agreement in the measured surface
brightness density from the two datasets. The stellar luminosity at 5635 A decreases uniformly from
0.1 Lo, pc=2 A~ in the nucleus of NGC 2623 to 0.003 Lo, pc=2 A~! in the outskirts.

6.4.4. Stellar dust extinction

Another important Starlight output is the stellar extinction. While the effects of the Voronoi
binning are present in all panels, they are much more salient in the maps of intensive properties, as
the Ay map. This is because the extensive properties maps (luminosity and mass) were ”dezonified”
by scaling the value at each xy spaxel by its fractional contribution to the total flux in a zone (z). For
example for the luminosity surface density in the previous section we have applied:

Ly, L,

= —— X Wgy (6.1)

Ly =
YA Al
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Figure 6.8 Upper left: Observed surface brightness CALIFA map in logaritmic scale (at 5635A). The
white dashed lines indicate the position of 1, 2, and 3 Half Light Radius (HLR). 1 HLR is equivalent
to 3.3 kpc in physical distance. The contours correspond to the smoothed HST F555W image. Upper
right: observed surface brightness LArr map in logaritmic scale (at 5635A). Same color scale as the
CALIFA map. Below it is a zoom of the CALIFA map in the nuclear region, to match the region
covered by LArr map. Lower panel: radial profile of the observed surface brightness as a function of
the radial distance in HLR, in red for LArr and black for CALIFA. The light-red and grey points are
the values measured for all the spectra in the datacubes.

where A, (A,) denotes the area in a spaxel (zone), and

F,,
Weyr = =7 (6.2)
Zmy|z F:cy
with F,, being the mean flux at 5635 & 45 A region (for more details and the analogous equations
for mass surface density see Section 5.2 of Cid Fernandes et al. 2013). This operation was applied to
luminosity and mass related quantities, producing somewhat smoother images than obtained with

way-=1. Intensive properties like Ay, mean ages, and metallicities, however, cannot be dezonified.
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Figure 6.9 Upper left: CALIFA map of the stellar dust extinction. The white dashed lines indicate
the position of 1, 2, and 3 Half Light Radius (HLR). 1 HLR is equivalent to 3.3 kpc in physical
distance. The contours correspond to the smoothed HST F555W image. Upper right: LArr map of
stellar dust extinction. Same color scale as the CALIFA map. Below it is a zoom of the CALIFA
map in the nuclear region, to match the region covered by LArr map. Lower panel: radial profile of
the stellar dust extinction as a function of the radial distance in HLR, in red for LArr and black for
CALIFA. The light-red and grey points are the values measured for all the spectra in the datacubes.
The dispersion of the data at 0.5 HLR are shown with a black (red) errorbars for PPAK (LArr).

The stellar extinction maps are shown in Figure 6.9. The Figure distribution is the same as in
Figure 6.8. The upper left panel is the total CALIFA map. The upper right panels are the LArr map
and a zoom of the CALIFA map in the same region covered by LArr data. The lower panel shows
the radial profile of the dust extinction as a function of the radial distance in HLR, in red for LArr
and black for CALIFA. In the CALIFA map we found significant variations in the dust distribution,
with most of the dust located in the central (inner kpc) regions, reaching values up to 2 mag. The
dust content is decreasing with distance to the nucleus to < 1 mag outside the inner 0.8 HLR (~ 2.2
kpc). Moreover, we found that the north tidal tail is affected by ~ 1 mag, while the south tidal tail
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is almost no dust obscured. The global average is Ay ~ 0.5 mag.

In the innermost nuclear regions (< 0.6 HLR), we have data from both CALIFA and LArr datasets.
At 0.5 £+ 0.1 HLR, we found AZA™ = 1.37 £ 0.33 mag and ADPAK = 1.29 £ 0.20 mag. Considering
the dispersion of both datasets, above 0.2 HLR they are indistinguishable from each other. In the
lower panel of Figure 6.9 we show the dispersion at 0.5 HLR with a black errorbar for PPAK and a red
errorbar for LArr. Only in the nucleus itself (inner to 0.2 HLR) we derive slightly lower extinctions
from LArr (~ 1.4 mag) than from CALIFA (~ 1.6 mag). As explained in next section, we believe
the nuclear differences in the stellar population properties derived with PPAK and LArr are due to a
combination of differences in the PSFs of PPAK and LArr, and also, to the age-extinction degeneracy.

NGC 2623 shows a negative gradient in Ay, as also happens in Sb to Sc spirals in CALIFA sample
(GD2015). However, in NGC 2623 the profile flattens in the center, instead of keep growing like in
spirals. Moreover, in Sb to Sc the absolute variation of Ay in the inner 1HLR is ~ 0.3 mag, while in
NGC 2623 the variation is approximately three times larger, ~ 0.9 mag. We believe that this is due

to the accumulation of gas and dust in the central regions which occurs in the final stages of mergers.

6.4.5. Age

The mean stellar ages have been obtained applying equation 5.5, as explained at the beginning of
Section 5.4.5. The mean stellar age maps are shown in Figure 6.10. The scale in CALIFA and LArr
maps is the same to facilitate the comparison and goes from < log agel[yr] >; = 7.5 to 9.5. From
the CALIFA map we found that the younger regions are the nucleus, the region rich in star clusters
located south of the nucleus, and the north tidal tail, with mean ages around 250 Myr. On the other
hand, the south tidal tail and the eastern region of the main body are older, with ages around 1 Gyr.
In the circumnuclear regions we find a positive trend of the ages with distance, from ~ 200 Myr in the
nucleus itself to ~ 500 Myr at 1 HLR. This positive trend of age with distance is expected in advanced
mergers where the gas inflows into the nuclear regions, triggering new star formation episodes that
rejuvenates them. It is also interesting to note that everywhere in this system the mean stellar ages
range between 140 Myr to 1.4 Gyr.

Again, when comparing both datasets, we found that above 0.2 HLR they are indistinguishable
from each other, considering the dispersions. At 0.5 & 0.1 HLR, we found < log age >4 = 8.74 +
0.29 mag and < log age >1LDPAK = 8.58 £+ 0.12 mag. The dispersions at 0.5 HLR have been shown in
the lower panel of Figure 6.10 with a black errorbar for PPAK and a red errorbar for LArr. Inner to
0.2 HLR, the ages derived from LArr are 360 - 570 Myr older than CALIFA.

There are two possible origins to the differences between the stellar ages and extinctions derived
in the nucleus with PPAK and LArr. On the one hand, the spatial resolution of LArr (~ 1.7 arcsec)
is better than CALIFA (~ 2.4 arcsec) and as a consequence small scale variations are softer for the
latter. On the other hand, the nuclear region is very dusty, and as we have mentioned before, we have
an age-extinction degeneracy. While the shape of the spectra of both datasets is almost identical, with
LArr data we derive older ages and smaller extinctions (810 Myr, 1.43 mag), while for CALIFA data
we estimate younger ages but higher extinctions (240 Myr, 1.65 mag). There is a maximum variation
of the properties of 0.5 dex in the ages and 0.2 mag in Ay. These variations give us an idea of the
uncertainties with which we can derive the different properties in the particular case of the obscured

nuclear region.
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Figure 6.10 Upper left: CALIFA map of the mean stellar ages. The white dashed lines indicate the
position of 1, 2, and 3 Half Light Radius (HLR). 1 HLR is equivalent to 3.3 kpc in physical distance.
The contours correspond to the smoothed HST F555W image. Upper right: LArr map of the mean
stellar ages. Same color scale as the CALIFA map. Below it is a zoom of the CALIFA map in the
nuclear region, to match the region covered by LArr map. Lower panel: radial profile of the mean
stellar ages as a function of the radial distance in HLR, in red for LArr and black for CALIFA. The
light-red and grey points are the values measured for all the spectra in the datacubes. The dispersion
of the data at 0.5 HLR are shown with a black (red) errorbars for PPAK (LArr).

From both LArr and PPAK results we found that the age radial profile of NGC 2623 is much
flatter than in isolated spiral galaxies, which show a decreasing radial profile (GD2015). Moreover,
the nuclear ages in spirals are older than 1 Gyr, in contrast with NGC 2623, whose average nuclear
age is less than 1 Gyr.

6.4.6. Metallicity

The mean metallicities were obtained by applying the equation 5.6, as explained at the beginning

of Section 5.4.6. The mass-weigthed metallicity maps are shown in Figure 6.11. The scale range in
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Figure 6.11 Upper left: CALIFA map of the mean stellar metallicity. The white dashed lines indicate
the position of 1, 2, and 3 Half Light Radius (HLR). 1 HLR is equivalent to 3.3 kpc in physical
distance. The contours correspond to the smoothed HST F555W image. Upper right: LArr map of
the mean stellar metallicity. Same color scale as the CALIFA map. Below it is a zoom of the CALIFA
map in the nuclear region, to match the region covered by LArr map. Lower panel: radial profile of
the mean stellar metallicity as a function of the radial distance in HLR, in red for LArr and black for
CALIFA. The light-red and grey points are the values measured for all the spectra in the datacubes.
The dispersion of the data at 0.5 HLR are shown with a black (red) errorbars for PPAK (LArr).

both maps is the same, and goes from < log Z, >, -0.7 to 0.23 (0.2 to 1.7 Z,). Unlike what happens
with age and extinction, CALIFA and LArr mean metallicities are almost equal below 0.2 HLR. Above
0.2 HLR, < log Z, >%A™ is 0.2 dex higher than < log Z, >{AMF4. However, given the dispersion at
0.5 HLR, 0.14 dex for CALIFA and 0.23 dex for LArr, they can be considered equal.

Metallicity in one of the most difficult quantities to constrain. The fact that sometimes age and Z
grow in the opposite sense, as in the tails of NGC 2623, could suggest that the results are affected by
the age-metallicity degeneracy. The north tail is young (300 Myr) and metal rich (1.5 Zg), while the
south tail is old (1.4 Gyr) and metal poor (0.25 Zg). As shown by Sanchez-Blazquez et al. (2011), full
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spectral synthesis is much less sensitive to this degeneracy than conventional index-based approaches.
Due to this, we will take the metallicity results with caution. Moreover, as can be seen in the lower
panel, the scatter is really huge.

Focusing on the mean value it seems that NGC 2623 has a mean metallicity of ~ 0.5 Zg. The
difference in < log Z, >); between CALIFA and LArr data range between 0.1 - 0.2 dex, with LArr
deriving higher values. However, this difference can be considered negligible, given the uncertainties
and the large scatter in the results. The metallicity radial profile is fairly flat, as would be expected
for an advanced merger where significant gas inflows have occurred (Rich et al., 2012; Kewley et al.,
2010).

This flat radial behaviour in the metallicity of NGC 2623, contrast with the negative radial gradient
of spirals indicative of the inside-out growth of disks (GD2015).

6.4.7. Stellar mass surface density

In Figure 6.12 we show the stellar mass surface density maps, log ., for CALIFA and LArr data,
and the radial profiles for both datasets. We found a negative trend of log i, with distance. From the
CALIFA map we found that it decreases from log p, ~ 3.7 in the nucleus itself to log p, ~ 1.5 in the
outer parts at 3 HLR.

Stellar mass surface densities from LArr data are 0.2 dex larger than CALIFA. This is due to the
differences in the stellar population properties previously reported.

The stellar mass central density in NGC 2623 vary from log p, ~ 3.7 in the nucleus to log p, ~
2.6 at 1 HLR, which involves 1.1 dex change. This behaviour is a bit flatter but comparable to Shc
galaxies in CALIFA sample, whose stellar mass central density vary from log j, ~ 3.8 in the nuclei
to log p1, ~ 2.4 at 1 HLR, with a total variation of 1.4 dex (GD2015).

6.4.8. Stellar mass

Another important Starlight output is the stellar mass, calculated from the stellar luminosity
taking into account the mass to light ratio of the different SSPs. The total stellar mass obtained
summing the mass of each zone is M = 4.5x10'° M. This is the mass locked in stars nowadays.
Counting also the mass returned by stars to the interstellar medium M’= 6.3x10° M, were involved
in star formation. These are the results for GM base of models, with Salpeter IMF. With CB base
(Chabrier IMF) we found M'= 4.4x10' My and M = 2.4x10'° Mg,. The last one being very similar
to the photometric mass from SDSS derived by the CALIFA colaboration, using BC03 models M4t~
2.8x10% Mg,

Moreover, we know the dynamical mass from Privon et al. (2013); Mgy, ~ 6x10'° Mg, Since it is
the same order as our stellar mass, we believe we are not underestimating the masses with the optical
spectral synthesis.

6.4.9. 1D Star Formation Histories

The 1D Star Formation Histories are obtained by collapsing the spatial information, summing the
SFH of every single spaxel in the datacube, keeping the whole age range used in the spectral fitting
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Figure 6.12 Upper left: CALIFA map of the stellar mass density. The white dashed lines indicate the
position of 1, 2, and 3 Half Light Radius (HLR). 1 HLR is equivalent to 3.3 kpc in physical distance.
The contours correspond to the smoothed HST F555W image. Upper right: LArr map of the stellar
mass density. Same color scale as the CALIFA map. Below it is a zoom of the CALIFA map in the
nuclear region, to match the region covered by LArr map. Lower panel: radial profile of the stellar
mass density as a function of the radial distance in HLR, in red for LArr and black for CALIFA. The
light-red and grey points are the values measured for all the spectra in the datacubes.
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Figure 6.13 Total 1D Star Formation Histories in light (upper panel) and mass (lower panel). The
x axis represents the ages of the SSPs included in our base, while the y axis represents the total
luminosity (or mass) summed over all spaxels in NGC 2623, for a given age. In the top panel, the
two periods of increased star formation can be seen around 10 Myr and 500 Myr. The lower panel
shows the total stellar mass formed in NGC 2623 as a function of time. As usual, due to the highly
non-linear relation between light and mass in stars, the young populations that show up so well in
light practically disappear when seen in mass.

so we can get a detailed idea of when the bursts of star formation started and how many of them

occurred.

In Figure 6.13 we present the total 1D SFHs in light (upper panel) and mass (lower panel) of NGC
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2623. They x axis represent the ages of the SSPs included in our base, while the y axis represents the
average light (or mass) fraction calculated over all spaxels in the cubes, for a given age. From the top
panel we found that there could have been two relevant ”young” bursts between 5 Myr to 13 Myr
ago. However, the spectral differences between these 2 SSPs are not enough to distinguish (within
our temporal resolution) if they were individual bursts or something more ”continuous”. Within the
intermediate /intermediate-old age range we found that two bursts may have occured, the less intense
peaking at 1.4 Gyr and the more intense peaking around 500 Myr but ranging from 300 Myr to 1
Gyr. The old populations formed between 14 Gyr and 4 Gyr ago for NGC 2623. The lower panel
show the mass fraction formed in NGC 2623 as a function of time. As usual, due to the highly non-
linear relation between light and mass in stars, the young populations that show up so well in light
practically disappear when seen in mass. However, the intermediate age stellar population are clearly
seen in mass, confirming that their contribution to the total mass of the system is not negligible.

6.4.10. Contribution of young, intermediate and old populations

As in Section 5.4.10, here we study the spatially resolved SFH, by condensing the age distribution
encoded in the population vector into three age ranges: the so called young stellar populations (YSP,
SSPs < 140 Myr), intermediate age stellar populations (ISP, 140 Myr < SSPs < 1.4 Gyr), and old
stellar populations (OSP, SSPs > 1.4 Gyr). We select these three age bins to correspond to the main
sequence lifetimes of stars with distinctly different optical line and continuum features.

In Figure 6.14 we present the images of the light fraction due to YSP, ISP, and OSP (xy, x;, and
x0). We found that YSP are only important in the nuclear region, the north tidal tail and the region
rich in star clusters located south of the nucleus, with contributions to total light between 40 - 70 %
(left panel Figure 6.14). The ISP dominates the light almost everywhere (60 %, middle panel Figure
6.14), except in the nucleus itseft and the south tidal tail. It is interesting to note the presence of
this widespread ISP in this merger. On the other hand, the only region which is clearly dominated by
OSP is the south tidal tail, with a contribution to light of ~70%. They are also responsible of 30 %
of the nuclear light (right panel Figure 6.14).

In Figure 6.15 we show the radial profiles of the contributions to light of young xy, intermediate
x7, and old xp populations in blue, green, and red colors, respectively. We found that below 1.5 kpc
(0.6 HLR) the light is dominated by YSP, with contributions between 35 - 60 %. Above 1.5 kpc and
up to 9 kpc the light is clearly dominated by ISP, also with contributions between 35 - 60 %.

Analogously, in Figures 6.16 and 6.17, we present maps of the mass contribution in percentage due
to young, intermediate, and old populations (my, m;, and mp) and their radial profiles. The fraction
of stellar mass contributed by YSP is less that 5% everywhere, except maybe in the north tidal tail,
where it can be up to 30 %. Most of the mass is contained in OSP. In particular, they dominate
the mass contribution below 4 kpc (1.5 HLR), as can be seen in Figure 6.17. Above it, the mass
contribution of the ISP is also significant, between 40 - 60 %, similar to the old stars contribution.

When summing the total mass in each age bin, we found that from the total M’= 6.3x10'° M,
in NGC 2623, the mass in young M’(Y), intermediate age M’(I) and old M’(O) stellar populations is
8.1x10% My, (1%), 1.4x10'° My, (22%), and 4.8x10'° Mg, (77 %), respectively.

Additionally, we have compared the mass in YSP components with the mass in clusters derived in
Section 6.3.3. The average age of the clusters in this galaxy is ~ 300 Myr. Although some clusters can
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Figure 6.14 From left to right: Maps of the contribution in percentage of young (a)t<140 Myr , (b)
intermediate (140 Myr <t< 1.4 Gyr), and old (c) t>1.4Gyr stellar populations to the observed light
at 5635 A. Contours represent the smoothed HST F555W image. We found that the young stellar
components are concentrated in the nuclear region, the north tidal tail and the region rich in star
clusters located south of the nucleus, with contributions to total light between 40-70%. The inter-
mediate age stellar populations dominate the light almost everywhere (60 %), except in the nucleus
itseft and the south tidal tail. On the other hand, the only region which is clearly dominated by old
SPs is the south tidal tail, with a contribution to light of ~70 %. They are also responsible of 30 % of
the nuclear light.

Oold |
Intermediate
60| Young .

50| .
40} .

70

x [%]

20 8
10 s
o | | | |

0 2 4 6 8 10
R (kpc)

Figure 6.15 Radial profiles of the light contributions from (a) young xy (blue), (b) intermediate x;
(green) and (c) old populations xp (red) with the radial distance in kiloparsec. As can be seen, young
stellar populations are dominating the light below 1.5 kpc, while above it, light is clearly dominated
by intermediate age stellar populations.
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Figure 6.16 From left to right: Maps of the contribution in percentage of young (a) t < 140 Myr, (b)
intermediate (140 Myr < t < 1.4 Gyr), and old (c) t > 1.4 Gyr stellar populations to the total stellar
mass. Contours represent the smoothed HST F555W image. The fraction of stellar mass contributed
by stars younger than 140 Myr is less that 5 % everywhere, except maybe in the north tidal tail, where
it can be up to 30 %. Most of the mass is contained is old stellar populations.
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Figure 6.17 Radial profiles of the mass contributions from (a) young xy (blue), (b) intermediate x;
(green), and (c) old populations xo (red) with the radial distance in kiloparsec. The old populations
dominate the mass below 4 kpc (1.5 HLR). Beyond it, the mass contribution of the intermediate age
stellar population is also significant, between 40 - 60 %, similar to the old stars contribution.
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reach up to 500 Myr. We found that M(SSPs < 300 Myr) = 7.8 x 10® My and M(SSPs < 500 Myr)
= 8.6 x 10® M, while the mass in clusters is ~ 6 x 108 M. Both masses are comparable to each
other within a factor of 1.3 - 1.4, which is in agreement with the hypothesis that the vast majority of

stars form in clusters rather than in isolation.

6.4.11. Comparison of results with base CB

As mentioned at the end of Section 6.4.1, we performed two sets of Starlight fits using the so-
called GM and CB bases. So far, we have presented the results with GM base. Focusing only on
CALIFA data, here we will describe the main differences in the derived stellar population properties
if we consider the base CB.

Cid Fernandes et al. (2014) calculate the uncertainties in the stellar population properties due to
the choice of model base (GM or CB) for CALIFA data, and also for the noise and shape-related
errors. They found that the uncertainties related to the choice of base models are larger than those
associated with data and method, with one-o differences in < log age >, Ay, and < log Z, > of ~
0.15, 0.08, and 0.18 dex.

In Figure 6.18 we compare the radial profiles of NGC 2623: (a) stellar dust attenuation, (b) ages,
(c) metallicities, and (d) stellar mass surface densities; for GM base of models in color blue and CB

base in red. The differences between them are:

= Dust extinction is very similar with both bases, with GM returning slightly higher extinctions
than CB. Averaging at all distances, GM is 0.04 + 0.02 mag higher than CB. The difference
is less than that found by Cid Fernandes et al. (2014). For Ay they found 0.08 mag due to the
base choice and up to 0.16 mag for spectral shape errors.

= Stellar age. We found that above 0.6 HLR, CB returns stellar ages ~ 0.1 dex older than GM.
This is also within the 0.15 dex error expected from the base choice. Below 0.6 HLR, the trend
between bases is reversed, with GM deriving older ages than CB. In the nucleus (inner to 0.2
HLR) the difference reaches up to 0.25 dex. The average difference at all distances is -0.01 £
0.08 dex.

= Stellar metallicity is -0.02 £+ 0.03 dex lower with GM than with CB base when averaging
at all distances. This difference is not significant given the dispersion. Therefore, they can be

considered equal.

= Stellar mass surface density is 0.28 + 0.08 dex higher with GM than with CB base when
averaging at all distances. This is due to a combination of the differences in the IMF (~ 0.26

dex, GD2015) and in the stellar population properties.

6.5. Ionized gas emission

The Starlight best fits were subtracted from the observed spectra to obtain 3D cubes with the
pure nebular emission line spectra. These emission spectra contain information relative to the ionised
gas properties. In this section we present maps of key line ratios sensitive to the ionization mechanism,

together with Hoe luminosity and ionized gas dust attenuation. Hereafter, we focus only in the CALIFA
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Figure 6.18 Comparison of the radial profiles of the stellar population properties of NGC 2623 for
GM base (blue lines) and CB base (red lines). From top left to bottom right we show: (a) stellar dust
attenuation, (b) age, (c) metallicity, and (d) stellar mass surface density.

IFS. The methodology we have followed to measure emission line fluxes is described in Section 5.5.1.
Moreover, the OSIRIS data will be used to complement these results, we have the Hoa and [NII|A6583

emission line maps with high spatial resolution.

6.5.1. Ionized gas morphology

Figure 6.19 shows the observed Ha emission flux from OSIRIS data (left panel) and CALIFA

1 2 and

(right panel), that traces the distribution of ionised gas. They are in units of 1076 erg s™! ecm™
in logaritmic scale to enhance the contrast. As can be seen, OSIRIS emission is more compact than
CALIFA. We think this is mainly due to the better spatial resolution of OSIRIS (~ 1”) than CALIFA
(~ 2.47). Moreover, the CALIFA Ho emission has been corrected from stellar absorption while this
was not possible in OSIRIS data. We believe these are the reasons why the ionized gas seems to be
more compact in OSIRIS than in CALIFA map. In NGC 2623, the vast majority of the ionized gas
emission comes from the nuclear regions. Outside the nuclear regions, we also found three star forming

knots south of the nucleus and fainter Ha emission in the north tidal tail, detected in both CALIFA
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Figure 6.19 OSIRIS Ha (left) and CALIFA Ha (right) emission line fluxes. They are in units of 10716
erg s~! ecm™2 and in logaritmic scale to enhance the contrast. The black cone delimits the nuclear
outflowing nebula reported by Lipari et al. (2004). Outside the nuclear regions, we also found 3 star
forming knots south of the nucleus and fainter Ha emission in the north tidal tail, detected in both
CALIFA and OSIRIS maps. HST F555W image is shown in contours, smoothed to approximately
match the spatial resolution of our IFS.

and OSIRIS maps.

Lipari et al. (2004) (L04 hereafter), reported the existence of an outflow due to a nuclear dusty
starburst in this system, forming a cone-shaped nebulae, with an aperture angle of § ~ 100°. The
orientation and location of the outflow as reported by L04 is shown with black solid lines in this Figure.
This outflowing cone-nebulae fits perfectly the OSIRIS Ha emission. In both cases, the emission is
quite compact. Attending to CALIFA Ha emission we found that the outflowing nebulae could be
in fact more extended than reported by L04. Analogously, in Figure 6.20 we show the observed
[INIT]A6583 emission flux from OSIRIS data (left panel) and CALIFA (right panel). Its distribution
and morphology is very similar to Ha.

With respect to the morphology, and given the highest spatial resolution of the OSIRIS map,
we are able to distinguish several substructures within the cone-nebulae, that are unresolved in the
CALIFA and L04 maps. Figure 6.21 zooms into the nuclear regions of OSIRIS Ha and [NII]JA6583
maps. We notice two different structures. On one hand, there is a point-like source offset with respect
to the nucleus by (2.7”E, 0.1”N, label A in Figure 6.22). Its morphology is consistent with a star
forming knot. This is confirmed by the line-ratios, with [NII]/Ha ~ 0.5 (see Section 6.5.4). On the
other hand, there is an extended, lobular-like emission with bow-shaped, clumpy ends that seems to
emerge from the nucleus (the lobe in Figure 6.22). This kind of morphology is typical from shocked
regions.

To get a better idea of the overall morphology of the cone nebulae, in Figure 6.22 we have super-
imposed in red contours the OSIRIS Ha emission over the HST F555W continuum image. Within the
cone nebulae, we distinguish the stellar origin of eastern source, labelled as A in the image. Inside the
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Figure 6.20 Left: OSIRIS [NII]JA6583 emission line flux in units of 1071% erg s™* ¢cm ™ and in logaritmic
scale to enhance the contrast. The smoothed HST F555W image is shown in contours. Right: CALIFA

[NII]A6583 emission line flux.
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Figure 6.21 OSIRIS Ha (left) and [NIIJA6583 emission (right) zoom into the nuclear region of NGC
2623. Given the high spatial resolution of OSIRIS we can differenciate several subestructures. On one
hand, there is a point-like source offset with respect to the nucleus by (2.7”E, 0.1”"N). Its morphology
is consistent with a star forming knot. On the other hand, there is an extended, lobular-like emission
with bow-shaped, clumpy ends that seems to emerge from the nucleus. This kind of morphology is
typical from shocked regions.
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Figure 6.22 HST F555W continuum image of the nuclear region of NGC 2623 together with OSIRIS
Ha line emission in red contours. Within L04 cone nebulae, we distinguish the stellar origin of eastern
source, labelled as A in the image. Inside the lobe, we find that the brightest Ha emission also
correspond to several cluster agregations, labelled as B. Most of the extended Ha emission is spatially
coincident with highly dust obscured regions. Some bright clusters appear at the tip of the lobe (at the
"edges” of the outflow), whose formation could have been induced by it. It seems like the ”outflow” is
in the process of removing/sweeping some of the highly obscured nuclear gas. Finally, the three HII
regions south of the nucleus C1, C2, and C3 are also indicated in the figure. Although weak, their
stellar counterpart is appreciated.
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Figure 6.23 From top left to bottom right: emission line maps of [OI[]A3727, [OI]A6300, Hf,
[OIII]A5007, [SIIJA6716 + [SII]A6731 and [SIT]A6716 / [SII]A6731 (a tracer of the electron density).
All panels, except the last one which is a ratio, are in logaritmic scale and in units of 107'6 erg s=1
cm~2. The scale range is different for each map to maximize the contrast. The smoothed continuum
HST F555W image is superimposed in contours.
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lobe, we find that the brightest Ha emission also corresponds to several cluster aggregations, labelled
as B. Most of the extended Ha emission is spatially coincident with highly obscured regions. Some
bright clusters appear at the tip of the lobe (at the "edges” of the outflow), whose formation could
have been induced by it. It seems like the "outflow” is in the process of removing/sweeping some of
the highly obscured nuclear gas. Finally, the three HII regions south of the nucleus C1, C2, and C3
are also indicated in the Figure. Although weak, their stellar counterpart is appreciated.

The remaining emission lines maps are shown in Figure 6.23. From top left to bottom right:
[OII]A3727, [OI]A6300, HA, [OIII]A5007, [SIT|A6716 + [SII)A6731, and [SII]A6716 / [SII]A6731, which
is a tracer of the electron density. All panels except the last one which is a ratio, are in logaritmic

1 em™2. The scale range is different for each map to maximize the

scale and in units of 107! erg s~
contrast. The continuum HST F555W image is superimposed in contours, smoothed to approximately

match the spatial resolution of our IFS.

6.5.2. Emission line ratios sensitive to gas density

As shown in the previous chapter, the [SII]A6716/[SII]A6731 doublet ratio is primarily sensitive
to the electron density of the emitting gas (n.). This ratio varies from 0.4 to 1.4 for densities between
10° to 102 em™3 (at T. = 10* K, Osterbrock & Ferland 2006). From bottom-right panel of Figure
6.23 we found that in NGC 2623 nucleus the ratio has values around 1.25, equivalent to an electron
density of ~ 200 cm™3. To the west of the nucleus and in several spaxels to the south east we found
regions with higher densities, up to ~ 600 cm ™2 (ratios up to 1.0). Everywhere else the ratio is above
1.4, implying densities below 100 cm 3.

6.5.3. Ionized gas dust attenuation

Using the observed F(Ha) and F(H/) fluxes, assuming an intrinsic ratio of 2.86 and a Calzetti et al.
(2000) reddening function, we have derived the dust attenuation Ay and the dereddened I(He) flux
using the equations reported in Section 5.5.4.

In Figure 6.24 the attenuation map (Ay) and dereddened Hev emission flux are shown. The highest
extinction is found in the nuclear regions with up to 4.5 magnitudes. This level of extinction implies
that a dust screen with high covering fraction lies in front of the central region of the galaxy, consistent
with the dust lanes visible in HST images. However, the ionized gas in the north tidal tail and in the
clusters south of the nucleus has Ay < 1 mag. The global average is Ay ~ 1.4 mag.

We compared the ratio between ionized gas and stellar extinction, considering as reliable spaxels

those with extinction above 0.15 mag, and found an average of < ;“/‘/& > = 1.9 £ 1.1. This result

,stars

is in agreement with Calzetti et al. (1994) who obtained < % > = 2.0 + 0.4 for a sample of 39
starburst galaxies. We think that this discrepancy between stellar and ionized gas extinction could be
a consequence of the fact that the hot ionizing stars (the ones contributing to the line emission) are
associated with dustier regions than the cold stellar populations which contribute most of the optical
continuum.

From the dereddened Ha map, we find that the distribution of ionized hydrogen in NGC 2623 is
in fact rather centrally concentrated. The Ha bright regions are approximately coincident with the

regions where the YSP are contributing 40 - 60 % to the total light (see Section 6.4.10).
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Figure 6.24 Left: Emission line attenuation at 5500 A, calculated from the Ho /H/3 emission line ratio
assuming a Calzetti like dust attenuation curve. Right: CALIFA dereddened Ha emission line. The
spaxeles in which we have Ha emission but no attenuation measurements are plotted with the same
values as in right panel of Figure 6.19. The nuclear region is very dusty, with up to 4.5 magnitudes
of extinction at 5500 A. However, the ionized gas in the north tidal tail and in the cluster-rich region
south of the nucleus has Ay < 1 mag. The global average is Ay ~ 1.4 mag. From the dereddened
Ha map, we find that the distribution of ionized hydrogen in NGC 2623 is in fact rather centrally
concentrated.

6.5.4. Emission line ratios sensitive to ionisation source

Standard line ratios sensitive to the shape of the ionising spectrum have been calculated. First,
we focus on those ratios where lines are close enough in wavelength space to not be strongly affected
by dust attenuation.

In Figure 6.25 we show the [NII]A6583/Ha maps for OSIRIS data (left) and CALIFA data (right).
Regions with [NIT]A6583/Ha < 0.56 are compatible with being high-metallicity star forming regions
(Kauffmann et al., 2003). From the CALIFA map this is the case for the star formation in the north
tidal tail and the three emission knots south of the nucleus (C1, C2, and C3). The CALIFA ratios
are consistent with the OSIRIS ones, but less sensitive to small-scale variations due to its poorer
spatial resolution. With the greater spatial resolution of OSIRIS we see finer details of the ionization
mechanisms in the nuclear region of NGC 2623. In particular, inside L04 cone nebula, the nuclear knot
(A) seen on OSIRIS Ha map and some pixels at the clumpy ends of the nuclear lobe, are also consistent
with high metallicity star formation ([NII]A6583/Ha ~ 0.5), while the remaining have [NII[J]A6583/Ha
between 1.0 - 1.2. For the pixels/spaxels at the edges of the cone nebulae, the [NII[JA6583/Ha is even
larger, with values between 1 - 2, which could be mainly associated with the effects of large-scale
shocks when the outflowing gas collides with the ISM (Heckman et al., 1987, 1990).

We would like to point out that our measurements are in perfect agreement with those reported
by L04 inside the cone nebulae. However, they reported very high [NII]A6583/Ha > 3 values outside
the cone nebulae, which we do not find. As previously mentioned, 04 Ha flux is not corrected by the
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contribution of the underlying stellar absorption, and therefore, outside the cone-nebulae their Ha
flux is understimated, leading to higher values of this ratio.

In anycase, it seems that close to the nucleus the photoionization is due to a dusty nuclear starburst,
while the emission in the outskirts is more consistent with large scale shocks. The characteristics of the
nucleus of NGC 2623 could be associated with a starburst related LINER. The starburst is energetic
enough to generate an amount of outflowing gas that collides with the ISM, producing strong shocks
(LINER emission).

In Figure 6.26 we also show [OI]A6300/Ha (left) and [SIIJAN671646731/Ha (right) ratio maps.
Inside the cone nebulae defined by L04 we find line ratios similar to them, ~ 0.15 and ~ 0.5, respec-
tively. Following Heckman et al. (1990), these values are indicative of shock heated gas of moderate
velocity. The spaxels in the outskirts, however, have larger ratios, up to 0.7 for [OI]A6300/Ha and
2.0 for [SII]AN6716+6731/Hc, which are consistent with higher velocity shocks (see Figure 14 of
Heckman et al. 1990). In addition, the nuclear value of the [OI]A6300/Ha ratio is in the same range
as that of starburst related LINERs, i.e. 0.08-0.16. This is an important subclass of LINERs in which
the main source of ionization is associated with the diffuse radiation field of metal rich dusty star-
bursts (Heckman et al., 1996). Therefore, for the nuclear region of NGC 2623, these 2D maps show
results mainly consistent with ionization by a nuclear dusty starburst plus shocks (with a starburst
related LINER spectrum).

In Figure 6.27 we also show [OIII]A5007/H/ (left) and [OIII]A5007/[OII]A3727 (right) ratio maps,
the latter using the dust attenuation corrected fluxes. The [OIII]A5007/HS ratio map is everyw-
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Figure 6.25 Emission line ratio map of [NII]A6583/Ha for OSIRIS and CALIFA, in left and right
panel respectively. In CALIFA map we see ionization due to star formation in the north tidal tail and
in the three emission knots south of the nucleus (C1, C2, and C3). With the greater spatial resolution
of OSIRIS we see that inside L04 cone nebula, the nuclear knot (A) and some pixels at the clumpy
ends of the lobe, are also consistent with high metallicity star formation. For the spaxels at the edges
of the cone nebulae, the [NII]\6583/Ha is much larger, between 1 - 2 and mainly associated with the
effects of large-scale shocks.
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Figure 6.26 [OI]\6300/Ha (left) and [SII]AN6716+6731/Ha (right) ratio maps. Inside the L04 cone
nebulae we find line ratios similar to them, of ~ 0.15 and ~ 0.5, respectively. These values are indicative
of shock heated gas of moderate velocity. The spaxels in the outskirts, however, have larger values of
the ratios, up to 0.7 for [OI]A6300/Ha and 2.0 for [SIJ]AN6716+6731/Ha, which are consistent with

higher velocity shocks.
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Figure 6.27 [OIII]A5007/Hf ratio map (left) and [OIIIJA5007/[OII]A3727 (right) ratio maps, the latter
using the dust attenuation corrected fluxes. The [OIII]A5007/Hg ratio map is everywhere below ~2.
Ratios above 3.2 would be expected for Seyfert emission, which can be discarded in NGC 2623. The
lowest values of this ratio <0.6 correspond mainly with the already known star forming regions. The
dereddened ratio [OITII]A5007/[OII]A3727 is expected to have values below 1 for LINER-like emission,
and above 1 for Seyferts. In NGC 2623 we found values below 0.4, consistent with softer ionization

mechanisms.
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Figure 6.28 Left: [NII]A\6583/Ha vs [OIII]A5007/H/ line ratio diagnostic diagram, showing line ratios
for independent spaxels in NGC 2623. Black lines are the demarcations between LINERs/Seyferts
and HII regions. Dotted line is from Kauffmann et al. (2003), solid line is Kewley et al. (2001) and
the dashed-dotted line is Cid Fernandes et al. (2010), that separates Seyferts from LINERs. Right:
Map of the location in NGC 2623 of the star forming (blue), composite (green), and LINER (red)
dominated spaxels.

here below ~ 2. Ratios above 3.2 would be expected for Seyfert emission (Heckman et al., 1987;
Veilleux et al., 1995), which can be discarded in NGC 2623, even in its nucleus. The lowest values
of this ratio < 0.6 correspond mainly with the already known star forming regions. The dereddened
ratio [OIII]JA5007/[OIIJA3727 is expected to have values below 1 for LINER-like emission, and above
1 for Seyferts. In NGC 2623 we found values below 0.4, consistent with softer ionization mechanisms.

6.5.5. Diagnostic diagrams

In the left panel of Figure 6.28 we show [NII]\6583/Ha vs [OIII]A5007/Hf diagnostic diagram.
Line ratios from individual spaxels are plotted as filled circles. Overplotted as black lines are empiri-
cally and theoretically derived separations between LINERs/Seyferts and HII regions. Dotted line is
from Kauffmann et al. (2003), a conservative demarcation line to separate pure star formation ioni-
zation from other ionization mechanisms; solid line is Kewley et al. (2001), which represents regions
of composite ionization mechanisms, normally starbursts and shocks. Finally, the dashed-dotted line
is Cid Fernandes et al. (2010), that separates Seyferts from LINERs. Spaxels consistent with pure
star formation ionization are plotted in colour blue, those with LINER like ionization are plotted in
red, and the composite regions in green. In the right panel, we show where the different ionization
mechanisms are located within NGC 2623. We found that only the gas in the north tidal tail and the
brightest knot south of the nucleus is consistent with pure star formation ionization. On the other
hand, the gas inside the nuclear cone defined by L04 (a bit narrower and elongated in our data), is

consistent with LINER emission, together with some other spaxels to the west of the nucleus. The
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Figure 6.29 Left:[OI]A6300/Ha vs [OIII]A5007/Hf line ratio diagnostic diagram. The solid demarca-
tion line is Kewley et al. (2001), and the dashed-dotted line is Kewley et al. (2006). Those spaxels
below Kewley et al. (2001) are coloured blue and are consistent with ionization due to star formation,
those above Kewley et al. (2001) and below Kewley et al. (2006) are coloured red, and are LINER
ionization type. Right: Map of the location in NGC 2623 of the star forming/composite and LINER
dominated spaxels.

remaining spaxels seem to be a mixture of star formation and LINER like emission.

In Figure 6.29 we show the analogous comparison using [OI]A6300/Ha vs [OIII]A5007/HS diag-
nostic diagram. In this case, the solid demarcation line is Kewley et al. (2001), and the dashed-dotted
line is Kewley et al. (2006). With this BPT, we conclude that within all the circumnuclear region of
NGC 2623, the ionization mechanism is LINER type.

6.5.6. OSIRIS line emission at the edge of the SW tidal tail

The OSIRIS narrow band filter imaging data covers a very large FoV, including the whole extension
of NGC 2623, beyond the tidal tails. In the OSIRIS [NII]\6583 map we detect four bright star forming
regions, located more than 19 kpc away from the center, at the edge of the southwestern tidal tail. In
Figure 6.30 we show the OSIRIS [NII]A6583 map, where the regions have been indicated as R1, R2,
R3, and R4. The existence of these regions has been previously reported/detected by Bournaud et al.
(2004) and de Mello et al. (2012).

As we mentioned in Section 3.3, the wavelength tuning is not uniform over the full field of view
of OSIRIS. There is a progressive increasing shift to the blue of the central wavelength (\g) as the
distance to the optical centre (r) increases. The wavelength (in Angstroms) observed with the red TF

relative to the optical center changes following the law reported by Gonzalez et al. (2014):

A= Ao — 5,04 x 7(arcmin)? (6.3)
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Figure 6.30 [NIT]A6583 emission flux image from OSIRIS data. The smoothed HST F555W image has
been superimposed in contours. Note the 4 regions to the west, near the end of the south tidal tail,

labeled as R1, R2, R3, and R4.

Table 6.1. Fluxes of regions R1 to R4 measured in OSIRIS TF [NIIJA6583 image.

Region

Wavelength (A)  Flux (erg s~! cm™?)

R1
R2
R3
R4

6562
6558
6557
6553

2.5x10716
7.6x10716
7.7x10716
2.5x10716

Given the position of the four regions in the FoV of OSIRIS, they are emitting in wavelengths that
range from 6553 to 6562 A, consistent with the spectral region between [NIT]A6548 and Ha. According
to this, the ages of the star forming regions must be below or around 30 Myr. Stars older than this,

would not be able to produce enough ionizing photons for such Ha emission. This is consistent with

de Mello et al. (2012) estimations. We have performed aperture photometry to derive the total fluxes

of these star forming knots. Results are summarized in Table 6.1.

Attending just to their location and Ha emission they could be compatible with the formation of

a tidal dwarf galaxy in the south west tail of NGC 2623. Unfortunately, this is all the information we

have about them, and we can not characterize them further, because these regions are not covered by

the CALIFA datacube and we cannot estimate their precise masses, ages and metallicities. Additional
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Figure 6.31 Velocity field derived from Ha (left) and [NII]JA6583 (right). A rotation pattern is preserved
in the nucleus, with an amplitude of + 120 km/s. The kinematic center is displaced 2 arcsec to the
east with respect to the photometric center. The position angles of the major kinematic axis for the
approaching a receding sides have been calculated by Barrera-Ballesteros et al. (2015) and shown in
the figure with black solid lines. For NGC 2623, PAJ2"" = 83.1 4 5.9° and PA7¢? = 115.1 + 11.4°.
The outflow signature can not be detected in these maps, with our spectral resolution we do not see
double components in the lines. Beyond the nucleus, both the star forming regions in the north tidal
tail and the material in the cluster rich region to the south are approaching to us at ~ 40 km/s.

spectroscopic data will be necessary to test further this hypothesis.

6.6. Kinematics

We have determined the ionized gas kinematics of NGC 2623 using Ha and [NIIJA6583 in or-
der to compare to previous results from L04 and Barrera-Ballesteros et al. (2015). As Ha and the
[INIT]AN6548,6583 are blended, we fitted simultaneously three Gaussians in two ways, with and wit-
hout constraining the position of the nitrogens with respect to Ha. The [NII]A6583 velocity field is
similar with both considerations and vary only smoothly. For comparison purposes with Ha, here we
show the non-constrained fit. We have converted the central positions of the Gaussians to velocities
using equation 5.12. Also, from the Gaussian fit to the emission lines, we derive the lines widths,
which can be converted into velocity dispersions using equations 5.13 and 5.14. For CALIFA data the
instrumental resolution at these wavelengths is 0,5t ~ 116 km/s. Therefore, line widths below ~ 58
km/s are unresolved at the CALIFA resolution.

In Figure 6.31 we show the Ha (left) and [NIIJA6583 (right) velocity fields. As can be seen,
a rotation pattern is preserved in the nucleus, with an amplitude of + 120 km/s. We have found
that the kinematic center is displaced 2 arcsec to the east with respect to the photometric center.
However, this is within our spatial resolution. The position angles of the major kinematic axis for

the approaching a receding sides have been calculated by Barrera-Ballesteros et al. (2015) and shown
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Figure 6.32 Velocity dispersion maps derived from Ha (left) and [NIIJA6583 (right). The instrumental
resolution was subtracted from the measured line widths in quadrature (oj,s ~ 116 km/s). Line
widths below ~58 km/s are unresolved at the CALIFA resolution. We found evidence of the outflow,
as the highest values of the velocity dispersion (~ 220 km/s) are reached inside the cone nebulae
defined by L04 (and indicated with black solid lines in the left panel). This is specially noticeable in
the Ha map. In addition, the regions with the highest o values are approximately coincident with
pure LINER spaxels in the BPT diagram.

in the Figure with black solid lines. For NGC 2623, PA?P"” = 83.1 + 5.9° and PAT¢d = 115.1 +
11.4°. Our results are also in agreement with L04. They also found a rotation pattern with a similar
amplitude like us. They fit an axisymmetric model and a Plummer model and when subtracting they
found in the residuals the signature of the outflow. Moreover, they found double [NII] components
inside the cone nebulae where they report the outflow. From the bluest ones they derive the mean
outflow velocity < Vor > = -405 £+ 35 km/s. We can not perform a similar estimate with our data,
as with our spectral resolution we do not see double components but just broader emission. Beyond
the nucleus, both the star forming regions in the north tidal tail and the material in the cluster-rich

region to the south are approaching to us at ~ 40 km/s.

In Figure 6.32 we show the Ha (left) and [NIIJA6583 (right) velocity dispersion maps. Here we
found evidence of the outflow, as the highest values of the velocity dispersion (~ 220 km/s) are
reached inside the cone nebulae defined by 1.04 (and indicated with black solid lines in the left panel).
This is specially noticeable in the Ha map. In addition, the regions with the highest o values are
approximately coincident with pure LINER spaxels in the BPT diagram (right panel of Figure 6.28).
In addition, we note that there is a region to the west of the nucleus with line ratios consistent with

LINER ionization, although the velocity dispersion has low values in it, more typical of HII regions.
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6.7. Star formation rates

From CALIFA data there are two ways to estimate the SFR, both explained in detail in Section
5.6. On the one hand, for the regions of the galaxies where the gas is photoionised by light from
massive stars, we can measure the SFR from the dust attenuation corrected Ha line luminosity, using
the conversion to star formation rate provided by Lacerda et al. (private communication). They report
the value of the SFR constant using BC2003 models with different IMFs (Salpeter and Chabrier) and
different metallicities. The calibration for 0.4 Zs (NGC 2623 mean metallicity is ~ 0.5 Zg) and for
Salpeter IMF is:

SFR(Mg yr—') = 6,6 x 107 2L(Ha) e (erg s71) (6.4)

and for Chabrier IMF:
SFR(Mg yr—') = 3,9 x 10 2L(HQ) copr (erg s7) (6.5)

For the composite/LINER spaxels we obtain only an upper limit on the SFR, because a fraction
of the Ha flux may arise from processes unrelated to star formation, as outflow related shocks. In
NGC 2623 we measure a total dust attenuation corrected Ha luminosity of Ly, = 3.35 x 10%! erg
s~1 (spatially resolved). From the integrated spectra we derived Ly, = 1.96 x 10*' erg s!. This
leads to a total SFR < 2.2 M, yr—!, which is surprisingly low, not even near the 24 My yr—! which
are in principle neccesary to power the observed outflow (see Section 6.8.6). The observed and dust
attenuation corrected Ha luminosities are shown in Table 6.2. The corresponding SFR, are reported
in Table 6.3.

On the other hand, we can also use the stellar continuum. Its decomposition provides an inde-
pendent estimate of the star formation rate, uncontaminated by non-stellar photoionisation sources.
For comparison purposes we estimate it for tgp=30 Myr, which is approximately the lifetime of the
ionizing populations also emitting in He, that is, O and early B stars, and also for tgp=140 Myr
which is more comparable to the FUV emission, tracing stellar populations dominated by up to A0
stars. We used equation 5.17.

Additionally, we have used GALEX FUV and NUV imaging to determine the SFR. First, we have
measured the observed fluxes and converted them into magnitudes to calculate the extinction in the
FUV, using equation 5.18. The SFR has been calculated from the dust attenuation corrected FUV
luminosity, using the calibration provided by Lépez-Fernandez et al. (private communication), derived
by using CB base of models. For Z ~ 0.4 Zg, this calibration is given by:

SFR(Mg yr—') = 3,6 x 107 L(FUV ) eory (erg s~ 1) (6.6)

As can be seen in Table 6.3, there are no significant differences between the spatially resolved
SFR and the SFR derived from the integrated spectra. They are comparable within a factor of < 2.
Moreover, the SFR (30 Myr) is an order of magnitude (a factor ~ 7) larger than SFR(Haeor), ~ 15 vs
~ 2.2 for Salpeter IMF and ~ 7 vs ~ 1.3 for Chabrier IMF. This makes no sense as the SSPs<30 Myr
are the ones expected to ionize the Ha gas around them. The only possible explanation is that the
gas is significantly more obscured than these stars, which is possible considering that the stellar winds

emitted by these stars are able to clear the gas and dust in their immediate surroundings but not in
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Table 6.2. Multiwavelength luminosities of NGC 2623.

Luminosities NGC 2623 NGC 2623

spatially resolved integrated

L(Ha) ops 4.06 x 10%° 4.88 x 10%°
L(Ha) corr 3.35 x 101 1.96 x 10*
L(FUV)ps 4.17 x 102
L(FUV) corr 3.22 x 10%

L(24) 1.15 x 10%

L(TIR) 1.04 x 10%
L(1.4GHz) 6.6 x 102

Note. — All the luminosities are in units of erg
s71, except L(1.4 GHz) which is in W Hz 1.

the outer areas of the HII region. As discussed later in this section, when using the hybrid tracers
of the SFR that combine the observed Ha and IR or radio emission, we found that the global SFR
estimated with them matches the SFR(30 Myr), therefore suggesting that a fraction of the ionizing
photons is absorbed by dust and reemitted in the IR/radio wavelengths instead of ionizing the Ha
emitting gas.

The SFR(140 Myr) is more similar to the SFR(FUV), ~ 2.5 vs ~ 1.2 for Chabrier IMF, a factor
2 larger, which is within the uncertainties.

Given the heavy dust lanes observed in the HST images of NGC 2623 nucleus and the high
attenuation measured in lines and continuum, we must ask whether substantial star formation is not
accounted for by the Balmer decrement attenuation correction. For that, we rely on data from the
IR and radio wavelengths. NGC 2623 have been observed in the mid-IR (at 24um) with the MIPS
instrument on board Spitzer Telescope, in far-IR with IRAS (25, 60, and 100 gm) and in radio 1.4 GHz
with Very Large Array. These data provide us with three alternative SFR estimates which account
for optically thick dust obscuration by direct detection of the thermal dust emission. Moreover they
are very sensitive to recent star formation.

First, we combine the 24um luminosity with the observed Ha luminosity (not dust attenuation
corrected) following the analogous calibration of Kennicutt et al. (2009), for 0.4 Zs and Salpeter IMF:

SFR(Mg yr—') = 6,6 x 107*2 [L(Ha)ps 4+ 0,020 L(24)] (erg s~ 1) (6.7)
For a Chabrier IMF"
SFR(Mg yr—') = 3,9 x 107* [L(Ha) s + 0,020 L(24)] (erg s~ 1) (6.8)

where L(Ha)qps is the observed Ha luminosity and L(24) = X Ly at 24um.
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Table 6.3. Multiwavelength Star Formation Rate for NGC 2623.

SFR NGC 2623 NGC 2623
(Mg yr1) spatially resolved integrated
Base GM Salpeter » < 30 Myr 15 19
Base BCO03 Salpeter Hacopr 2.2 1.3
Base CB Chabrier » < 30 Myr 6.9 9.9
Base BC03 Chabrier Happr 1.3 0.8
Base CB Chabrier x < 140 Myr 2.5 5.2
Base CB Chabrier GALEX FUV 1.2
Hybrid Salpeter Hayps + 24pm 16
Hybrid Salpeter Hayps + TIR 17
Hybrid Salpeter Hayps + 1.4 GHz 17
Hybrid Chabrier Haps + 24pm 9
Hybrid Chabrier Hay,s + TIR 10
Hybrid Chabrier Hay,s + 1.4 GHz 10

Note. — All the SFRs are in units of M yr—!. The SFRs derived
from our optical IF'S are computed for spatially resolved and integrated
spectra. The first 4 rows in the table compare the continuum (x < 30
Myr) and Ha emission for the diferent model bases, using different
IMFs. The next two rows compare the continuum (* < 140 Myr) and
the FUV estimates. Finally, the last six rows are the hybrid Hops +
24 pm or TIR or 1.4 GHz flux.

Second, the FIR luminosity calibration analogous of Kennicutt et al. (2009), for 0.4 Zs and Sal-
peter IMF":

SFR(Mg yr~—') = 6,6 x 107*? [L(Ha)ps + 0,0024 L(TIR)] (erg s~ ) (6.9)

For a Chabrier IMF:
SFR(Mg yr') = 3,9 x 107* [L(Ha) ps + 0,0024 L(TIR)] (erg s ') (6.10)

where
L(TIR) = 2,403vL,(25um) — 0,2454v L,,(60um) + 1,6381v L, (100um) (6.11)

Finally, we determine the SFR from the 1.4 GHz luminosity. The radio continuum is dominated by
nonthermal (synchrotron) emission, which presumably originates ultimately from supernova events;

this interpretation forms the physical basis for using the nonthermal radio emission as a SFR tracer
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(Condon 1992 and references therein). The calibration for 0.4 Zs and Salpeter IMF:

SFR(Mg yr—') = 6,6 x 10 *[L(Ha) s + 0,39 x 10*° L(1,AGHz [WHz"'])] (erg s7')  (6.12)
For a Chabrier IMF:

SFR(Mg yr—') = 3,9 x 107 *2[L(Ha) s + 0,39 x 10*° L(1,AGHz [WHz"'])] (erg s7')  (6.13)

All the luminosities and SFRs are also provided in Tables 6.2 and 6.3 for easy comparison.

We found a strong consistency between the SFRs derived from the three multi-wavelength obser-
vations presented here. All of them point to a global average SFR ~ 17 M, yr~! (Salpeter) and SFR
~ 10 Mg yr~! (Chabrier).

This multi-A SFR is similar to the one derived from continuum decomposition, SFR(30 Myr),
and an order of magnitude larger than the SFR derived with Ha dereddened luminosity. This result
implies that some of the ionizing photons have been absorbed by dust and reemitted in the IR /radio
instead of ionizing the Ha emitting gas. According to Kennicutt et al. (2009), we can calculate the

true value of the Ha attenuation applying their equation 13:

A(Ha)(mag) = 2,5 log [1 + W]

L(Ha)obs (614)

We found an average A(Ha) ~ 4.3 mag. From the IFS, we measure a global average of A(Ha) ~ 1.4
mag, a factor 3 smaller than the real value. We conclude that in NGC 2623 there is substantial recent
star formation which is not accounted for by the Balmer decrement attenuation correction.

Finally, we note that the average SFR in NGC 2623 is a factor 5 higher than the SFR in the Milky
Way (< SFR >yw = 1.9 + 0.4 Mg yr—!, Chomiuk & Povich 2011).

6.7.1. Star formation rate densities

From the previous subsection we found that using multi-wavelength data < SFR >yac2623 ~ 10
Mg yr—! with Chabrier IMF. Considering that the radius of active star formation is ~ 3 HLR (= 9.9
kpc), that implies a < ¥ SFR >ngc2623 = 0.033 Mg yr=! kpe™2, a factor 10 larger than the SFR
density of the Milky Way (< ¥ SFR >y = 3.3 x 1073 Mg, yr~! kpc=2, Kennicutt & Evans 2012).

We have also computed the star formation rate densities in NGC 2623 from Ha and the stellar
continuum in the last 30 Myr. They are shown in Figure 6.33. Comparing the left and right panels
we note some similarities and differences. As expected from the previous results, the ¥ SFR(30 Myr)
is higher than the ¥ SFR(Ha). Only in the nucleus of NGC 2623 and in the bright star forming knot
C1 the star formation rate densities are similar. Everywhere else, 3 SFR(30 Myr) is a factor between
10 - 150 higher than ¥ SFR(Ha). For example, in the region rich in star clusters located south of the
nucleus the continuum derived star formation rate density is a factor 10 - 50 greater than the derived
with Ha. However, to the west side of the nucleus it reaches a factor up to 100 - 150.

The final conclusion is that, the extinction in the nuclear regions of NGC 2623 is so high that
some of the ionizing photons have been absorbed by dust and re-emitted in IR/radio wavelengths
instead of ionizing the Ha emitting gas.

On the other hand, the star formation rate density maps show that most of the recent star
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Figure 6.33 Left: Star formation rate surface density estimated from dust-attenuation corrected Ha.
Right: Star formation rate surface density, averaged over the last 30 Myr, measured from the decom-
position of the stellar continuum. We only plot spaxels with Ygpr > 1072 My yr~! kpc=2. Only in
the nucleus of NGC 2623 and in the bright star forming knot C1 both star formation rate densities
are similar. Everywhere else, ¥ SFR(30 Myr) it is a factor between 10 - 150 higher than ¥ SFR(Hea).
For example, in the region rich in star clusters located south of the nucleus the continuum derived
star formation rate density is a factor 10 - 50 greater than the derived with Ha. However, to the west
side of the nucleus it reaches a factor up to 100 - 150. Both maps show that most of the recent star
formation in concentrated in the nucleus, as is expected for advanced mergers as a consequence of the
collapse of the gas toward the galaxy nuclear region.

formation in concentrated in the nucleus, as expected for advanced mergers as a consequence of the

collapse of the gas toward the galaxy nuclear region.

6.7.2. IFS-base variations over Scalo’s b parameter

As stated in Cid Fernandes et al. (2013), it is often useful to consider SFR in relation to some
fiducial value instead of absolute units, as for example, the Scalo’s b parameter. In Section 5.7.2 we
described in detail where and how the three fiducial definitions b*¢, b9%  and c¢9% are obtained.

In Figure 6.34 we show maps of b’ (left panels), b9 (middle panels), and ¢ (right panels)
for three values of tgp: 30 Myr (top), 140 Myr (middle), and 1400 Myr (bottom). All panels are in
logarithmic scale to highlight regions where SFR(tsr) is larger than the chosen reference value; the

dynamical range of the images goes from 1 to 100 (0 to 2 in log).

» The first column of panels (a, d, g) shows the regions where the recent star for-
mation on the different timescales (30 Myr, 140 Myr, 1400 Myr) is enhanced with
respect to the average of these same regions over their whole lifetime:

Before starting the description of the various panels we emphasize that this first column is the
most difficult for us to interpret, given that the stellar populations inhabiting each spaxel/region
have not remained static in that position throughout the whole lifetime of the system, but have

changed with the dynamics of the galaxy.
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Figure 6.34 Spatially resolved SFR surface density on the last tgp= 30(top), 140(middle), and
1400(bottom) Myr in units of different reference values. The left panels compare SFR,,(tsr) to
SFRyy(tao) i.e., the all-time average at xy, thus providing a local version of Scalo’s b parameter (Eq.
12 of CF13). Middle panels compare the local mxy(tsfw) to the all-times average over the whole
galaxy SFRyu(ts)(Eq. 13 of CF13). Panels on the right compare SFR,,(tsr) to that of the galaxy
as a whole over the same time scale SF Ry (tsr)(Eq. 14 of CF13). All images are in log scale from log
1 to log 100, such that only mzy(ts r) values above the corresponding reference value are visible
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In panel (a) the enhanced regions are the nucleus, and some areas to its south and north, co-
rresponding with the beginning of the tidal tails. In this system, some of the tidal tail material
has turned around and is falling back into the merger remnant (Privon et al., 2013). The morp-
hology of the enhanced SFR in the last 30 Myr could be due to this. Considering the past 140
Myr (panel d), the regions of enhanced SFR with respect to their past average are the north
tidal tail and the region rich in star clusters located south of the nucleus. On the longest time
scale considered (g), we found that almost every spaxel has been more active than their lifelong
average. The south tidal tail is the less active region. This distribution is consistent with our
previosly reported, spatially widespread intermediate age stellar populations.

s In the middle column of panels (b, e, h) we can see the regions where the recent
star formation on the different timescales (30 Myr, 140 Myr, 1400 Myr) is enhanced
with respect to the average of the galaxy over its whole lifetime:

From the longest timescale (h) to the shortest (b) we found that the region where the SFR is
enhanced goes from almost the entire galaxy (> 3 HLR in panel h) to only concentrated in
the nuclear region (~ 1 HLR in panel b). The 140 Myr timescale (panel e) shows something
intermediate, the SFR is enhanced in the nucleus together with the region rich in star clusters

located to the south and some regions in the north tidal tail.

» The right column of panels (c, f, i) shows the regions where the recent star formation

on the different timescales (30 Myr, 140 Myr, 1400 Myr) is enhanced with respect
to the average of the galaxy in the same timescales:
We found a distribution in the enhancement of the SFR very similar to the middle column of
panels. Going from more extended (i, but less than h) to more concentrated (c). However, we
note that in the last column we do not compare present to past in the galaxy, like in the middle
column, but present to present in the galaxy. They show the location of the recent star formation
in the galaxy for each timescale, so to speak.

In summary, in the advanced merger NGC 2623 we found that the SF has evolved from outside to
inside. In the shortest timescale considered (30 Myr) the SF is concentrated toward the center, while
in the longest timescale (1.4 Gyr) is more spatially extended, with the SFR in these regions being
significantly enhanced with respect to the average past or actual SFR in the galaxy:.

6.8. Discussion

6.8.1. Cluster populations tracing the merger epochs

We have used multiwavelength imaging from FUV to NIR to characterize the cluster properties
in NGC 2623. Our analysis shows that NGC 2623 has experienced at least two recent major episodes
of massive cluster formation, one in the innermost nuclear regions (inside 2.5 kpc) in the last ~50
Myr, and other around ~300 Myr in the off-nuclear and some clusters in the circumnuclear region
(inside ~4.5 kpc). For the latter, and using only optical colors, Evans et al. (2008) derived cluster
ages younger than us, between 1-100 Myr. Using their same optical color-color diagram we obtain
their same result. However, we found that we can improve it including the UV data which allows us
to better constrain the cluster ages. Moreover, the cluster ages derived by us are consistent with the
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results of the first dynamical simulation for NGC 2623 developed by Privon et al. (2013). They found
that the first pericenter passage occured 220 Myr ago (consistent with our intermediate age clusters),
while the coalescence occured 80 Myr ago (in agreement with our young nuclear clusters).

In anycase, the age seggregation seen in the spatial distribution of the clusters suggests that the
active region of cluster formation in NGC 2623 was larger ~ 300 Myr ago than it is today, with
intermediate age clusters being more widespread than the younger ones. Thus, it is plausible that the
earlier episode of massive cluster formation in NGC 2623 had a larger spatial extent than the current
episode of cluster formation.

Something similar was found in Arp 220 by Wilson et al. (2006). Arp 220 is the closest ULIRG;
although it is still a pre-coalescence system, it is a quite advanced pre-merger, with a very small
separation between nuclei of 300pc. They found two distinct groups of clusters: a ”young” population
(< 10 Myr) and an intermediate age population (70 - 500 Myr). The ”young” clusters are centrally
concentrated, with an average radius of 1.6 kpc, while the intermediate age clusters would have formed
in a region roughly twice as large if they formed in situ. NGC 7252 also shows a more compact spatial
distribution for clusters younger than 10 Myr compared to the 300 Myr clusters that trace the overall
light profile of the galaxy (Miller et al., 1997).

In contrast, the youngest star clusters in the pre-merger Antennae are not so centrally concen-
trated, distributed over a region roughly 2.5 kpc in size (Zhang et al., 2001). Also, in the pre-merger
system NGC 6090 our results shown in Section 5.3 reveal widespread clusters, outside the nuclear
regions and in the overlapping region whose colors are consistent with young < 300 Myr ages, but
possibly even younger than < 10 Myr. In the overlapping region/bridge Dinshaw et al. (1999) found
very young < 10 Myr cluster ages using NICMOS imaging. From FUV spectroscopy mean cluster
ages ~ 5 Myr are found (Leitherer et al., 2002). Something similar is found in the pre-merger LIRG
IC 1623. The clusters are extended along both components. Only in IC 1623 W they cover an area of
3.0 kpc radius. The vast majority of IC 1623 W clusters are very young (< 200 Myr), but depending
on the dust extinction considered they can be younger (< 10 Myr). The only cluster we can age-date
in IC 1623 E is consistent with an extinction between 2 - 3 mag and with an age below 10 Myr. This
might suggest that, although hidden under large amounts of dust, some clusters in IC 1623 E are as
young or more than IC 1623 W clusters.

Thus, it is plausible that the earlier episode of massive cluster formation in NGC 2623 had a larger
spatial extent than the current episode of cluster formation. However, given the fact that we cannot
yet estimate accurate ages for most of our cluster sample, specially those in the circumnuclear region,
it is possible that massive star cluster formation in NGC 2623 has actually been more continuous
over the last 300 Myr. Moreover, the cluster sample is very incomplete due to the high and variable

internal reddening in NGC 2623. Spectroscopy has allow us to shed light on these issues.

6.8.2. Extended versus nuclear star formation in mergers

From the IF'S we found that in NGC 2623 the young stellar populations (< 140 Myr) only dominate
in the innermost (< 1 HLR ~ 3.3 kpc) nuclear regions, in some spaxels in the north tidal tail and
in the three star forming knots south of the nucleus. On the other hand, the intermediate age stellar
populations (between 140 Myr - 1.4 Gyr) are, in comparison, more widespread (~ 2 HLR ~ 5.4 kpc).

This result reinforces what we found with photometry, and suggests that during an earlier stage of
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NGC 2623 the starburst process was spatially extended. However, in the current post-coalescence
stage, the starburst is concentrated mainly in the nucleus.

This result would be in agreement with recent observations and state of the art numerical simula-
tions. While for a long time simulations predicted that merger induced SF occurred only in the nuclear
regions, in the last decade strong evidences of spatially extended merger-induced star formation ha-
ve been found. Some examples of systems where the extended star formation is more or equally
contributing to the total SFR than the nuclear star formation are: Antennae (NGC 4038 + 4039)
(Wang et al., 2004), NGC2207 + 1C2163 (Elmegreen et al., 2006), and NGC 7252 (Chien & Barnes,
2010). This is also the case of IC 1623 and NGC 6090 (see Chapter 5). Extended SF is also impor-
tant in star forming galaxies at high redshift (z ~ 1-3), they present extended clumpy star formation
(Forster Schreiber et al., 2009). In classical merger simulations nuclear starbursts appear naturally
as a consequence of gas inflows produced by gravitational torques generated during the interac-
tion. However, they are not able to reproduce the extended star formation. Recent simulations by
Teyssier et al. (2010) and Bournaud et al. (2010), found that the extended starbursts originate from
supersonic turbulence of the ISM. The ISM turbulence is increased in galaxy mergers as a consequence
of the tidal interaction itself, which triggers non-circular motions, and it should arise spontaneously
in hydrodynamic models capable of modeling gas below 1000 - 10000 K. Traditional SPH simulations
cannot explicitly treat the supersonic turbulence that characterizes most of the mass in the real ISM
(Burkert, 2006), because the limited spatial resolution translates into a minimal temperature under
which gas cooling could not be modeled. This is why numerical simulations are barely starting to
model merger-induced starbursts in a realistic way. The most up to date simulations use the Adaptive
Mesh Refinement (AMR) technique, and have been able to reach a higher spatial resolution, modelling
gas cooling down to low temperatures (below 300 K). In these models, the increased ISM turbulence
is obtained without feedback, showing that it is not a consequence of the starburst activity, but is
rather driven by the tidal forces in the interaction. A merger-induced nuclear starburst is also present,
but the timescale is substantially longer. Therefore, they conclude that the extended star formation is
important in the early stages of the merger, while the nuclear starbursts will occur in more advanced
stages of the merger.

However, the timescales of the different periods of star formation still need to be observationally
constrained to determine at which stage of the merger process they emerge. No extended and signifi-
cant young star formation was found in the stage Illa, post first passage Mice galaxies (Wild et al.,
2014). However, in the more advanced stage IV, post coalescence merger NGC 2623, the extended
star formation is already there and with ages around ~ 500 Myr. In seems like the extended star
formation must appear in an interaction stage in between them, probably around stage IIIb. This is
supported by our results of the IIIb stage pre-merger LIRGs IC 1623 and NGC 6090 (Chapter 5),

where we found young extended stellar populations.

6.8.3. Relative importance of extended and nuclear starbursts

There is no thorough observational census of the contributions of nuclear and extended star for-
mation to merger-induced activity, and how these contributions vary along the merger sequence. We
would like to somehow quantify the relative impact of these two periods of star formation in NGC
2623, by comparing the amount of stellar mass formed in each of them. We have calculated the total



6.8 Discussion 205

mass hosted by young populations M, (<140 Myr) = 8.1x10® M. If we consider that most of them
are inside 1 HLR (= 3.3 kpc), then the mass density of this population is < 24 My pc—2. This is an
upper limit, because the young components are in fact a bit more extended. For the intermediate age
stellar populations we find M, (140 Myr - 1.4 Gyr) = 1.4x10'° Mg,. The intermediate burst formed 17
times more mass than the nuclear one. However, it was more widespread and the difference in mass
density should not be as large. Considering that the intermediate age populations are widespread over
a 2 HLR region (= 6.6 kpc), then their mass density is ~ 102 Mg, pc™2, about 4 times larger than
the star formation rate density of the young SSPs.

6.8.4. Ionized gas distribution in mergers

Most of the ionized gas in NGC 2623 is concentrated in the nuclear regions (inside 1 HLR or less).
There are, however, some star forming regions in the north tidal tail and south of the nucleus. This
reinforces the idea that the young stellar components are mostly located in the nuclear regions for the
advanced post-coalescence systems. On the contrary, for pre-merger LIRGs IC 1623 and NGC 6090
the young stellar components are more widespread (see Chapter 5, Section 5.5).

This is supported by Hattori et al. (2004). They compare the Ha emission of 22 LIRGs to study
how the distribution of star forming regions in these galaxies is related to the stage of the galaxy
interaction. They found that in close pairs (projected separation ranges from 4 to 20 kpc) and specially
in pairs (nearby < 100 kpc companion galaxies) the contribution of extended starbursts to the emission
is increasingly important and the nuclear starbursts can be > 1 kpc. On the contrary in mergers
(single nucleus) the nuclear starbursts are very compact (from 100 pc - 1 kpc) with no or negligible
star forming activity in the outer regions. Also, Garcia-Marin et al. (2009); Arribas et al. (2012) study
the Ha emission of 26/54 local U/LIRGs, observed with IFS. They found that in the pre-coalescence
systems the size of the Ho emitting region is ry/o(Ha) > 2 kpc and up to 7 - 8 kpc, while for the
post-coalescence systems is below 2 kpc.

6.8.5. Ionization mechanism in mergers

With respect to the ionization mechanism, and thanks to the resolution of OSIRIS we found that
close to the nucleus, the photoionization is due to a dusty nuclear starburst, while the emission in the
outskirts is more consistent with large scale shocks. The characteristics of the nucleus of NGC 2623
could be associated with a starburst related LINER. The starburst is energetic enough to generate
an amount of outflowing gas that collides with the ISM, producing shocks (LINER emission) and
sweeping the dust from the nucleus. This is in agreement with previous study of NGC 2623 by L04.
In the nucleus of the pre-merger systems IC 1623 and NGC 6090 we found the ionization mechanism
consistent with pure star formation. No LINER emission is present in these two earlier stages of the
interaction (Chapter 5, Section 5.5.6). We hypothesized that to produce a significant outflow it is
necessary to have a very massive and compact starburst, like the ones produced in the central regions
of galaxies in the last stages of the interaction, where a large amount of gas is concentrated into a

small area.
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6.8.6. Shock luminosity vs. input energy from star formation

We have determined the luminosity of the shocked regions to estimate the amount of current
star formation which is necesary to power the outflow. The luminosity of the shocked regions has
been calculated summing in the dust attenuation corrected Ho map (right panel of Figure 6.24) the
flux from all the spaxels with pure LINER ionization in the [NIIJ/Ha vs [OIll]/HB diagram (that
is, the spaxels with red dots in Figure 6.28). In this way we exclude the nuclear regions where the
emission lines are strongly contaminated by star formation, like the composite ones. We find the total
Ha luminosity of the shocks: Lshock = 2.5x10%! erg s71, leading to a bolometric energy loss rate of
FEhook ~ 2.0x10% erg s—!, where we have taken a bolometric conversion factor of 80, appropriate for
Vehoek >140 km s™! (Rich et al., 2010).

From this, we can estimate the amount of current star formation, which is necesary to power the
outflow. The mechanical energy injection rate into the ISM by SNe can be estimated from evolutionary
synthesis models of populations of massive stars (Leitherer et al., 1999). For Salpeter IMF, in the
solar-metallicity case, and assuming a continuous SFR, the mechanical luminosity is constant beyond
~ 40 Myr and scale with SFR:

Esne =7 x 10%(SFR/Mg yr=") erg s7* (6.15)

We found that a SFR ~ 29 M, yr—! is at least needed to power the observed outflow in case of solar
metallicity. For 0.4 Z¢, the expected SFR would be ~ 24 M, yr~!. This value is very similar to the
observational one (Section 6.7) obtained from multiwavelength data, SFR ~ 17 M, yr~! for Salpeter
IMF and 0.4 Zg.

6.8.7. Tidal Dwarf Galaxy forming in NGC 26237

As a result of the enhancement of the star formation in galaxy mergers, SSCs are probably not
the ultimate bound structures that can be created during the interaction. Condensations of large
amounts of gas along the tidal tails and at the tips have been observed during the last few decades.
In such condensations objects as massive and as large as the most extreme cases of SSCs and even
more, within the range of the dwarf galaxy population, can be formed. Some of these structures can
be bound and long-lived. They are widely known as Tidal Dwarf Galaxies (TDGs).

Numerical simulations of mergers of two gas-rich spirals show that dwarf galaxies can form at
the tip of the tidal tails (Barnes & Hernquist, 1992; Yoshida et al., 1994). They consist of a chain of
nebulae ionized by recently formed massive stars, which are embedded in an envelope of HI gas and
low surface brightness optical emission.

Recently, TDGs have been also analysed in low-z (U)LIRGs by Monreal-Ibero et al. (2007) and
Miralles-Caballero et al. (2012). Based on these observations, TDG candidates are more luminous
than B = -10.65, typically B = -13, and can be as luminous as B = -19. Their color is typically blue
(B-1=0.7-2), indicative of young stellar population. The presence of young population is firmly
proved with the detection of strong Ha emission with an equivalent width higher than tens of A.

But the identification of the observed TDG candidates as real galaxies is not straightforward.
They are embedded in a tidal tail and, most probably, do not have massive dark matter halos
Barnes & Hernquist (1992). Tidal forces of the parent galaxy disturb their gravitational field, strong
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star formation might blow away the recently accreted gas, and some of the TDGs may even fall back
into the central merger (Hibbard & Mihos, 1995).

An accepted definition that tries to ensure that only those objects which called Tidal Dwarf
Galaxies, deserve to be named ”galaxy” is: A Tidal Dwarf Galaxy is a self-gravitating entity of
dwarf-galaxy mass built from the tidal material expelled during interactions. Taking into account
evaporation and fragmentation processes plus tidal disruption, Duc et al. (2004) suggested that a
total mass as high as 10° My, may be necessary for a new formed TDG to become a long-lived object.
This is the typical mass of the giant HI accumulations observed near the tip of several long tidal tails.
Less massive condensations may evolve, if they survive, into objects more similar to globular clusters.

In NGC 2623, most of the HI component (My; = 3.8x10 M) is located outside the stellar main
body (Hibbard & Yun, 1996), and accumulated in both tidal tails. In Section 6.5.6 we report the
detection of four bright HII regions in the southwestern tidal tail of NGC 2623, that were previously
detected in the UV and Ha by Bournaud et al. (2004); de Mello et al. (2012). With our data we can
not characterize the properties of these HII regions and therefore, we can not ensure if a TDG is in
formation in NGC 2623. de Mello et al. (2012) found that two of the HII regions are embedded near the
peak of the HI emission, which is one of the requirements for a TDG candidate. Also, using FUV and
NUV colors they estimate an age of ~ 30 Myr and a stellar mass of ~ 4x10°% M, for one of the regions
and ~ 4 Myr old and a mass ~ 5x10* M, for the other. They do not go into detail of whether a TDG
is forming in NGC 2623. However, they conclude that ”real” TDG favorably form in compact groups
of galaxies rather than in other interacting systems as NGC 2623 and other U/LIRGs or mergers.
The UV sources detected by them in 6 interacting galaxies (including NGC 2623) are significantly
less luminous/massive than the sources in their Hickson Compact Group sample.

6.9. Summary and conclusions

In this chapter we have characterized the merger LIRG NGC 2623. Using HST multiwavelength
imaging, PMAS LArr and CALIFA IFS, and OSIRIS narrow band Ha and [NII]A6583 imaging we have
analyzed the star clusters properties, the stellar population properties, the ionized gas distribution
and properties, the ionization mechanism, the kinematics, and the star formation rates.

Our main results are:

1. Star clusters properties: The concentration of clusters south of the nucleus is consistent with not
being affected by foreground extinction. They have ages ranging 100 - 500 Myr, with an average
around ~ 300 Myr. Only a few of them could be younger if we consider they are affected by
some extinction. On the contrary, the nuclear clusters are affected by high values of extinction,
between 2 - 4 mag. Some of them, the ones less affected by extinction, are consistent with ages
younger than 50 Myr. This suggests that the nuclear region of NGC 2623 is slightly younger than
its surroundings. The greater scatter is in the circumnuclear clusters. They are consistent with
an average extinction of around 1 mag. Given their spread in the diagrams they are compatible
with having ages ranging 1 - 500 Myr. We found a large range of masses in the clusters of NGC
2623. The intermediate-age clusters in the region south of the nucleus have masses from 10* -
10° Mg. In the circumnuclear clusters the spread is larger 10* - 107 M. On the other hand, the
vast majority of the inner nuclear clusters are consistent with masses between 10° - 10% M. A
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rough estimate of the total mass in clusters in NGC 2623 is M3 9503 ~ 6 x 10% Mg; which
represents 1 % of the total stellar mass.

When comparing the mass in clusters with the mass in SSPs of the same age as the clusters (<
300 - 500 Myr), we found that both are comparable to each other within a factor of 1.3 - 1.4.
This would agree with the idea that the vast majority of stars form in clusters rather than in

isolation.

. Stellar luminosity: The stellar luminosity at 5635 A decreases uniformly from 0.1 Lo, pc=2 A=!in

the nucleus of NGC 2623 to 0.003 L, pc=2 A~! in the outskirts. There exists a good agreement
in the measured surface brightness from the LArr and CALIFA datasets.

. Stellar dust extinction: Most of the dust is located in the central (inner kpc) regions, reaching

values up to 2 mag. The dust content decreases with distance to the nucleus to < 1 mag outside
the inner 0.8 HLR (~ 2.2 kpc). Moreover, we found that the north tidal tail is affected by ~ 1
mag, while the south tidal tail is almost no dust obscured. The global average is Ay ~ 0.5 mag.
Considering the dispersion of both datasets, above 0.2 HLR their results are indistinguishable
from each other. Only in the nucleus itself (below 0.2 HLR) we derive slightly lower extinctions
for LArr (~ 1.4 mag) than from CALIFA (~ 1.6 mag). The nuclear differences in the stellar
population properties derived with PPAK and LArr are due to a combination of differences in
the PSFs of PPAK and LArr, and also to the age-extinction degeneracy.

. Stellar ages: The younger regions in NGC 2623 are the nucleus, the region rich in star clusters

located south of the nucleus and the north tidal tail, with mean age around 250 Myr. On the
other hand, the south tidal tail and the eastern region of the main body are older, with ages
around 1 Gyr. In the circumnuclear regions we find a positive trend of the ages with distance,
from ~ 200 Myr in the nucleus itself to ~ 500 Myr at 1 HLR. It is also interesting to note that
everywhere in this system the mean stellar ages range 140 Myr to 1.4 Gyr. As a consequence of
age-extinction degeneracy and differences between PPAK and LArr PSFs, below 0.2 HLR, the
ages derived from LArr are 360 - 570 Myr older than CALIFA.

. Stellar metallicities: Metallicity is one of the most difficult quantities to constrain. The fact that

sometimes age and Z grow in the opposite sense, as in the tails of NGC 2623, could suggests
that the results are affected by the age-metallicity degeneracy. The north tail is young (300
Myr) and metal rich (1.5 Zg), while the south tail is old (1.4 Gyr) and metal poor (0.25 Zg).
As shown by Sénchez-Blézquez et al. (2011), full spectral synthesis is much less sensitive to this
than conventional index-based approaches. Due to this, we will take the metallicity results with

caution. The mean metallicity of NGC 2623 is ~ 0.5 Zg and its radial profile is fairly flat.

. Stellar mass surface density: It follows a negative trend with distance, decreasing from log fi,

~ 3.7 in the nucleus itself to log p, ~ 1.5 at ~ 3 HLR. Stellar mass surface densities from LArr
data are 0.2 dex larger than CALIFA. This is due to the previously reported differences in the

stellar population properties.

. Stellar masses: From the spectral synthesis the total stellar mass obtained from the spatially

resolved analysis is M = 4.5x10'% M. This is the mass locked in stars nowadays. Counting
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also the mass returned by stars to the interstellar medium M’= 6.3x10'° M, were involved in
star formation. These are the results for GM base of models, with Salpeter IMF. With CB base
(Chabrier IMF) we found M’'= 4.4x10'° My and M = 2.4x 10 M.

. Star Formation History: We calculate and compare both the time resolved 1D SFHs and the

spatially resolved SFHs, condensing the population vector into three age ranges namely young
(YSP, SSPs <140 Myr), intermediate (ISP, 140 Myr < SSPs <1.4 Gyr), and old populations
(OSP, SSPs >1.4 Gyr).

» From the time resolved 1D SFH (in light fraction) we get a more detailed idea of when
the bursts of star formation started and how many of them occurred. In NGC 2623, there
could have been two relevant ”young” bursts between 5 Myr to 13 Myr ago. However,
the spectral differences between these 2 SSPs are not enough to distinguish (within our
temporal resolution) if they were individual bursts or something more ” continuous”. Within
the intermediate/intermediate-old age range we found that two bursts may have occured,
the less intense peaking at 1.4 Gyr and the more intense peaking around 500 Myr but
ranging from 300 Myr to 1 Gyr. The old populations formed between 14 Gyr and 4 Gyr
ago for NGC 2623.

= The contribution to light of the YSP is only important in the nuclear region, the north tidal
tail and the region rich in star clusters located south of the nucleus, with contributions
to total light between 40 - 70 %. The ISP dominate the light almost everywhere (with
contribution up to 60 - 70 %), except in the nucleus itseft and the south tidal tail. It
is interesting to note the presence of this widespread ISP in this merger. On the other
hand, the only region which is clearly dominated by OSP is the south tidal tail, with a
contribution to light of ~ 70 %. They are also responsible of 30 % of the nuclear light. From
the radial profiles we found that below 1.5 kpc (0.6 HLR) the light is dominated by YSP,
with contributions between 35 - 60 %. Above 1.5 kpc and up to 9 kpc the light is clearly
dominated by ISP, also with contributions between 35 - 60 %.

s The fraction of stellar mass contributed by YSP is less that 5 % everywhere, except maybe
in the north tidal tail, where it can be up to 30 %. Most of the mass is contained in OSP.
In particular, they dominate the mass contributions below 4 kpc (1.5 HLR). Beyond, the
mass contribution of the ISP is also significant, between 40 - 60 %, similar to the old stars
contribution. When summing the total mass in each age bin, we found that from the total
M= 6.3x10* Mg in NGC 2623, the mass in young M’(Y), intermediate age M’(I), and
old M’(O) stellar populations is 8.1x10% My, (1%), 1.4x10* Mg, (22 %) and 4.8 x101° M,
(77 %), respectively.

9. Ionized gas morphology: In NGC 2623, the vast majority of the ionized gas emission comes

from the nuclear regions, consistent with the outflow cone nebulae reported by L04. Outside
the nuclear regions, we also found three star forming knots south of the nucleus and fainter Ha
emission in the north tidal tail, detected in both CALIFA and OSIRIS maps. Given the highest
spatial resolution of OSIRIS map we are able to distinguish two subestructures within the cone-
nebulae, that are unresolved in the CALIFA and L04 maps. On one hand, there is a point-like
source offset with respect to the nucleus by (2.7”E, 0.1”N). Its morphology is consistent with a
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14.

star forming knot, also confirmed by the line ratios ([NII]/Ha ~ 0.5). Moreover, it is detected
in the HST F555W continuum image. On the other hand, there is an extended, bow-shaped,
lobular like emission with clumpy ends that seems to emerge from the nucleus. This kind of
morphology is typical from shocked regions. From F555W image we find that the brightest Ha
emission also corresponds to several cluster agregations. However, most of the extended Ha

emission is spatially coincident with highly dust obscured regions.

Ionized gas electron density: Using [SIIJA6716/[SIT]A6731 ratio we have determined the electron
density in NGC 2623. The ratio has values around 1.25 in the nucleus, equivalent to an electron
density of ~200 cm 3. To the west of the nucleus and in several spaxels to the south east we
found regions with higher densities, up to ~ 600 cm~3 (ratios up to 1.0). Everywhere else the

ratio is above 1.4, implying densities below 100 cm™2.

Tonized gas dust extinction: The highest extinction is found in the nuclear regions with values up
to 4.5 magnitudes. This level of extinction is consistent with the dust lanes visible in the HST
images. However, the ionized gas in the north tidal tail and in the clusters south of the nucleus
has Ay < 1 mag. The global average is Ay ~ 1.4 mag. Compared with the stellar extinction we
found an average < AAV¢ >=19+ 1.1.

V,stars

Emission line ratios sensitive to ionisation source: The star formation in the north tidal tail
and the three emission knots south of the nucleus (C1, C2, and C3) is compatible with being
high-metallicity star forming regions. With the greater spatial resolution of OSIRIS we see finer
details of the ionization mechanisms in the nuclear region of NGC 2623. In particular, inside L04
cone nebula, the nuclear knot (A) seen on OSIRIS Ha map and some pixels at the clumpy ends
of the nuclear lobe, are also consistent with high-metallicity star formation ([NII]A6583/Ha ~
0.5), while the remaining have [NII]\6583/Ha between 1.0 - 1.2. For the pixels/spaxels at the
edges of the cone nebulae, the [NII]\6583/Ha is even larger, with values between 1 - 2, which
could be mainly associated with the effects of large-scale shocks when the outflowing gas collides
with the ISM. In anycase, it seems that close to the nucleus, the photoionization is due to a
dusty nuclear starburst, while the emission in the outskirts is more consistent with large scale
shocks. The characteristics of the nucleus of NGC 2623 could be associated with a starburst
related LINER. Inside the cone nebulae [OI]A\6300/Ha and [SII]AN6716+6731/Ha have values ~
0.15 and ~ 0.5, respectively. These are indicative of shock heated gas of moderate velocity. The
spaxels in the outskirts, however, have larger values of the ratios, up to 0.7 for [OI]A6300/Hao
and 2.0 for [SII]AN6716+6731/Hc, which are consistent with higher velocity shocks.

Diagnostic diagrams: Only the gas in the north tidal tail and the brightest knot south of the
nucleus is consistent with pure star formation ionization. On the other hand, the gas inside the
nuclear cone defined by L04 (a bit narrower and elongated in our data), is consistent with LINER
emission, together with some other spaxels to the west of the nucleus. The remaining spaxels
seem to be composite between star formation and LINER-like emission. Using [OI]A6300/Ha vs
[OIII]A5007/H5 diagnostic diagram we derive that within all the circumnuclear region of NGC
2623, the ionization mechanism is LINER type.

OSIRIS line emission at the edge of the SW tidal tail: In OSIRIS [NII]A6583 map we detect four
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bright star forming regions, located more than 19 kpc away from the center, at the edge of the
southwestern tidal tail. Given the position of these regions in OSIRIS FoV, they are emitting
in wavelengths that range from 6553 to 6562 A, consistent with the spectral region between
[INIT]\6548 and Ha. According to this, the ages of the star forming regions must be below or
around 30 Myr. Their fluxes range from 2.5 - 7.7 x10716 erg s71 cm ™2,

Tonized gas velocity field: In both Ha and [NIIJA6583 velocity fields the rotation pattern is
preserved in the nucleus, with an amplitude of + 120 km/s. We have found that the kinematic
center is displaced 2 arcsec to the east with respect to the photometric center. However, this is
within our spatial resolution. The position angles of the major kinematic axis for the approaching
a receding sides have been calculated by Barrera-Ballesteros et al. (2015); PAY""™* = 83.1 4+ 5.9°
and PAjéced = 115.1 + 11.4°.

Tonized gas velocity dispersion: In Ha and [NIIJA6583 velocity dispersion maps we found evidence
of the outflow, as the highest values of o (~ 220 km/s) are reached inside the outflow nuclear
cone defined by L04. This is specially noticeable in the Ha map. In addition, the regions with the
highest o values are approximately coincident with pure LINER spaxels in the BPT diagram.

Star Formation Rates: We have derived and compared the SFRs using multiwavelength data
from UV, optical IFS (continuum and lines), MIR at 24 pum, FIR and radio 1.4 GHz.

= In NGC 2623 we measure a total dust-attenuation corrected Ha luminosity of Ly, = 3.35
x 10* erg s—!, that lead to a total SFR < 2.2 M, yr~!, which is surprisingly low, not even
near the 24 My, yr~! which are in principle neccesary to power the observed outflow (see
Section 6.8.6).

» From the continuum, we found that the SFR(30 Myr) is an order of magnitude (a factor
between ~ 7) larger than SFR(Hawr), ~ 15 vs ~ 2.2 for Salpeter IMF and ~ 7 vs ~ 1.3
for Chabrier IMF. This makes no sense as the SSPs<30 Myr are the ones expected to ionize
the Ha gas around them. The only possible explanation is that the gas is significantly more
obscured than these stars, which is possible considering that the stellar winds emitted by
these stars are able to clear the gas and dust in their immediate surroundings but not in
the outer areas of the HII region.

» The SFR(140 Myr) is more similar to the SFR(FUV), ~ 2.5 vs ~ 1.2 for Chabrier IMF, a
factor 2 larger, which is within the uncertainties.

= The three hybrid tracers combining the observed Ha together with 24um, FIR, and radio
1.4 GHz, provide us with three alternative SFR estimates which account for optically thick
dust obscuration by direct detection of the thermal dust emission. We found a strong
consistency between them, all pointing to a global average SFR ~ 17 Mg, yr~! (Salpeter)
and SFR ~ 10 Mg, yr~! (Chabrier).

= The hybrid multi-A SFR is similar to the one derived from continuum decomposition,
SFR(30 Myr), and an order of magnitude larger than the SFR derived with Ha dereddened
luminosity. This result implies that some of the ionizing photons have been absorbed by
dust and reemitted in the IR/radio instead of ionizing the Ha emitting gas. Taking this
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into account, we found that the average A(Ha) should be around 4.3 mag, instead of the

~ 1.4 mag we measure with the IFS.

= The average SFR in NGC 2623 is a factor 5 higher than the SFR in the Milky.

Star Formation Rate Densities: Considering that the radius of active star formation in NGC
2623 is ~ 3 HLR (= 9.9 kpc), that implies a < ¥ SFR>nge2623 = 0.033 Mg yr~! kpe™2, a
factor 10 larger than the SFR density of the Milky Way (< 3 SFR>yw = 3.3 x 1072 Mg yr—!
kpc~2, Kennicutt & Evans 2012).

We have also compared the star formation rate densities in NGC 2623 from Ha and the stellar
continuum in the last 30 Myr. The final conclusion is that, the extinction in the nuclear regions
of NGC 2623 is so high that some of the ionizing photons has been absorbed by dust and re-
emitted in IR /radio wavelengths instead of ionizing the Ha emitting gas.

On the other hand, the ¥ SFR(30 Myr) and ¥ SFR(Ha) maps show that the SF in this merger

is progressing inward following the collapse of gas into the nuclear region.

1FS-base variations over Scalo’s b parameter: In the advanced merger NGC 2623 we found that
the SF has evolved from outside to inside. In the shortest timescale considered (30 Myr) the
SF is concentrated toward the center, while in the longest timescale (1.4 Gyr) is more spatially
extended, with the SFR in these regions being significantly enhanced with respect to the average

past or actual SFR in the galaxy.



Post-Starburst QQSOs

7.1. Introduction

PSQSOs are potentially useful systems to test relations between nuclear activity and host galaxy
evolution. In them, both an AGN and a post-starburst population coexist with similar bolometric
luminosities. Recently, Cales et al. (2011, 2013) (hereafter C11 and C13) have performed an extensive
study of this kind of systems, analyzing both the morphology in HST imaging and their physical
properties using long slit spectroscopy. They do not find clear correlations between ages/masses of the
stellar populations and the AGN properties when considering the sample as a whole. However, when
classifying in morphological types, they found that PSQSOs with early type hosts have significantly
higher AGN luminosities, younger starburst ages, and narrow emission-line ratios diagnostic of Seyfert
when compared to their spiral counterparts. They hypothesize that early type PSQSOs are likely the
result from a major merger and were likely LIRGs in the past, while spiral PSQSOs show more
complex SFHs triggered by less dramatic events (harassment, bars...).

In this work we have analyzed a sample of 9 PSQSOs (all included in C13 sample), for which we
have PMAS/VIMOS spectroscopy and SDSS spectroscopy. From the spectral continuum we derived
the main stellar and AGN properties, while using the information from the emission lines to further
unveil their characteristics. The methodology is similar to C13 work, with some improvements, and

we have compared in detail our results with theirs.

7.2. Data

7.2.1. PMAS/VIMOS IFS

The IFS of the PSQSOs was described in Section 2.3 and the data reduction in Chapter 3. We
find that the SNR is too low to perform an analysis in a spaxel by spaxel scheme. For this reason,
we finally decided to extract and analyze the integrated and central spectra. The central aperture
radius is 1.5 arcsec, identical to the fiber aperture radius of SDSS spectroscopy, described below. At
the PSQSOs redshift (z ~ 0.3; D, ~ 1553.4 Mpc) the spatial scale is 4.456 kpc/arcsec, and 1.5 arcsec
corresponds to ~ 6.7 kpc. The integrated spectra have been extracted in variable apertures (all of

them above the Petrosian radius aperture), in a way that it includes the whole optical extension of
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each PSQSOs. The spectra of the 6 PSQSOs observed with PMAS go from 3000 - 5200 A. We also
have red spectra covering Ha. In most cases, it is very noisy. We only use it to measure the Ha flux,
but not for continuum fitting. The spectra of the 3 PSQSOs observed with VIMOS range from 3650
- 6700 A.

7.2.2. SDSS

The SDSS spectra were downloaded from SDSS archive Data Release 8. They were already flux-
and wavelength-calibrated and cover the rest-frame spectral range from ~ 3000 to 7000 A. The fiber
aperture radius was 1.5 arcsec. As for the IFS, we have corrected SDSS spectra for Galactic extinction
using the Schlegel et al. (1998) maps and the IRAF task deredden which utilizes the Cardelli et al.
(1989) extinction curves. We converted the spectra to rest frame by using the IRAF dopcor task with
NED redshifts.

7.3. Stellar populations synthesis and AGN component modelling

We have performed spectral synthesis with Starlight, similarly to how was done for the LIRGs.
First, we created the necessary error spectra as explained in detail in section 5.4.1. In summary, the
error for each pixel is computed as the standard deviation of the nearest 100 pixels around the input
pixel. We used these error spectra to weight spectral pixels in the fitting procedure with Starlight.

Our model base was formed by the solar metallicity SSPs of CB base up to 10 Gyr (the Universe
age at z ~ 0.3) together with a power-law component that models the AGN. In this Chapter we focus
on CB base results for several reasons. First, because they cover the spectral range below 912 A and
using the extrapolation of the best fit model in this range we will estimate the expected number of
ionizing photons, and therefore, the expected HF and Ha, which will be compared with the values
directly measured from the emission lines. Second, CB base was used also in C13 work, and we plan
to compare our results with theirs. Finally, we want to mention that we have also used the GM model
base and found that CB base allows to better break the degeneracy between the light fraction in
SSPs younger than 30 Myr and the power-law. Most of the PSQSOs spectra start around 2900 -
3000 A, some of them with a significant slope in this range, characteristic of an AGN and / or very
young stellar populations. While the GM base starts in 3540 A, the CB base extends the fits below it,
covering the whole blue range. As a consequence, CB base puts a significant contribution in light to
the AGN (20 - 40 %), while the GM base puts nothing and instead allocates it in the youngest stellar
populations (< 30 Myr). Although here we focus on CB base results, in Section 8.3 we will also show
GM results and will discuss the differences between them.

The AGN component is modeled as a composite power-law with the form L) o A**. Depending
on the wavelength range, we fixed the spectral index «;, to the average value previously estimated
from big QSOs samples of Telfer et al. (2002) and Vanden Berk et al. (2001):

—0,5 A< 1200A
ax=1< —1,5 1200A < X < 5000A
—0,5 A > 5000A
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We have performed three sets of Starlight fits with different assumptions and have compared their

quality and the consistency between them:

1. In the first set, we assume that both the stars and the AGN are affected by the same amount
of dust extinction by configuring Starlight to use the same Ay value for the SSPs and the
power-law component. This is a reasonable first approach as we expect low to no extinction in
this kind of objects. Moreover, we used the total measured HS flux as a constrain in the fits of
IFS central and integrated spectra. For SDSS spectra, we used as a constrain the observed Ha
flux (see Section 7.4 for emission line measurements). In this way Starlight forces the H3 (Ha)
flux predicted by models to equal the observed.

2. In the second set, we still assume the same extinction for stars and AGN but we did not force
Starlight to fit the observed Balmer lines. We will refer to this as the unconstrained or non-
constrained fits.

3. In the third set, we allowed Starlight to use different values for the extinction of stars and AGN

while using the Balmer fluxes as a constrain.

With the latter set, we increase the number of free parameters and further complicate the task of
unveiling the basic properties of PSQSOs. This is too ambitious given that we already have some other
important degeneracies. The results obtained with this set, will not be included when calculating the
global averages. However, we made it as a sanity check to confirm that the stellar and AGN properties
derived do not change drastically when we allow the AGN to have a different extinction value.
Within each of these three sets of assumptions we also tried 3 different spectral bases in order to

probe the presence of young ionizing components:
1. including all the SSPs down to 1 Myr,
2. excluding SSPs < 4 Myr and
3. excluding SSPs < 30 Myr.

The spectral synthesis fits, star formation histories, and stellar population results for the three sets
of assumptions, each of them with the three spectral bases, are shown in Appendix A.

To discriminate the best and more reliable fits within this vast amount of information we checked
by eye the fit quality and residuals and also took into account how physically meaninful they were. In
particular, from Starlight best model fits we calculated the Hf (from IF'S spectra) and Ha (for SDSS
spectra) flux expected to arise from the stellar and the power-law components by summing their flux
below 912 A to calculate the number of ionizing photons

912

Ix A

= [ =—d\ 7.1

Qo = [ 5 (71)
0

where iy is the synthetic flux emitted by the AGN or stars. For case B hydrogen recombination one out
of 2.226 ionizing photons produces an Ha photon (Osterbrock & Ferland 2006): Qro = Qro/2,226.
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Taking this into account the expected Ha flux can be calculated with

Ira(%/AGN) = QHQ(*QGN ) he (7.2)

and the observed (dust-obscured) one will be:

*/AGN

Fra(x/AGN) = It7o(x/AGN) x 107 %*45a (7.3)

and analogously in the case of H3 (these fluxes are shown for each object in the last two rows of
Tables A.1 and A.2). These ”expected” fluxes are compared with the HF and Ha flux measured for
the BLR and NLR (see Section 7.4). We considered as physically meaningful those fits which satisfied:

Fria.n3(AGN) > Frra n5(BLR) (7.4)

FHa,HB(*) S FHa,H,()’(NLR) (75)

This allow us to break some degeneracies and to discard some fitting options.

For example, we found that the spectral base including SSPs down to 1 Myr leads to results that
do not satisfy Equation 7.5. Even small contributions of SSPs younger than 4 Myr shoot up the stellar
Hp (Ha) flux well above what we measure in the NLR of some PSQSOs (J1700, J1230, J2310, J2334,
J0237). Moreover, as shown is Section 7.8.1, the ionization mechanism is Seyfert for 7/9 PSQSOs,
and only 2/9 are composite. Therefore, most of the narrow Ha, HF do not have a stellar origin.

On the other hand, if we remove from the base all the ionizing SSPs (those with ages < 30 Myr)
then Equations 7.4 and 7.5 are satisfied, but the fit quality is worst in the blue side of some spectra,
specifically those of J1700, J1230, J2128 and J2310 for SDSS data and only J1230 for our IFS central
spectra. This suggests that, at least in some of these systems, there could be young stellar components
(between 4 - 30 Myr) contributing to the blue continuum flux. However, this may not be the case for
the remaining 5/9 systems, where the fit quality is also good with this base and the young populations
(when present) may not be as young.

We have found that the fits with the base excluding SSPs < 4 Myr are the best compromise
between fit quality and physically meaningful results. This base gives 'average’ results between those
including all the ionizing stars and those excluding all of them.

In anycase, we note that most of the scatter in the results is related to the different fitting
assumptions and secondarily to the spectral base used. In terms of quality fit both the constrained
and unconstrained fits are equally good.

From Figures 7.1 to 7.7 we show respectively: the AGN contributions to light at 5100 A (in per-
centage), the total AGN luminosity integrated from 3000 - 6000 A (log Lgn (erg s—')), contribution
to light of SSPs younger than 140 Myr (in percentage), mean stellar ages (<log age (yr)>r), mean
stellar extinctions (A§*"#), stellar masses (log M, (Mg)), and stellar masses in intermediate-age SSPs
(log Myc156yr (Mg)). In the left panels we show the results from IFS central spectra and in the right
panels the results from SDSS spectra. Although not shown, the results from IFS integrated spectra
follow exactly the same trends as the IFS central spectra. The circles represent the average results
for the three different assumptions, with the errorbars showing the scatter associated to the spectral
base choice:
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= in red the average of the non constrained fits,
= in green the average of the constrained fits with the same Ay for stars and AGN and

= in blue the average of the constrained fits with different Ay for stars and AGN.

7.3.1. Comparison between constrained and unconstrained fits with a single Ay

When comparing between the constrained (green circles) and unconstrained (red circles) fits with
the same Ay for stars and AGN, we find that, on average, non-constrained fits lead to AGN contri-
butions to light 12 % (7 %) higher than constrained fits for both IFS central spectra (SDSS spectra),
which imply 0.22 dex (0.10 dex) more luminous AGN (see Figure 7.1 and 7.2). Moreover, the contri-
bution to light of SSPs younger than 140 Myr is 15 % (8 %) lower for the non-constrained fits, leading
to ages 0.23 dex (0.13) dex older (see Figures 7.3 and 7.4). There are no sistematic differences between
the contrained and unconstrained fits in terms of the stellar extinctions, stellar masses and stellar
masses in intermediate-age stellar populations (see Figures 7.5, 7.6 and 7.7).

For some reason, when not using the Balmer line fluxes as a constrain, Starlight gives more
contribution to light for the power-law component and less contribution for the young stars. We note
that there exists a degeneracy between these two. Also, from the IFS center spectra (SDSS spectra)
we find that the total predicted HF (Ha) fluxes in the unconstrained fits are, on average, a factor 1.6
(1.3) higher than the measured ones. If this ‘excess’ of HF (Ha) flux is real then it would indicate

that a fraction of the ionizing photons is escaping from these galaxies.

7.3.2. Comparison between constrained fits with A{{¢N = Alors and AN £ Asters

When comparing now between the constrained fits with a single extinction for AGN and stars
(green dots) and with different extinction for AGN and the stars (blue dots), we find from our IFS
that in most of the systems (6/9) the results do not significantly change, and Starlight continues
giving almost the same amount of extinction to the AGN and the stars anyway (differences below 0.4
mag). Therefore, in these 6 systems the stellar population results derived from both assumptions are
comparable.

However, for the remaining 3 systems J0237, J1248 and J2334, Starlight gives significantly more
extinction to the AGN than the stars by 3 mag, 0.7 mag and 1.3 mag, respectively. As a consequence,
their AGN contributions to light of are ~ 10 % higher with respect to the fits with a single extinction.
The contribution to light of young SSPs is only slighly lower (~ 4 %) with no significant differences
in the mean stellar ages and with total stellar masses and stellar masses in intermediate age stellar
populations 0.2 - 0.3 dex lower than the ones from the fits with a single extinction. In general, the
variation in the average results is moderate. However, in the particular case of PSQSOs J0237, which
is the PSQSO with the highest AGN extinction (~ 3 mag), we find that total predicted Hf flux is
a factor 3 times higher than the measured one, in comparison with the less than 2 for both J1248
and J2334. Therefore, either the fraction of escaping ionizing photons in J0237 in very high or most
probably the A{}GN is unrealistically high.

From SDSS spectra there are also 3 systems showing discrepancies (different from the IFS ones)
between the fits with a single or two extinctions: J1700, J0202 and J2310, for them Starlight gives
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Figure 7.1 AGN contributions to light at 5100 A for the PSQSOs under the three different assumptions.
In red circles we show the average of the non constrained fits, in green the average of HS (or Ha)
constrained fits with the same Ay for stars and AGN, and in blue the average of the fits with different
Ay for stars and AGN. Left panel: results from IFS central spectra. Right panel: results from SDSS

spectra.
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Figure 7.2 Same as Figure 7.1 for the AGN luminosities
Left panel: results from IFS central spectra. Right panel: results from SDSS spectra.
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Figure 7.3 Contributions to light in percentage of SSPs younger than 140 Myr for the PSQSOs under
the three different assumptions. In red circles we show the average of the non constrained fits, in green
the average of constrained fits with the same Ay for stars and AGN, and in blue the average of the
constrained fits with different Ay for stars and AGN. Left panel: results from IFS central spectra.
Right panel: results from SDSS spectra.
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Figure 7.4 Mean light weighted stellar ages for the PSQSOs under the three different assumptions.
In red circles we show the average of the non constrained fits, in green the average of constrained fits
with the same Ay for stars and AGN, and in blue the average of the constrained fits with different
Ay for stars and AGN. Left panel: results from IFS central spectra. Right panel: results from SDSS

spectra.
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Figure 7.5 Mean stellar extinctions, A§*"*, for the PSQSOs under the three different assumptions. In
red circles we show the average of the non constrained fits, in green the average of constrained fits
with the same Ay for stars and AGN, and in blue the average of the constrained fits with different
Ay for stars and AGN. Left panel: results from IFS central spectra. Right panel: results from SDSS

spectra.
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Figure 7.6 Stellar masses for the PSQSOs under the three different assumptions. In red circles we
show the average of the non constrained fits, in green the average of constrained fits with the same
Ay for stars and AGN, and in blue the average of the constrained fits with different Ay for stars and
AGN. Left panel: results from IFS central spectra. Right panel: results from SDSS spectra.
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Figure 7.7 Stellar masses contained in intermediate age SSPs (< 1.5 Gyr) for the PSQSOs under the
three different assumptions. In red circles we show the average of the non constrained fits, in green
the average of constrained fits with the same Ay for stars and AGN, and in blue the average of the
constrained fits with different Ay for stars and AGN. Left panel: results from IFS central spectra.
Right panel: results from SDSS spectra.

significantly more extinction to the AGN than to the stars by 2.5 mag, 2.0 mag and 2.8 mag, res-
pectively. Unlike to what we found from IFS data, their AGN contributions are only slightly higher
(~ 4 %) with respect to the fits with a single extinction, while the contribution to light of SSPs <
140 Myr is 11 % higher, probably to compensate the lack of blue flux due to the 'dusty’ AGN. As a
consequence, in the two PSQSOs where A{}GN is greater than 2 mag, Equation 7.5 is not satisfied
with the spectral base of SSPs > 4 Myr. This suggests that we can not rule out that in some cases
the AGN could be more obscured than stars, yet values above 2 mag are not expected. This is also
in agreement with the extinction measured from the emission lines (Section 7.4). The fits with two
extinctions lead to younger stellar ages by 0.3 dex and similar stellar masses, except for J0202 which
is 0.3 dex less massive. We note, however, that for most of the PSQSOs (6/9) the results are compara-
ble and Starlight continues giving almost the same amount of extinction to the AGN and to the stars.

After comparing the results of the different stellar population properties with the different bases
and assumptions, the final adopted values that will be used in subsequent analysis and comparisons
have been obtained by averaging the constrained and unconstrained results with the same Ay for AGN
and stars and for the spectral bases with SSPs > 4 Myr and SSPs > 30 Myr. From the dispersion of
the averaged data we have derived the errors, calculated through the standard deviation.

The comparison between the 3 datasets (IFS center, IFS integrated and SDSS) is reported in
Section 7.7.
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7.3.3. Caveats about spectral modelling

We have improved C13 approach in some aspects of the modelling. In particular, they do not
include in their fits SSPs younger than 56 Myr or older than 5.6 Gyr and they consider that dust is
not present. Though we have addressed these issues, we have also made other simplistic considerations
and their effects on our results should be considered more closely. Specifically, metallicity has been
fixed to solar and the power law spectral index has been also fixed to the average expected value.

Metallicity can vary between and within galaxies and it affects the spectra of stars. If we had
assumed a metallicity higher than solar we would fit younger and less massive stellar populations.
Conversely, assuming a lower metallicity would result in fits with older and more massive stellar
populations. In the case of the PSQSO prototype UN J1025-0040, the uncertainty in the age of the 400
Myr old stellar population was £50 Myr assuming a reasonable range in metallicity (Brotherton et al.,
1999). Their methodology is similar to ours and therefore we expect similar uncertainties.

For the spectral index we made a secondary comparison to check if our chosen value is acceptable.
The temperature of ionized gas in Sy2 and NLRGs is of the order 1 - 2 x 10* K, which is a strong
observational evidence that the main source of energy input is photoionization. When collisional
ionization is important, as happens in the BLR, a higher temperature would be expected (T > 5 X
10? K). Following Osterbrock Section 13.5 we found that another check on the photoionization idea
is that the total number of ionizing photons emitted by the central source must be large enough to
balance the total number of recombinations in the ionized gas. Then, the Ha luminosity could be
written as:

oI (HO, T) © /°° L

il =rd )
ap(HOT) 4r ), ™" (7.6)

where a%// (HO, T is the effective recombination coefficient for the Ha transition and ap(H®, T) is the
hydrogen recombination coefficient summed over all levels above ground level. Their ratio indicates
the number of Ha photons produced per hydrogen recombination. Finally, % is the nebular covering
factor, that is, the fraction of the 47 sr that is covered by gas as viewed from the location of the

central source. Observationally, it is possible to express Ly, in terms of its equivalent width W (Ha):

d

Ly = Lx(A6563)Wy\(Ha) = LV()\6563)£WA(H04) (7.7)
where L)(A6563) is the featureless continuum luminosity at Ha. We have assumed that in both Ha
and the ionizing spectral range the power law follows L, o v, where «, is the spectral index in
frequency, equal to -1.5 in our case (a, = —2— ). Thus, substituting the spectral shape of the power

law, Equations 7.6 and 7.7 become:

3214 Q

Wi(Ha) = 4—(7,196)_a” (7.8)

o, 4m

which is analogous to Equation 13.5 of Osterbrock but for Ha instead of H3. With our spectral index
«, = -1.5, and considering that the ionizing continuum is fully absorbed % = 1, we found that the
maximum theoretical value for the equivalent width of He arising from the AGN is Wy (Ha) = 111A.
Even considering that all the NLR Ha flux is arising from the AGN we find that for 8 out of 9
PSQSOs WV (Ha) < 111A, in agreement with our selected spectral index.
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However, for the PSQSO J0237 we find that W *¥(Ha) ~ 270A a factor 2.4 higher than the
maximum theoretical value. This result could indicate either the presence of important collisional
ionization in this system, or the other possibility, in case photoionization holds, is that the spectral
index in J0237 is steeper than the one fixed by us. For example, o, ~ -1.0 implies a maximum
theoretical value for the equivalent width of Wy (Ha) = 447A.

7.4. Emission line measurements

The emission line intensities were measured in the residual spectra. The line profiles were fitted
with Gaussian functions described by the amplitude of the line profile, line centroid, and FWHM. A
single gaussian was used for the narrow lines: [OIII]A5007, [NIIJA),6548,6583. However, for Ha and
Hp two gaussians were necessary to model the broad and the narrow components. In both cases,
the FWHM have been fixed to be the same for both lines. The errors in the determination of the
fluxes were calculated as the product between the standard deviation in the adjacent continuum
and the FWHM of the lines. The fits are shown in Appendix B. The broad and narrow emission lines
measurements for IFS central spectra are summarized in Tables 7.1 and 7.2, respectively. Analogously,
the broad and narrow emission lines measured in SDSS spectra are reported in Tables 7.3 and 7.4.

We have estimated, when possible, the average values of the extinction in the NLR and the BLR
using these line measurements. For dereddened NLR is well established that the intrinsic I(Ha) /I(HB)
is larger than the recombination value 2.85. A more typical value derived for AGN is 3.1. This is the
result from the additional contribution of collisional excitation of Ha in the partly ionized transition

region. The extinction is calculated using:

| 1(Ho)/1(HB)
() = FHa) * "I F (o) F(ED) (7:9)
Ay =25 [f(V) + 1] c(HP) (7.10)

where ¢(Hf3) is the so called logarithmic extinction coefficient and f(\) is the reddening function with
f(Ha) ~-0.28 and f(V) ~ -0.12 for Calzetti et al. (2000) extinction law. The derived AY*% is shown
in the last column of Tables 7.2 and 7.4.

Determining the dust extinction in the BLR is uncertain. In principle, dust is unlikely to exist
within the BLR. In many BLR strong lines of Al, Ca, Si and Fe are present. These elements are strongly
depleted from the gas if grains are present. Second, in BLR the gas is so close to the continuum source
that solid particles would be heated above their sublimation temperature. However, we have estimated
the BLR extinction using the intrinsic I(Ha) /I(HB3) = 3.1 as for the NLR. They are shown in the last
column of Tables 7.1 and 7.3. These values represent upper limits because in the BLR the collisional
effects and the radiative transfer are expected to be much stronger and therefore the intrinsic Ha/H/3
could be much larger than 3.1.

In general, we find that the extinction measured through line emission in the NLR is larger than
stellar extinction derived from spectral continuum. The average AN is ~ 1.65 (1.24) mag for IFS
(SDSS) central spectra, while the average A§*"* is ~ 0.38 (0.13) mag for IFS (SDSS) central spectra,
very low in comparison. The most plausible explanation is that they are tracing different spatial

regions, while the stars are distributed in a more extended region, the NLR is closer to the AGN.
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Table 7.1. Central IFS Broad Emission Lines Fitting Results
Object Broad HB Broad Ha
SDSS name Flux” Error® FWHM’  Flux  Error FWHM AJLE+
J1700 95.79 947 4762 227.88 50.64 4762 -
J2334 76.07  10.25 4854 267.54 37.12 4854 < 0.43 (0.66)
J0237 - - - - - - -
J1230 172.85 11.91 4858 456.75 54.13 4858 -
J1248 237.33 21.53 5011 765.18 56.02 5011 < 0.13 (0.40)
J1456 35.24  5.12 4508 93.71  49.64 4508 -
J0202 64.40  4.28 2675 315.01 17.40 2675 < 1.55 (0.29)
J2128 134.04 4.08 3163 394.53 9.03 3163 -
J2310 41.25  6.19 6079 336.63 31.77 6079 < 3.30 (0.60)
Note. — (a) Scaling for the Gaussian emission lines corresponds to the integrated area
under the curve in units of 10717 erg s7! ecm ™2, (b) FWHM is given in rest frame km s~!
and (*) they represent upper limits because in the BLR the intrinsic ratio I(Ha)/I(HB)
= 3.1
Table 7.2. Central IFS Narrow Emission Lines Fitting Results
Object Narrow Hj [OIII]A5007 Narrow Ha [NIT]A6583
SDSS name Flux® Error® Flux Error Flux Error Flux Error AJ*R
J1700 15.25 1.29 61.46 1.25 77.25  6.92 42.08 4.19  1.67 (0.42)
J2334 53.90 1.14 187.20 1.55 218.39 4.14 117.10 3.95  0.91 (0.10)
J0237 48.24  0.87 83.32 1.01 166.60 3.74 110.40 3.43  0.37 (0.10)
J1230 20.43 1.38 29.86  3.00 169.27  6.25 100.10 6.04  3.35 (0.26)
J1248 - - 97.12  6.88 - - - - -
J1456 22.09 0.74 64.73  0.67 144.16 7.19 80.25 540  2.54 (0.20)
J0202 54.49 0.75 137.70 2.92 21597 3.06 149.00 3.91  0.84 (0.07)
J2128 - - 40.83  0.96 - - - - -
J2310 18.43  0.56 54.63  0.69 99.29  2.88 50.50 2,58  1.88 (0.14)
Note. — (a) Scaling for the Gaussian emission lines corresponds to the integrated area under the

curve in units of 107! erg s~

1

cm 2.
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Table 7.3. SDSS spectra Broad Emission Lines Fitting Results
Object Broad HB Broad Ha
SDSS name Flux® Error® FWHM® Flux Error FWHM A‘]?LR*
J1700 93.7 12.4 6144 390.0 329 6144 <1.00 (0.53)
J2334 110.0 12.1 4034 458.0 32.1 4034 <1.00 (0.44)
J0237 - - - - - - -
J1230 97.1 14.5 3419 475.0 29.8 3418 <1.55 (0.55)
J1248 213.0 20.4 4944 838.0 26.3 4944 <0.81 (0.34)
J1456  65.0 12.7 5373 313.0 45.2 5373 <1.50 (0.83)
J0202 41.6 7.7 2509 517.0 59.1 2508 <4.73 (0.74)
J2128 112.0 10.0 3465 435.0 19.7 3465 <0.77 (0.34)
J2310 79.2 11.9 3799 356.0 35.3 3798 <1.27 (0.61)
Note. — (a) Scaling for the Gaussian emission lines corresponds to the integrated
area under the curve in units of 10717 erg s7! em~2, (b) FWHM is given in rest frame
km s~! and (*) they represent upper limits because in the BLR the intrinsic ratio
I(Ho)/I(HB) 2 3.1
Table 7.4. SDSS spectra Narrow Emission Lines Fitting Results
Object  Narrow Hf [OIII]A5007 Narrow Ha [NIT]A6583
SDSS name Flux® Error® Flux Error Flux Error Flux Error AgLR
J1700 7.51 1.09 41.20 091 43.30  2.89 26.50 235  2.11 (0.54)
J2334 4520 1.48 161.00 2.12 223.00 3.92 125.00 4.32 1.58 (0.13)
J0237 48.30 1.19 90.40 1.27 222.00 5.11 134.00 5.23 1.34 (0.11)
J1230 29.80 1.63 42.87  1.90 164.00 3.35 87.00 3.39  1.96 (0.20)
J1248 22.30 2.15 90.70  6.06 74.50  2.77 75.70  2.80  0.25 (0.35)
J1456  25.60 0.95 73.30  0.87 113.00 3.37 61.50 3.15  1.20 (0.16)
J0202 46.60 0.90 131.40 3.84 163.00 6.85 75.80 7.19  0.41 (0.16)
J2128 8.56 1.11 44.30 1.71 33.60  2.25 39.70 225  0.80 (0.50)
J2310 10.70 1.12 55.67  2.39 51.30  3.32 57.80 4.24  1.49 (0.42)
Note. — (a) Scaling for the Gaussian emission lines corresponds to the integrated area under the

curve in units of 1077 erg s~

1

cm™2.
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In principle, what should be approximately similar is the power-law extinction derived by Starlight
and the extinction derived in the BLR. From Section 7.3.2 we found that the power-law is not expected
to to be extincted by more that ~ 2 mag relative to the stars. Here, all we can say is that, on average,
ABLR j5 < 1.35 (1.58) mag for IFS (SDSS) central spectra, which is in agreement with the previous
result. Only in 2 out of the 9 PSQSOs (J0202 and J2310) we can not discard higher ABLE values, but

in anycase we are just probing upper limits.

7.5. AGN properties

The spectra of type 1 AGN, as the ones in our PSQSOs, offer important diagnostic tools to infer the
properties in the very circumnuclear region, since the light of the accretion disc and the emission-lines
of the BLR are visible. From the fitting results, we were able to estimate two fundamental physical
AGN properties: the BH mass and the Eddington ratio.

7.5.1. Black Hole Mass

Reverberation mapping (Blandford & McKee, 1982; Peterson, 1993) is a method of measuring
black hole masses in AGN that rests upon the assumption of virial motion of the BLR, that is, the
motions of the gas in the BLR is dominated by the gravity of the central, supermassive black hole.
Therefore, the black hole mass can be expressed as:

v® RpLr
Mpyg < ——— (7.11)
G
where v is the velocity of the gas clouds in the BLR that can be estimated from the FWHM of broad
Ha and HB components and Rprr is the radius of the broad-line region that can be estimated from
time-resolved brightness fluctuations in the continuum versus lines in the BLR. A tight correlation
between Rz and the continuum luminosity of the AGN (e.g. Lsigo at 5100 A) could be established.

In this work we have employed the same scaling relations as C13. On the one hand, from the
relation given by Vestergaard & Peterson (2006), we estimated Mpy based on the HS broad line
FWHM and the 5100 A AGN monochromatic luminosity (calculated from the power-law component
used in the fits):

Mpu(Hp) _ 106:91£0,02
Mo

(7.12)

1000 km s—1

2
FWHM(HB)
104 erg s—1

ALy (5100 A)] o

The intrinsic scatter in the sample is described by 0.43 dex. On the other hand, we estimated Mpy
based on the Ha broad line FWHM and the 5100 A AGN monochromatic luminosity according to
the Greene et al. (2010) scaling relation:

MBH(HQ)

=(9,7+0.,5) x 10°
M@ (7 7)X

2,06£0,06
FWHM(Ha)] [)\LA(5100 A) (7.13)

0,51940,07
1000 km s—1 104 erg 51]

As we have fixed the FWHM to be the same for Ha and HS3, the Mgy derived from both are very
similar. The slight differences, <2 %, are due to the different prefactors and exponents in the relations
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given by Greene et al. (2010) and Vestergaard & Peterson (2006) formalisms.

7.5.2. Eddington ratio

The accretion luminosity of a BH is given by,
Lace =n M ¢? (7.14)

where 7 is the mass-energy efficiency conversion (typically estimated to be ~ 0.1, but is dependent on
the spin of the BH with an expected range of 7 = 0.05 - 0.42, Thorne 1974 and M is the mass accretion
rate. The theoretical upper limit on L, is called the "Eddington luminosity” that is reached when
the force of gravity is equal to the radiation pressure from the accretion luminosity:

4rGmyc

Lgaq = Mpu (7.15)

or

where m,, is the proton mass, c¢ is the speed of light, G is the gravitational constant, and o is the Thom-
son cross-section for an electron. Krolik (1999) determined that Lggq = 1,51 x10%% (Mpy/My) erg s—t.
The ratio of the observed accretion luminosity to the Eddington luminosity, the ” Eddington ratio”,
is a useful measure for comparing BH accretion rates over a wide range of BH masses. The term ”high-
accretion” rate AGN is often used to refer to sources with high values of the Eddington ratio 2 0.1.
Lace is assumed to be the radiative bolometric output of the AGN, which can be calculated
for our PSQSOs. Is a common situation, as in this thesis, that AGN only have measurements in a
limited range of continuum wavebands. In our case, what we have is the rest-frame flux at 5100 A
from the power-law component continuum. We have converted it into an AGN bolometric luminosity
using the luminosity distances for our cosmology and an appropriate bolometric correction (f = 8.1;

Runnoe et al. 2012):
Lyo =4 7 D2 f (1+2) AF\(5100 A) (7.16)

The Eddington ratios are given by Ly /Lpdq.



Table 7.5. AGN properties, derived from IFS center spectra
Object % AGNxs100 Fsi00 log Lagn log MBH(MQ) L/LEdd
SDSS name Hp Ha Average Hp Ha Average
J1700 25(2) 572 43.04(0.04) 7.87(0.02) 7.98(0.02) 7.92(0.06)  0.015(0.002) 0.012(0.002) 0.013(0.002)
J2334 20(4) 722 43.44(0.06) 8.10(0.03) 8.22(0.03) 8.16(0.06)  0.025(0.005) 0.020(0.004) 0.023(0.004)
J0237 16(8) 6.58  43.03(0.26) - - - - _ .
J1230 43(15) 6.03  43.46(0.13) 8.10(0.07) 8.21(0.08) 8.16(0.07)  0.024(0.012) 0.019(0.010) 0.022(0.008)
71248 31(10) 13.61 43.44(0.14) 8.13(0.07) 8.25(0.07) 8.19(0.08)  0.007(0.003) 0.006(0.003) 0.006(0.002)
J1456 26(15) 496 43.09(0.30) 7.89(0.13) 7.99(0.13) 7.94(0.10)  0.020(0.018) 0.016(0.014) 0.018(0.011)
J0202 21(1) 7.62  43.28(0.01) 7.50(0.01) 7.59(0.01) 7.54(0.05)  0.066(0.003) 0.053(0.002) 0.060(0.007)
J2128 36(7) 4.65  43.35(0.08) 7.66(0.04) 7.76(0.04) 7.71(0.06) 0.050(0.014)  0.033(0.010) 0.042(0.012)
J2310 16(1) 526 42.99(0.04) 8.06(0.02) 8.16(0.02) 8.11(0.05)  0.009(0.001) 0.007(0.001) 0.008(0.001)

Note. — Columns from left to right: (1) AGN contributions to light at 5100 A, (2) total fluxes at 5100 A in units of 10~ (erg s~!

em~—2 A—1), (3) logarithm of the AGN luminosities integrated from 3000 A to 6000 A, (4) black hole masses and (5) Eddington ratios.

Table 7.6. AGN properties, derived from SDSS spectra
Object % AGNxs100 Fsi00 log Lagn log MBH(MQ) L/LEdd
SDSS name Hp Ha Average Hp Ha Average
J1700 37(11) 506  43.16(0.11) 8.15(0.06) 8.26(0.07) 8.21(0.07)  0.010(0.005) 0.008(0.004) 0.009(0.003)
J2334 36(4) 7.37  43.59(0.05) 8.00(0.02) 8.10(0.03) 8.05(0.05)  0.041(0.007) 0.032(0.006) 0.037(0.006)
J0237 15(6) 6.55  43.07(0.20) - - - - - -
J1230 31(5) 6.84  43.39(0.07) 7.75(0.04) 7.85(0.04) 7.80(0.06)  0.044(0.011) 0.035(0.009) 0.040(0.008)
71248 31(7) 13.76  43.45(0.09) 8.12(0.05) 8.23(0.05) 8.18(0.06)  0.023(0.007) 0.018(0.006) 0.020(0.006)
J1456 26(2) 5.27  43.20(0.04) 8.05(0.02) 8.16(0.02) 8.10(0.06)  0.014(0.002) 0.011(0.002) 0.013(0.002)
J0202 30(1) 7.93  43.46(0.02) 7.53(0.01) 7.62(0.01) 7.57(0.05)  0.092(0.006) 0.074(0.005) 0.083(0.010)
J2128 38(7) 515  43.41(0.08) 7.78(0.04) 7.88(0.04) 7.83(0.06)  0.045(0.013) 0.036(0.011) 0.040(0.009)
J2310 32(6) 547  43.41(0.08) 7.85(0.04) 7.96(0.05) 7.90(0.06)  0.038(0.011) 0.030(0.009) 0.034(0.008)

8¢CC
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Table 7.7. Starburst Properties, derived from IFS central spectra

SDSS  <log age(yr)>r log M,(Mg) % light % light  log M, (Mp) Ay log L

name * <140Myr * <1.5Gyr x <1.5Gyr (mag) (erg s71)
JI700  9.47 (0.08)  10.64 (0.02) 3 (3) 3 (3) 773 (0.18)  0.41 (0.02) 43.36 (0.02
J2334 859 (0.05) 1043 (0.02) 13 (13) 74(4) 1043 (0.01) 0.96 (0.01) 43.75 (0.03
J0237 849 (0.20)  10.64 (0.04) 33 (10) 48 (10)  9.76 (0.33)  0.66 (0.12) 43.75 (0.0
J1230 835 (0.31)  10.32 (0.11) 32 (12) 32 (12) 850 (0.24)  0.00 (0.00) 43.53 (0.16
J1248 885 (0.17) 1047 (0.07) 10 (10) 68 (8)  10.42 (0.05) 0.56 (0.07) 43.69 (0.08
J1456 859 (0.34)  10.14 (0.09) 30 (13) 45 (11) 948 (0.38)  0.12 (0.16) 43.53 (0.11
J0202  9.14 (0.02)  10.91 (0.03) 1 (1) 54 (1) 10.20 (0.02) 0.47 (0.01) 43.74 (0.00
J2128 887 (0.15) 1021 (0.08) 14 (7) 34 (6)  9.57 (0.30)  0.00 (0.00) 43.48 (0.07
J2310  9.36 (0.05)  10.96 (0.02) 9 (3) 30 (3)  9.70 (0.08)  0.26 (0.02) 43.69 (0.01

Note. — (a) Total integrated luminosity of the stellar component from 3000 A to 6000 A. Errors between
brackets.

In Tables 7.5 and 7.6 we report for IFS and SDSS data respectively, the AGN contribution to light
at 5100 A, the continuum flux at 5100 A, the AGN integrated luminosity from 3000 A to 6000 A, the

BH masses for Ha and HZ broad line measurements, and the Eddington ratios.

7.6. Starburst properties

The main stellar population properties can be described using two fundamental physical parame-
ters, starburst age and mass. The stellar mass is already an output from Starlight and is obtained
by taking into account the M/L ratio for each SSP. The mean light weighted stellar ages have been
obtained in the same way as the LIRGs, applying the Equation 5.5. The two main differences are: 1)
the model bases for the PSQSOs are formed only by solar metallicity SSPs, and 2) the normalization
wavelength for the PSQSOs is located at 4750 A.

As explained in Section 7.3, for each PSQSOs we made a total of 9 Starlight fits (3 different
assumptions and within them, 3 possible spectral bases). The mean ages and masses obtained with
each of these 9 different assumptions/bases are reported in Tables A.1, A.2 and A.3. The final average
values for the different properties have been obtained by averaging within the results from the 4 most
reliable combinations out of the total 9, that is, the fits with and without constrain of the Balmer
line fluxes, assuming a single and identical extinction for AGN and stars and for the model bases
including SSPs > 4 Myr and SSPs > 30 Myr. Moreover, the errors have been estimated from the
standard deviation.

Tables 7.7, 7.8, and 7.9 summarize the starburst fitting results for IF'S central spectra, IFS integra-
ted spectra and SDSS spectra, respectively. Apart from the ages and stellar masses we included in the
third column the percentage of contribution to light of young stellar populations (< 140 Myr), in the
fourth column the percentage of contribution to light of young intermediate age stellar populations
(< 1.5 Gyr), in the fifth column the stellar mass in SSPs < 1.5 Gyr, in the sixth column the mean
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Table 7.8. Starburst Properties, derived from IFS integrated spectra

SDSS  <log age(yr)>r log M,(Mg) % light % light log M, (Mg) Ay log Lsg

name * <140 Myr % <1.5 Gyr  » <1.5 Gyr (mag) (erg s71)

JI700  9.30 (0.03)  10.73 (0.02) 0 (0) 15 (4) 9.9 (0.29) 0.57 (0.01) 43.54 (0.01)
J2334 8.59 (0.04) 10.49 (0.01) 13 (13) 77 (4) 10.49 (0.01) 0.92 (0.03) 43.83 (0.02)
J0237 8.39 (0.20) 10.80 (0.05) 41 (6) 60 (16) 9.98 (0.40) 0.64 (0.13) 43.97 (0.03)
J1230 845 (0.27)  10.34 (0.19) 30 (12) 30 (12) 856 (0.26)  0.00 (0.00) 43.63 (0.13)
J1248  9.00 (0.18)  10.82 (0.03) 10 (10) 44 (12)  10.24 (0.13) 0.37 (0.06) 43.95 (0.06)
J1456 854 (0.26)  10.41 (0.12) 32 (12) 53 (12)  9.77 (0.44)  0.17 (0.14) 43.80 (0.09)
J0202 9.19 (0.00) 11.08 (0.01) 0 (0) 51 (1) 10.24 (0.04) 0.45 (0.00) 43.85 (0.01)
J2128  8.93 (0.10)  10.27 (0.06) 10 (5) 45 (7) 9.88 (0.13)  0.00 (0.00) 43.56 (0.04)
J2310  9.25 (0.12)  11.14 (0.01) 9 (7) 45 (4)  10.09 (0.02) 0.27 (0.06) 43.90 (0.03)

Table 7.9. Starburst Properties, derived from SDSS spectra

SDSS  <log age(yr)>; log M, (My) % light % light log M, (M) Ay log Lgg

name * <140 Myr % <1.5 Gyr x <1.5 Gyr (mag) (erg s71)

JI700 931 (0.37) 1053 (0.04) 17 (10) 17 (10) 805 (0.21)  0.00 (0.00) 43.27 (0.12)
J2334 857 (0.10)  10.24 (0.06) 25 (4) 57 (4)  10.02 (0.08) 0.02 (0.03) 43.76 (0.03)
J0237 870 (0.17)  10.51 (0.03) 25 (10) A1(11) 947 (0.25)  0.11 (0.10) 43.76 (0.04)
J1230 8.71 (0.12) 10.35 (0.03) 23 (2) 24 (3) 8.53 (0.28)  0.00 (0.00) 43.64 (0.04)
J1248 912 (0.07)  10.89 (0.02) 7(7) 30 (4)  10.04 (0.17)  0.56 (0.07) 43.69 (0.05)
J1456  9.05 (0.05)  10.40 (0.01) 14 (6) 39 (5) 9.69 (0.09)  0.01 (0.01) 43.54 (0.02)
J0202 9.02 (0.06) 10.86 (0.04) 8 (1) 42 (3) 9.99 (0.05) 0.45 (0.03) 43.71 (0.01)
J2128 8.85 (0.17) 10.34 (0.12) 18 (7) 18 (7) 8.23 (0.25)  0.00 (0.00) 43.52 (0.07)
J2310  9.43 (0.19)  10.85 (0.03) 10 (6) 10 (6) 8.17 (0.26)  0.01 (0.01) 43.61 (0.06)

stellar extinction, and in the last column the integrated light of the stellar component from 3000 A
to 6000 A.

7.7. Comparison between datasets

In the previous sections we described how we have obtained the stellar and AGN properties for
the IFS central and integrated spectra and for SDSS spectra. In this section we are going to discuss

the differences and similarities between the results derived from these three different datasets.

7.7.1. TIFS central region vs SDSS

IFS central spectra and SDSS spectra traces the same region of 1.5 arcsec aperture radius around
the nucleus. With this in mind, we expect the results from both datasets not to be very different.

However, we must bear in mind that both datasets were observed at different times, with different
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Figure 7.8 Comparison between the AGN properties derived from IFS central spectra (y axis) and
SDSS central spectra (x axis). From top left to bottom right: AGN contributions to light at 5100 A,
AGN luminosities integrated from 3000 - 6000 A, black hole masses, and Eddington ratios.

instrumentation, and that PSQSOs are intrinsically variable.

AGN properties

In Figure 7.8 we show the comparison between the AGN properties derived from IFS central spectra
(y axis) and SDSS central spectra (x axis). From top left to bottom right the panels represent: AGN
contributions to light at 5100 A, AGN luminosities integrated from 3000 - 6000 A, black hole masses,
and Eddington ratios. The AGN contributions to light calculated for the IFS central spectra range
from 16 - 43%, and from 15 - 38 % for SDSS spectra. On average, SDSS AGN contributions are
4% higher than IFS AGN contributions. However, this is within the margin of errors (6 - 7%) and
therefore, the results from both datasets can be considered equal. The object that deviates the most
is J2310, for which the SDSS AGN contribution is 16 % higher than IFS one. For most of the other
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objects the difference is less than 10 %.

Analogously, the AGN luminosities are also equivalent, except for J2310. The average errorbars
are 0.15 dex, and for most of the other systems the difference between datasets is within the error.

The BH mass estimations for IFS central spectra range from 3.5 x 107 - 1.5 x 10® M@, while for
SDSS spectra range from 3.7 x 107 - 1.6 x 10® M@®. They are statistically similar considering the 0.4
- 0.5 dex scatter expected from the relations used to derive them. The dispersion between points is
larger here, although not disproportionate.

Finally, the Eddington ratio is the property with the largest dispersion between datasets. This is
expected since it is an indirect measure that depends on many variables. IF'S central values range from
0.008 - 0.060, while SDSS values from 0.009 - 0.083. On average, from SDSS spectra the Eddington
ratio is 0.010 larger than IFU nuclear spectra. This value is a bit larger than the average error bars
0.006 - 0.007. However, we note that in general the Eddington ratios are low (below 0.05) consistent
with the PSQSOs being low accretion rate AGNs.

We emphasize that the agreement between results is quite good, considering that both datasets

were observed at different times, with different instrumentations, and for intrinsically variable systems.

Stellar properties

In Figure 7.9 we show the comparison between the starburst properties derived from IFS central
spectra (y axis) and SDSS central spectra (x axis). From top left to bottom right the panels represent:
mean stellar ages, stellar masses, contributions to light of young-intermediate SSPs (< 1.5 Gyr), stellar
mass in intermediate age SSPs (< 1.5 Gyr), mean stellar extinctions, and stellar luminosities integrated
from 3000 - 6000 A.

The mean stellar ages derived for IFS central spectra range from 220 Myr - 3 Gyr, while for SDSS
between 370 Myr - 2.7 Gyr. The SDSS ages are, on average, 0.12 dex older than central IFS. However,
this difference is smaller than the 0.15 dex average errorbars. Therefore, they can be considered
statistically equal within the errors. The two objects which deviate most are J1456 and J1230, with
SDSS ages older than central IFS by 0.46 and 0.36 dex, respectively.

The stellar masses range from 1.4 x 10 - 9.1 x 10'° M, for IFS central spectra, and from 1.7 x
1019 - 7.8 x 10'° for SDSS spectra. The average difference between datasets is smaller than the 0.05
dex average errorbars. J1248 is the object which deviates most from unity relation, with an SDSS
stellar mass 0.42 dex higher than IFS central stellar mass. For the remaining systems, the absolute
difference between the masses derived from the two datasets is below 0.20 dex.

Although not shown, the contributions to light of young stellar populations (< 140 Myr) are very
uncertain, with huge errorbars that are on average ~ 8 %. We consider as physically valid /reliable only
those contributions with percentages above 15%. The only two PSQSOs that meet this requirement
for both datasets are J0237 and J1230. For them, the contributions derived by SDSS are 9 % smaller
than IF'S contribution, a difference that is approximately within the errorbars. Only in these 2 out of
the 9 PSQSOs we can ensure a significant contribution to light of young stellar populations. They are
also the only two PSQSOs with composite ionization between Seyfert and star formation (see Section
7.8.1).

Analogously, the contributions to light of young-intermediate stellar populations (< 1.5 Gyr),
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Figure 7.9 Comparison between the stellar population properties derived from IFS central spectra (y
axis) and SDSS central spectra (x axis). From top left to bottom right the panels represent: mean
stellar ages, stellar masses, contributions to light of young-intermediate SSPs (< 1.5 Gyr), stellar mass
in intermediate age SSPs (< 1.5 Gyr), mean stellar extinctions, and stellar luminosities integrated

from 3000 - 6000 A.
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are higher than 15 % for all the PSQSOs except J1700 in the case of IFS central spectra and J2310
for SDSS spectra. They range from 30 - 74 % for IFS and from 17 - 57 % for SDSS spectra. The
contributions derived from SDSS spectra are, on average, 12 % smaller than central IFS contribution,
which is above the average errorbars (6 %).

In terms of the mass contained in intermediate age stellar populations (< 1.5 Gyr), we found
very similar values for SDSS and IFS (within the 0.2 dex errorbars) for all the systems except J2310
and J2128 which are ~ 1.4 dex more massive for the central IFS than for SDSS. The values range
from 0.3 x 107 - 2.7 x 109 My, for IFS central spectra, and from 0.1 x 10° - 1.1 x 10 M, for
SDSS spectra. Considering the global average of the PSQSOs, the mass in intermediate age stellar
populations represents a 27 % (13 %) of the total stellar mass for our central IFS (SDSS).

With respect to the stellar extinction, for most systems, the derived values are similar for SDSS
and IFS central spectra, with differences below 0.25 mag. However, for J1700, J2334 and J0237 the
stellar extinction derived from IF'S is significantly higher than SDSS by 0.41 mag, 0.94 mag and 0.55
mag respectively.

The stellar luminosities derived for both datasets are remarkably similar within the margins of
error. In general, the stellar population results from IFS central and SDSS spectra are in good agree-

ment.

7.7.2. TIFS Central vs IFS Integrated

The integrated spectra were obtained summing the flux over all the optical extension of the
PSQSOs. When visualizing simultaneously central and integrated IFS, we found that the spectral
shape of most of them are very similar. However, in terms of luminosity the integrated spectra lie
above the nuclear ones. Therefore, we expect that the extensive properties as the stellar masses and
luminosities will be higher from integrated than from nuclear spectra, while the intensive properties
as mean ages, young / intermediate stellar populations contributions and dust extinction, remain

similar. This is in fact what we found.

Stellar properties

In Figure 7.10 we show the comparison between the starburst properties derived from IFS central
spectra (y axis) and IF'S integrated spectra (x axis). From top left to bottom right the panels represent:
mean stellar ages, stellar masses, contributions to light of young-intermediate stellar populations (<
1.5 Gyr), stellar mass in intermediate age stellar populations (< 1.5 Gyr), mean stellar extinctions,
and stellar luminosities integrated from 3000 - 6000 A.

There is no significant difference in the mean ages derived from central and integrated spectra.
However, the integrated stellar masses are, on average, 0.15 dex higher than the central ones.

Although not shown, only 3 systems present a significant contribution of young SSPs < 140 Myr
(2 15%); J0237, J1230 and J1456. In the previous Section we found that J0237 and J1230 had also
a significant contribution of young stellar populations when derived from SDSS data. In the case of
J1456, it was in the limit of detection with a contribution of 14 & 6 %.

Analogously, 8/9 PSQSOs (all except J1700) have contributions of young-intermediate SSPs <
1.5 Gyr greater than 15%. The contributions are a 4% higher for integrated than central spectra.
However, this is within the 7% errorbars and therefore it is not statistically significant.
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Figure 7.10 Comparison between the stellar population properties derived from IFS central spectra
(v axis) and IF'S integrated spectra (x axis). From top left to bottom right the panels represent: mean
stellar ages, stellar masses, contributions to light of young-intermediate stellar populations (< 1.5
Gyr), stellar mass in intermediate age stellar populations (< 1.5 Gyr), mean stellar extinctions, and

stellar luminosities integrated from 3000 - 6000 A.
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For the 8 systems with reliable contributions of the young-intermediate stellar populations, the
masses derived with both datasets are comparable, with an average difference within the 0.2 dex

errorbars.

There is no difference between the mean stellar extinction derived in the integrated and in the

nuclear spectra.

Finally, we found that the stellar luminosity derived from the integrated spectra is 0.17 dex higher
than the central one, well above the 0.05 - 0.06 dex errorbars.

7.7.3. SDSS vs C13 work

Since the only work with statistical significance studying stellar populations in PSQSOs is C13,
and considering that their sample includes our sample, we compared our results with theirs for these
same 9 systems. We will compare with the results derived from SDSS spectra for two reasons. First,
because we found that the SDSS results are in agreement with our IFS and second, because C13
combined the SDSS spectra with their optical KPNO spectroscopy in order to increase the S/N and
the wavelength coverage and in general, they matched both their KPNO and Keck spectra to the flux
calibration of the SDSS spectra (see Sections 2.2 and 2.4 of C13 for additional details). Therefore,
we expect that the differences between C13 and our SDSS results are due mostly to the methodology
and assumptions made in the analysis, but not to spectral differences.

AGN properties

The range of AGN contributions to the total light derived for SDSS spectra vary between 15 % -
38 %, with an average of 31 %. This value is a factor 1.7 lower than the one obtained by C13, 53 %.
This could be due to several reasons. First, they do not include in their base populations younger
than 56 Myr. The blue continuum characteristic of the ionizing stellar populations and the power-law
blue continuum are quite similar, and there is a degeneration between them. In fact, for the fits with
SSPs < 4 Myr base, the joint contribution of AGN and SSPs < 30Myr is ~ 43 %, more similar to
C13 53 %. We also see that when using the base with SSPs >30 Myr, we estimate 10 % more of AGN
light contribution than with the base with SSPs down to 1 Myr. If we had removed from our base all
the SSPs until 56 Myr we would expect to obtain even larger AGN contributions, to counteract the
lack of blue continuum flux from young SSPs. Also, and not being quite sure of the influence that
could have, C13 allow the power-law spectral index to vary independently for each object, while we
have fixed it.

This factor of 1.7 difference between our SDSS AGN contributions and C13 translates into our
mean BH masses being on average 0.24 dex smaller than C13. However, they are still within the
uncertainties, 0.4 - 0.5 dex. Also, as a consequence, our AGN luminosities are 0.25 dex lower than
C13.

However, our Ly, / Lpgq are in agreement with C13 estimations, except for J2128, where there
is a large difference between 0.04 (SDSS) and 0.108 (C13), most of it explained by the factor 2 of

difference between the AGN luminosities.
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Stellar properties

The mean ages of the PSQSOs derived from SDSS spectra oscillate between 370 Myr - 2.7 Gyr.
They are within the errors similar to C13 ages, which range between 240 Myr - 2.7 Gyr. We note,
however, that C13 do not detail how they have weighted the ages. That matters because, for example,
weighting in Myr instead of in logarithm would lead to older ages. Our SDSS stellar masses are also
in agreement with C13 ones, within a scatter of ~ 0.2 dex, except for J2334, where they report a
significantly lower value, 9.84 vs 10.24 (ours). We think this could be due to the significantly higher
AGN light contribution they are obtaining for this PSQSO: 0.764 vs 0.36 (ours). Their large AGN
contribution could lead to an underestimation of the stellar component mass, as only 24 % of the light
is assigned to stars. From SDSS spectra we obtain very low extinction values for 7/9 PSQSOs, which
is in agreement with the idea of PSQSOs not being heavily extincted by dust. Only for J1248 and
J0202 we measure extinctions ~ 0.5 mag. We can not compare these results with C13 because they
directly did not included dust in their modelling.

7.8. Results

Probably the most relevant result is that in 8/9 PSQSOs (all except J1700) the AGN coexists with
a 30 - 77 % of SSPs younger than 1.5 Gyr. On average, the intermediate age population contribution
is very important, 48 %, and coexist with an AGN which on average contributes to 27 % of the light.

Also, in 3/9 PSQSOs (J0237, J1230 and J1456) there exists an even younger stellar population <
140 Myr, contributing on average to a 32 % (34 %) in the central (integrated) spectra, however with
important uncertainties around 12 % (10 %). We can not confirm the presence of young components in
other systems given their low contributions < 15 % and the large uncertainties. In fact, these 'young
components’ have been proposed to be the trigger for the current AGN activity. A few of the PSQSOs
in C11 have morphologies that show knots of ongoing star formation, suggesting that young stellar
populations may be present. Moreover, the prototype PSQSO, UN J1025-0040 required revisiting to
include a younger stellar population (~ 40 Myr) when high-resolution blue Hubble Space Telescope
(HST) images were obtained (Brotherton et al., 2002).

7.8.1. BPT diagrams

As explained in Section 1.4.2, narrow emission lines can be powered by several sources of photoio-
nizing radiation, including young ionizing stars and AGN. Comparing the relative strength of lines
with high- and low-ionization potentials tells us about the shape of the photoionizing continuum and
thus diagnoses the source. AGNs have harder continua (relatively more high-energy photons) while
star-forming continua are softer (relatively more low-energy photons). In particular, the highly ionized
[OIII]A5007 line is more prominent in AGN spectra but other lines may also be diagnostic. In Figure
7.11 we show the traditional BPT diagram, [OIII]A5007/H3 vs [NIIJA6583/Ha flux ratios for IFS
central spectra (left panel, black circles) and SDSS spectra (right panel, green circles). Overplotted
as black lines are empirically and theoretically derived separations between LINERs/Seyferts and HII
regions. Dotted line is Kauffmann et al. (2003), solid line is Kewley et al. (2001), and dashed-dotted
line is Cid Fernandes et al. (2010). Diagrams such as this help us understand the nature of relati-

ve contributions of ionizing radiation from different sources. All the PSQSOs with narrow line flux
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Figure 7.11 BPT diagnostic diagrams for our 9 PSQSOs for IFS central spectra (left panel, bla-
ck circles) and SDSS spectra (right panel, green circles). Overplotted as black lines are empi-
rically and theoretically derived separations between LINERs / Seyferts and HII regions. Dot-
ted line is Kauffmann et al. (2003), solid line is Kewley et al. (2001), and dashed-dotted line is
Cid Fernandes et al. (2010). All the PSQSOs with narrow line flux measurements fall in the Sey-
fert region of the BPT except two, J0237 and J1230, which fall in the composite region, suggesting
that star formation is also quite important in these two systems.

measurements fall in the Seyfert region of the BPT except two, J0237 and J1230, which fall in the
composite region, suggesting that recent star formation is also quite important in these two systems.

In fact, J0237 is the PSQSO in our sample with the highest contribution to light of SSPs < 140
Myr, 33 %, and the only one where this contribution is bigger than the AGN contribution, ~ 16 %.
Moreover, is the only one where no broad emission is detected in either Ha or HS. In the case of
J1230, is the object with the second highest contribution to light of SSPs < 140 Myr, 32 %. In all the
7 remaining systems the average contribution to light of the young SSP components is not significant
and always much smaller than the AGN contribution, except for J1456 where the difference is not so
clear for IFS data.

7.8.2. Correlations of AGN versus Starburst properties

In this section we have searched for correlations between the AGN and the starburst properties
predicted by merger-induced evolutionary scenarios (e.g., Di Matteo et al. 2005 and Hopkins et al.
2008). If there is a single mechanism driving both AGNs and starburst activity, then it will natu-
rally lead to correlations between their properties. Specifically, AGN luminosity (and/or Eddington
ratio) was predicted to decline following a merger-triggered fueling event as the age of the starburst
population increases.

We find evidence of the latter. In left panel of Figure 7.12 we show how the AGN luminosity vary
with the starburst age for our IFS central (black) and integrated spectra (red). In bright colors we
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Figure 7.12 Left panel: correlation between starburst ages and AGN luminosity for our IFS central
(black) and integrated (red) spectra. The two PSQSOs with an uncertain AGN contribution, smaller
than 15% (J0237 and J1456), are shown in lighter colors. When not taking them into account, a
declining trend of the AGN luminosity with the starburst age is seen, as predicted by merger-induced
evolutionary scenarios. Right panel: correlation between [OIIIJA5007 luminosity and the stellar mass
contained in stellar populations < 1.5 Gyr for IFS central (black) and integrated (red) spectra.

show PSQSOs where the AGN contribution is unequivocally higher than 15 %. In lighter shades of
black and red, we show the two PSQSOs where the AGN contribution do not satisfy this requirement
(J0237 and J1456). When not considering these two systems, the expected declining of the AGN
luminosity with starburst age is visible. This would indicate that the gas from which the stars formed
also fed the AGN. The younger the stellar age of a system the higher the contribution from recently
formed young components. That requires significant gas income to the central region, part of which
could also be accreted by the AGN.

It would be very interesting that we could expand the PSQSOs sample to confirm this trend, since
the statistics of our current sample is not enough (only 7 objects). Apart from this, we do not find
any other correlation between starburst ages or masses and the BH masses or Eddington ratios.

Additionally, we find another interesting correlation between the stellar mass in intermediate age
stellar populations < 1.5 Gyr and the luminosity of [OIIIJA5007 line, shown in the right panel of Figure
7.12. If we assume that the [OIIIJA5007 line luminosity is somehow related to the AGN luminosity,
therefore, this correlation suggest that the more massive the central starburst the brighter the AGN.
This could indicate that both starburst and AGN are simultaneusly growing from the same gas supply,
which in principle is in agreement with merger induced evolutionary scenarios. However, we note that
we do not find this correlation when using directly the AGN luminosity. We have no clue about the
reason why, in principle the L gy is related with the continuum which is directly emitted from the
AGN, while Liosrnaseo7 reflects somehow the influence of the AGN continuum over the gas in the
more extended NLR. Again, additional observations are necessary to further test this hypothesis.

We do not find any other correlation between the stellar mass in intermediate age stellar popula-
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tions < 1.5 Gyr, neither with total stellar masses with any of the AGN properties. The small sample
size, together with the limited parameter space traced could limit our ability to see correlations. In
anycase, with their bigger sample, C13 neither find any correlation between stellar and AGN proper-
ties. When dividing by morphologies, they found that early type galaxies have significantly higher
AGN luminosities, younger starburst ages, and narrow emission-line ratios diagnostic of Seyfert when
compared to their spiral counterparts.

An extensive comparison of the SFHs of PSQSOs with LIRGs and control spiral galaxies from
CALIFA is presented in the final discussion (see Chapter 8).

7.9. Conclusions

In this chapter we have characterized the AGN properties (contribution to light, luminosity, BH
mass, and Eddington ratios), the stellar population properties (mean light weighted ages, total stellar
masses, stellar masses in intermediate age stellar populations, stellar extinctions), and the ionization
mechanism for 9 PSQSOs observed with IFS from PMAS LArr and VIMOS instruments, and also
from publicy available SDSS spectra. We have characterized both the central region and the whole
integrated spectra.

Our main results are:
1. Starburst properties:

= The stellar masses derived from the integrated spectra of the PSQSOs range from 1.9 x
101 Mg, - 1.4 x 10" Mg, (Chabrier), and the mean stellar ages from 220 Myr - 3 Gyr,
both in agreement with C13. In general, the stellar extinctions are low, < 1 mag.

= In 3 out of 9 PSQSOs (J0237, J1230 and J1456) we can ensure that there is a significant
contribution (> 15%) of young stellar populations (< 140 Myr).

= In 8 out of 9 PSQSOs (all except J1700) we find important light contributions of intermediate-
age stellar populations (< 1.5 Gyr), ranging from 30 % - 77 %. The stellar mass in inter-
mediate age stellar populations range from 3.2 x 10® Mg - 3.1 x 10'Y My (Chabrier). It
represents, on average, a 27 % of the total stellar mass formed in these systems.

2. AGN properties:

= The contribution to light (at 5100 A) of the AGN ranges from 16 % - 43%. On average,
the contributions derived by us are a factor 1.7 lower than the ones derived by C13, due
to differences in the modelling assumptions. However, this does not translate in signifi-
cant differences between the BH masses and Eddington ratios derived by us, which are in

agreement with them.

» We find that the central black holes have masses from 3.5 x 107 M, - 1.5 x 10® Mg, and
are low-accretion rate AGN accreting at < 1% - 6 % of Eddington luminosity.

3. Narrow line emission: When plotted on the traditional BPT diagram, 7 out of the 9 PSQSOs
fall in the Seyfert region. The other 2 systems, J0237 and J1230, fall in the composite region,
reconfirming the results from the spectral synthesis, that is, recent star formation is also quite
important in some PSQSOs.
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4. Starburst - AGN correlations:

= From the correlations between the AGN and the starburst properties expected by merger-

induced evolutionary scenarios we find evidence of the decline in the AGN luminosity with
increasing stellar ages, when considering the 7 PSQSOs with reliable AGN luminosities.
This would indicate that the gas from which the stars formed also fed the AGN. The
younger the stellar age of a system the higher the contribution from recently formed young
components. That requires significant gas income to the central region, part of which could
also be accreted by the AGN. It would be very interesting that we could expand the PSQSOs
sample to confirm this trend, since the statistics of our current sample is not enough.

We find another interesting correlation between the stellar mass in intermediate age ste-
llar populations < 1.5 Gyr and the luminosity of [OIIT]A5007 line. If we assume that the
[OIII]A5007 line luminosity is somehow related to the AGN luminosity, therefore, this co-
rrelation suggest that the more massive the central starburst the brighter the AGN. This
could also indicate that both starburst and AGN are simultaneusly growing from the same
gas supply, which in principle is in agreement with merger induced evolutionary scena-
rios. However, we note that we do not find this correlation when using directly the AGN

luminosity and additional observations are also necessary to further test this hypothesis.
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Overall comparison between Spirals, LIRGs and

PSQSOs

In the previous chapters we have characterized the spatially resolved stellar population properties
of three LIRGs, two pre-mergers (IC 1623 W and NGC 6090) and one merger (NGC 2623). Moreover,
we have also studied the nuclear and integrated stellar population properties of nine PSQSOs also in

different merger stages:

= Two pre-merger spiral systems, similar in morphology to our pre-merger LIRGs: J1456 and
J2310.

= One undefined pre-merger system where the morphology of the main galaxy is not clear: J1230.

= Three post-merger elliptical systems: J2334, J1248 and J2128. J2128 has in turn another close

companion of elliptical type that could end in another merger.

= Three apparently isolated but distorted spirals that could be due to past minor merging or
maybe another processes: J1700, J0237 and J0202.

In this chapter we perform a global comparison between all these systems and between them and spiral
galaxies from CALIFA sample, whose characteristics were studied in detail in Gonzalez Delgado et al.
(2015) and in a paper in preparation. In Section 8.1 I present the 2D star formation histories of our
LIRGs. They are compared with spirals in Section 8.2. Finally, in Section 8.3 I compare the SFHs of
the LIRGs with the SFHs of the PSQSOs.

8.1. Star formation histories of LIRGs

The SFHs of LIRGs have been previously analyzed by means of the 1D SFHs obtained by collapsing
the spatial information, summing the SFH of every single spaxel in the datacubes (Sections 5.4.9 and
6.4.9), and also by condensing the age distribution encoded in the population vector into different
age ranges to see their spatial distribution (Sections 5.4.10 and 6.4.10). Here we use the 2D SFHs to

compare the differences in the evolution between the inner (0.0 - 0.5 HLR) and the outer regions (1.0
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- 1.5 HLR), whether they are dominated by different stellar populations or if the mass growth and
star formation rates are similar. In order to compare the radial profiles of individual galaxies on a
common metric, we have expressed the distance scale in units of Half Light Radius (HLR), as was done
in GD2015. As explained in Cid Fernandes et al. (2013), the HLR is defined as the semi-major axis
length of the elliptical aperture which contains half of the total light of the galaxy at the rest-frame
wavelength. In our case, the HLR, ellipticity and position angle parameter were obtained from the
continuum flux image at 5635 A using Pycasso code.
We present for each LIRG several plots (see Figures 8.1 to 8.3) showing the following results:

» Bottom panels: Show the 2D SFH in luminosity density (left) and 2D SFH in mass surface
density (right). From Starlight fits, we have the total stellar mass formed (Mp; t0t), the total
luminosity (L), and the population vectors expressed in terms of light fraction (x;) and mass
fraction (p;) for all the spaxels in the datacube. The spatially resolved SFHs are:

SFHlight(mayaageaz) = Ltot(x7y) X mj(x7y7age7 Z)

SFHmass(x,y,age,Z) = Mini,tot(xvy) X ,uj(x,y,age,Z)

where x and y are the coordinates of each spaxel and age, Z are defined by the SSP models
in our bases (39 ages and 4 Z in GM base and 40 ages and 4 Z in CB base). To create the
2D SFHs from them, we have followed the procedure explained in CF2013 and GD2015, first
collapsing the SFH in the Z axis and then compressing xy into radial distance R, producing a
radially averaged SFH(R, age) maps. Elliptical apertures 0.1 HLR in width are used to obtain
the average SFH as a function of distance. The left panels show the luminosity density in units
of Lo pc™? at each radial position R and for each age and the right panels show the stellar
mass surface density in units of My pc~2. Both are in logarithmic scale. Therefore, the y axis
represents the radial distance from the nucleus in HLR and the x axis is the lookback time
(in logarithm), which has been smoothed by a Gaussian filter with a FWHM of 0.20 dex. The
smoothing was made only for visualization purposes, but the measurements were performed on

the original data.

= Middle left panels: Show the 1D SFHs of our galaxies in different regions and as a function
of lookback time in logarithmic scale. The black line is obtained by collapsing the 2D SFHy; 4,
(bottom left panels) over the whole radial dimension from 0.0 - 2.0 HLR, and then dividing it by
the total luminosity in order to express it in light fraction units. The x axis remain unchanged.
The black line represents the ”average” 1D SFH in light of the galaxies. The red line is the result
of collapsing the 2D SFHy;45; from 0.0 - 0.5 HLR and then dividing it by the total luminosity
in that region. It represents the 1D SFH of the center (presumably related with the ”bulge”) of
the galaxies. The blue line is the result of collapsing the 2D SFHy;4,¢ from 1.0 - 1.5 HLR and
then dividing by the total luminosity in that region. It represents the 1D SFH of the ”disks”
of the galaxies. In these panels we present directly the results without smoothing and the light
fractions reported on the text have been measured directly from them. Althought not shown,
we have also computed these plots in mass fraction. The procedure is exactly the same but
collapsing in the 2D SFH,,,ss map (bottom right panel) instead of in 2D SFHy;g,. The 1D

SFHs in mass are analogous to light but most of the mass contribution is concentrated in the
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SSPs older than 1 Gyr. The mass fraction of the younger SSPs is so low that is not possible
to distinguish the differences between central region and the ”disks” /outer parts. That is the

reason why we have decided to better show the light fractions.

Middle right panels: Show the cumulative mass fraction, also called relative stellar mass
growth, as a function of the lookback time in linear scale. The cumulative mass fractions have
been calculated from the 1D SFHs in mass by progressively summing the mass fraction contained
in all the previous (oldest) SSPs, starting from the oldest one and finishing in the youngest where
the accumulated mass fraction sum up to 1. This allows us to quantify when the mass in the
different regions of the galaxies formed. The color coding is the same as in the middle left panel.
Because most of the mass is in the old populations, we used the linear scale in lookback time
instead of logarithmic in order to better trace the old age range and to maximize the contrast

between the inner and the outer regions.

Top left panels: Show the radial profiles as a function of the distance (in HLR units) of the
SFRs calculated by applying Equation 5.17. We have chosen four age scales that typically trace
the periods of enhanced star formation in mergers: 1) 32 Myr (blue line) which represents the
youngest ionizing SSPs and that is comparable to the SFR derived from Ha (Lacerda et al. in
prep.), 2) 300 Myr (green line) which represents young populations emitting in the UV including
up to early type A stars, 3) 1.5 Gyr (orange line) which are the intermediate age populations
dominated by A and early F stars and 4) 13.5 Gyr (brown line) which represent the average
over the whole Hubble time. The radial profiles of the SFR(13.5 Gyr) is equivalent to the mass
surface density profiles ! divided by the age of the Universe.

Top right panels: Show the radial profiles as a function of the distance (in HLR units) of the
specific SFRs (sSFR). The SFR is an extensive property (depends on the mass) and therefore, it
is expected to find negative trends of the SFR with distance given that there are, comparatively,
much more stellar mass density in the center than in the outer regions. For that reason, we have
derived the sSFR by dividing the SFR radial profiles of the top left panel by the radial profiles
of the stellar mass surface density (reported in Section 5.4.7 for the pre-merger LIRGs and in
Section 6.4.7 for NGC 2623). The color coding is the same as in the top left panel. As can be seen,
the brown line sSFR(13.5 Gyr) is always oscillating near to log(1/13.5) = -1.1, the differences
with respect to this value are due to the stellar mass loss. The SFRs have been calculated from
the total stellar mass formed, while the mass surface density is obtained from the stellar mass

nowadays, with some of the original mass lost during the evolution.

8.1.1. IC 1623 W

The 2D SFHs and radial profiles of the SFR of IC 1623 W (1 HLR ~ 2.8 kpc) are shown in Figure

8.1. From the bottom left and middle left panels we found that there are several periods of increased

star formation, probably due to the merger. On the one hand, there is a population around 140 Myr
which is important both in the center and in the ”disk” (contributing to ~ 20 % of the light of both).
Moreover, from 1.0 to 1.5 HLR most of the light (~ 55 %) is dominated by populations younger than

Multiplied by a small factor that take into account the mass loss due to the stellar evolution.
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Figure 8.1 Bottom left: 2D SFH in light of IC 1623 W in units of surface brightness in L pc2 and
logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. In the case
of IC 1623 W, 1 HLR ~ 2.8 kpc. The horizontal axis is the SSP age (in logarithm), which has been
smoothed by a Gaussian filter with a FWHM of 0.20 dex. Bottom right: 2D SFH in mass in units
of mass surface density in My pc~2. Middle left: Light fraction as a function of lookback time in
logarithmic scale for the inner 0.5 HLR in red, from 1.0 - 1.5 HLR in light blue and the integrated over
2 HLR in black. Middle right: Cumulative mass fraction as a function of the lookback time in linear
scale for the inner 0.5 HLR (red line), the outer regions 1.0 - 1.5 HLR (blue line) and the integrated
value (black line). Top left: Radial profiles of the SFRs as a function of the radial distance. The SFR
calculated in the last 32 Myr is in blue, in green for the last 300 Myr, orange for the last 1.5 Gyr and
brown for the SFR along the Hubble time. Top right: As in the top left panel but for sSFR.
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10 Myr. In the inner 0.5 HLR the SFH is more complex, the contribution of populations younger than
10 Myr is only 15 %, but the contribution of populations between 30 - 500 Myr doubles (~ 40 %) with
respect to the one in the ”disk”, showing also a more continuous star formation in that period.

From the bottom right panel we found that the contribution to stellar mass of the populations
younger than 100 Myr is negligible. In fact, most of the mass is in populations of older than ~ 8
Gyr. The middle right panel of this Figure show that the mass in the outer regions formed before
than the central mass. This is in contrast with the inside-out scenario found for the CALIFA galaxies
(Pérez et al., 2013). In particular, 80 % of the mass of the outer regions was already there ~ 13 Gyr
ago, while for the center it took around 2 Gyr more to form 80 % of its mass (at 11 Gyr ago). In
anycase, most of the mass formed very fast both in the central part and in the "disk”. At 8 Gyr, IC
1623 W has already formed 90 % of its mass everywhere. From this we conclude that as the merger is
starting, the merger induced star formation has still not contributed significantly to the total stellar
mass of the galaxy, most of which was already there (both in center and "disk”) 8 Gyr ago. However,
considering the mass formed in the last 1 Gyr as the properly "merger-induced” we found that the
central part has formed 7 % of its mass in this period and the ”disk” a 4 %.

From the top left panel we note is that the SFRs reach their highest values in the nucleus and
decrease outwards, although the SFR(32 Myr) remains significantly high in the outer parts of IC
1623 W. Moreover, in the center (< 0.5 HLR) we found that there are no significant differences
between SFR(300 Myr) and SFR(32 Myr). That could indicate that the star formation has been
about continuous in the central ~ 0.5 HLR in the last 300 Myr. On the contrary, the SFR(1.5 Gyr)
is approximately 0.2 dex below SFR(300 Myr) and SFR(32 Myr), which is indicating that the SFR
rate has not been continuous in this longer period up to 1.5 Gyr. Focusing now on the outer parts,
from 1.0 - 1.5 HLR, we found that SFR(300 Myr) is 0.5 dex smaller than SFR(32 Myr), indicating
an increase of bursty star formation in the outer parts in the last 32 Myr, while the contribution of
SSPs around 300 Myr is comparatively low.

On the other hand, from the top right panel we found that the radial profiles of the sSFR flatten
in the inner 0.5 HLR, indicating that the SFR per unit mass is similar in the center and in the outer
parts, or even in the case of sSSFR(32 Myr) its higher in the outer parts than in the center. However,
as we will see in Section 8.2.4 the star formation in the last 32 Myr in the central part of these systems

is still enhanced in comparison with average Sbc and Sc galaxies.

8.1.2. NGC 6090

For NGC 6090 NE the 2D SFHs and SFR radial profiles are shown in Figure 8.2. The panel
distribution and color coding is exactly the same as in Figure 8.1. In this case we have masked the
SW component to avoid including at distances 2 1.5 HLR the SFH of NGC 6090 SW nucleus. For
that reason and given the few spaxels available for averaging at these distances, the results beyond
1.5 HLR should be interpreted with caution. In NGC 6090 NE, 1 HLR ~ 3.7 kpc.

As can be seen in bottom left and middle left panels, the contribution of young SSPs (< 20 Myr)
is more important in the inner 0.5 HLR (60 %) than between 1.0 - 1.5 HLR (45 %). Moreover, in
the central 0.5 HLR there is a single intermediate age component of ~ 1.5 Gyr contributing to 10 %
of the light, while between 1.0 - 1.5 HLR there exist, in addition to this, another intermediate age
component a bit younger (~ 600 Myr) and which is also contributing to 13 % of the light of the outer
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Figure 8.2 Bottom left: 2D SFH in light of NGC 6090 NE in units of surface brightness in L, pc=2
and logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. In the
case of NGC 6090 NE, 1 HLR ~ 3.7 kpc. The horizontal axis is the SSP age (in logarithm), which has
been smoothed by a Gaussian filter with a FWHM of 0.20 dex. Bottom right: 2D SFH in mass in
units of mass surface density in M pc—2. Middle left: Light fraction as a function of lookback time
in logarithmic scale for the inner 0.5 HLR in red, from 1.0 - 1.5 HLR in light blue and the integrated
over 2 HLR in black. Middle right: Cumulative mass fraction as a function of the lookback time
in linear scale for the inner 0.5 HLR (red line), the outer regions 1.0 - 1.5 HLR (blue line) and the
integrated value (black line). Top left: Radial profiles of the SFRs as a function of the radial distance.
The SFR calculated in the last 32 Myr is in blue, in green for the last 300 Myr, orange for the last
1.5 Gyr and brown for the SFR along the Hubble time. Top right: As in the top left panel but for

sSFR.
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regions. While the star formation at lookback time later than 1 Gyr is similar to ”isolated” spirals,
recent bursts (ages < 1 Gyr) are more certainly related with the merger.

As can be seen in bottom right panel, the mass growth in NGC 6090 NE has been more progressive
than in IC 1623 W, with the mass more distributed in SSPs > 1 Gyr. Moreover, and also in contrast
to IC 1623 W, from the middle right panel we found that the mass formed before in the central regions
(red line) than in the outer regions (blue line). Although the difference is small. In particular, 80 %
of the mass of the center was already there ~ 10 Gyr ago (z ~ 2), while for the outer regions is at 8
Gyr ago. It is around 2 Gyr when NGC 6090 NE formed 90 % of its mass everywhere.

In NGC 6090 there is some contribution to light of SSPs between 1 - 2 Gyr, however, we believe
that SSPs above 1 Gyr are too old to have been induced by the current merger. For consistency with
IC 1623 W, we will consider as merger-induced star formation everything younger than 1 Gyr. We
find that the center has only increased its mass by a 1%, while the outer parts formed 7% of its
stellar mass in this same period. This is the opposite that we saw in IC 1623 W. Although both are
pre-mergers, one of them has formed more mass in the central region (IC 1623 W) while the other
has formed more mass in the ”disk” (NGC 6090 NE).

From the top left panel, we found that all the SFRs reach their highest values in the nucleus
and decrease outwards. In the inner 0.5 HLR, we found that SFR(300 Myr) ~ SFR(1.5 Gyr), while
SFR(32 Myr) is ~ 1 dex higher, surely due to the increase of the star formation in the last 32 Myr.

On the other hand, between 1.0 - 1.5 HLR, SFR(32 Myr) is still 0.5 dex higher than SFR(1.5
Gyr) and SFR(300 Myr), indicating that youngest star formation is also relevant at these distances
in comparison with star formation over longer timescales. Moreover, in comparison with IC 1623 W,
the SFR(300 Myr) is much less significative in NGC 6090 NE (~ 0.7 dex smaller) both in the inner
0.5 HLR and between 1.0 - 1.5 HLR. This seem to be indicating that the merger induced SF (and
possibly the merger too?) is younger in NGC 6090 NE than in IC 1623 W.

Finally, from the radial profiles of the sSFR shown in the top right panel, we found that the
sSFRs profiles flatten below 1 HLR as also happens in IC 1623 W. On the contrary to IC 1623 W,
the sSFR(32 Myr) is still higher in the center than in the outer parts.

8.1.3. NGC 2623

From the previous results of the pre-merger LIRGs, one of the most striking findings is that star
formation in the last 32 Myr is relevant not only in the central parts, but also in the outer regions
up to 1.5 HLR, being the SFR(32 Myr) ~ 0.5 - 1 dex higher than the SFR considering the 1.5 Gyr
timescale.

The analogous results for the merger NGC 2623 (1 HLR ~ 3.3 kpc) are shown in Figure 8.3. As
can be seen in bottom left and middle left panels, we found that in the center, ~ 35 % of the light
is dominated by SSPs < 20 Myr, while a similar fraction ~ 35% is contributed by SSPs between
300 Myr - 2 Gyr. On the other hand, between 1.0 - 1.5 HLR, the contribution of SSPs < 20 Myr is
significantly smaller, ~ 20 %, while the contribution of SSPs between 300 Myr - 2 Gyr is larger ~
45 % than in the center.

From the bottom right panel we found the contribution to mass of the SSPs older than 1 Gyr is
important, similarly to what we found in NGC 6090 NE. Moreover, from the middle right panel, we
found the mass growth has been even more progressive than in NGC 6090 NE. Also, the mass formed
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Figure 8.3 Bottom left: 2D SFH in light of NGC 2623 in units of surface brightness in L, pc™2 and
logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. In the case
of NGC 2623, 1 HLR ~ 3.3 kpc. The horizontal axis is the SSP age (in logarithm), which has been
smoothed by a Gaussian filter with a FWHM of 0.20 dex. Bottom right: 2D SFH in mass in units
of mass surface density in My pc~2. Middle left: Light fraction as a function of lookback time in
logarithmic scale for the inner 0.5 HLR in red, from 1.0 - 1.5 HLR in light blue and the integrated over
2 HLR in black. Middle right: Cumulative mass fraction as a function of the lookback time in linear
scale for the inner 0.5 HLR (red line), the outer regions 1.0 - 1.5 HLR (blue line) and the integrated
value (black line). Top left: Radial profiles of the SFRs as a function of the radial distance. The SFR
calculated in the last 32 Myr is in blue, in green for the last 300 Myr, orange for the last 1.5 Gyr and
brown for the SFR along the Hubble time. Top right: As in the top left panel but for sSFR.
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before in the center (red line) than in the outer regions (blue line). 80 % of the mass of the center was
there ~ 2.5 Gyr ago, while for the outer regions 1 Gyr ago. The contribution to mass of the stellar
populations in the last 2 Gyr is about 13 % in the center and 38 % in the outer regions (in contrast to
the 12 % of NGC 6090 NE and the 4% of IC 1623 W). The mass growth of the outer parts of NGC
2623 in the last 2 Gyr has been 3 - 10 times more intense than the mass growth in the outer regions
of the pre-merger LIRGs. In the inner 0.5 HLR, the mass growth in the last 2 Gyr has been similar
(within a factor of < 2) in IC 1623 W, NGC 6090 NE and NGC 2623.

From the SFR radial profiles in top left panel we again found that all the SFRs reach their highest
value in the nucleus and decrease outwards. As in the pre-merger LIRGs, in the inner 0.5 HLR,
the SFR(32 Myr) is significantly higher than the SFR(1.5 Gyr). On the contrary, in the outer parts
(beyond 0.8 HLR) the situation is reversed, and SFR(1.5 Gyr) is a bit higher than SFR(32 Myr). This
seem to be the main difference between the pre-merger LIRGs and the more advanced merger NGC
2623. Finally, from the radial profiles of the sSFR shown in the top right panel, we found that the
SFRs profiles flatten below 1 HLR as also happens in both pre-mergers. sSFRs at 32 Myr and 300
Myr are approximately flat, indicating that the SFR per unit mass at this timescales is similar in the
inner and the outer regions. However, the sSFR at 1.5 Gyr increases outwards indicating that at this

longer timescale the star formation has been more significant in the outer regions than in the center.

8.2. Comparison between CALIFA spirals and our LIRGs

In this Section we compare the SFHs of our LIRGs with the average SFHs of CALIFA spirals in
order to quantify the degree of relevance of the merger-induced star formation and determine when
it started. We had first to apply the spectral synthesis in CALIFA sample to characterize the SFHs
as a function of the morphological types. Part of this work was presented in Gonzdlez Delgado et al.
(2015) and will be presented in a future paper in preparation.

The comparisons are made with late type spirals because the progenitor galaxies of our LIRGs are
spirals without significant bulges. We have defined two possible ” control galaxies”. On the one hand,
the average of all the Sbc galaxies in CALIFA, as they approximately cover the same mass range (log
<M?*[Mg]> = 10.70 + 0.34) as our LIRGs. On the other hand, with later Sc galaxies but averaging
only those in a mass range compatible with our LIRGs (log <MJ¢[My]> = 10.45 - 10.85). There are
14 Sc galaxies in the CALIFA sample meeting this requirement and ~ 70 Shc galaxies.

8.2.1. Radial profiles of the stellar population properties

For the LIRGs we reported the azimuthally averaged radial profiles on the following four stellar
populations properties: mass surface density (14, Sections 5.4.7 and 6.4.7), mean ages (< log age >,
Sections 5.4.5 and 6.4.5), metallicities (< log Z, >, Sections 5.4.6 and 6.4.6), and extinction (Ay,
Sections 5.4.4 and 6.4.4). To do the comparison we express the radial profiles presented in these
Sections, using a common metric for the radial distance (HLR units).

In Figure 8.4 we show the comparison of the stellar population properties profiles for the LIRGs
and the control Shc and Sc galaxies. In top left panel we show Ay, in top right panel < log age >,
in bottom left < log Z, >j; and in bottom right u,. The LIRGs are shown in colors, IC 1623 W in
blue, NGC 6090 NE in orange, NGC 6090 SW in magenta and NGC 2623 in red. The Sbc galaxies
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are shown in black solid lines and the Sc galaxies in black dashed lines. From the CALIFA sample we
have found that the galaxy-averaged stellar population properties are well represented by their values
at 1 HLR (Gonzélez Delgado et al. 2014a). For consistency, in the description of the differences we
will focuse first in the comparison at 1 HLR, then at the nucleus itself (or either in the inner 0.5 HLR)
and finally in the presence or absence of gradients both in the inner regions (from 0 - 1 HLR) and in

the outer ones (from 1 - 2 HLR). The main differences are:

= Ay: At ~ 1 HLR, we found that NGC 6090 NE and NGC 2623 are, on average, 1 mag and 0.4
mag more extincted than She/Sc galaxies. On the contrary, IC 1623 W is 0.1 mag less extincted
than the control spirals. Given the low extinction in this component, the intense star formation
is visible and bright in the UV, and in fact, IC 1623 W it is considered as the nearest known
galaxy whose basic properties are a good match to those of typical LBGs (Heckman, 2005;
Grimes et al., 2006). However, we want to note that in the unobserved IC 1623 E component,
the level of extinction is much higher and more similar to NGC 6090 NE and NGC 2623 (see
Section 5.3.2).

When focusing in the nuclear region, for the pre-merger LIRGs IC 1623 W and NGC 6090 NE
the extinction values do not significantly differ from those at 1 HLR. However, for the merger
LIRG NGC 2623, the nucleus is notably more extincted (~ 1.65 mag) and there is a higher
difference with respect to control spirals of ~ 1.1 mag.

With respect to the gradients, we find that the radial profiles of the pre-merger LIRGs are flat
in comparison with control spirals. In Sbc and Sc galaxies there is a gradient of -0.3 mag within
the inner 1 HLR, while in NGC 6090 NE and IC 1623 W there is no significant gradient. On
the contrary, in the merger LIRG NGC 2623 there also exists a negative gradient with distance,
but in this case much stronger than in control spirals, -1 mag within the inner 1 HLR, three
times higher than that of Sbc/Sc galaxies.

In the galaxies where we have information beyond 1 HLR (IC 1623 W and NGC 2623) we find
outer gradients (from 1 - 2 HLR) of +0.3 mag for IC 1623 W, -0.3 dex for NGC 2623 and -0.12
dex for Sbc/Sc. The fact that IC 1623 W outer extinction gradient is positive with distance
could be due to the presence of the more obscured IC 1623 E component.

If our LIRGs were originally isolated spirals, then we conclude that the merger process redis-
tribute the gas and dust of these spirals in a way that most of it moves to the center of one of
the progenitors (probably the most massive), as happens in IC 1623 and NGC 6090. When the
galaxies finally merge, most of the dust content is already concentrated in the central regions.

= < log age >p: At ~ 1 HLR we find that IC 1623 W, NGC 6090 NE and NGC 2623 are 1.4 dex
(1.2 dex), 1.2 dex (1.0 dex) and 0.4 dex (0.2 dex) younger than Sbc (Sc) galaxies. All the LIRGs
are younger than the control spirals, specially the pre-merger ones.
Analogously, at the nucleus, IC 1623 W, NGC 6090 NE, NGC 6090 SW and NGC 2623 are 1.1
dex (0.7 dex), 1.6 dex (1.2 dex), 1.8 dex (1.4 dex) and 1.2 dex (0.8 dex) younger than Sbc (Sc)
galaxies. The three LIRGs are also younger than control spirals at the nuclear regions. In the
case of NGC 2623 the difference is much more remarkable than at 1 HLR.
In the pre-merger stages the age profiles are significantly flatter than in Sbc/Sc galaxies. Even
for IC 1623 W, where we find a negative gradient, the absolute variation of the ages from the
nucleus to 1 HLR is ~ -270 Myr, while for Sbc and Sc the variation in the inner 1 HLR is -2.4
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Gyr and -665 Myr, respectively. For the merger LIRG NGC 2623 the gradient with distance
is positive, inverted with respect to what happen in Sbc/Sc galaxies. The variation within the
inner 1 HLR is ~ 300 Myr.

In the galaxies where we have information beyond 1 HLR (IC 1623 W and NGC 2623) we found
that the outer gradient is much flatter in all cases. From 1 to 2 HLR the variations are -24 Myr
for IC 1623 W, +116 Myr for NGC 2623, -237 Myr for Sbc and -37 Myr for Sc, preserving the
inner negative trends, or positive in the case of NGC 2623.

If our LIRGs were originally isolated spirals, then we conclude that the merger-induced star
formation leads to a general rejuvenation of the progenitor galaxies during the pre-merger stage,
that affects not only the central regions but also the ”disk”, as can be seen in IC 1623 W. When
the galaxies finally merge, most of the gas is already in the central regions and the young star
formation is therefore concentrated there. The outer parts start to passively evolve. That would
explain the positive age gradient in NGC 2623.

<log Z, >yt At ~ 1 HLR we found < log Z, >p;~ -0.16 for the pre-merger LIRGs NGC 6090
NE and IC 1623 W, and < log Z, >~ -0.37 for NGC 2623, while for the control spirals we
find < log Z, >p~ -0.21 for Sbc and < log Z, >y~ -0.45 for Sc galaxies. Pre-merger LIRGs
have higher average metallicities, more similar to Sbc galaxies, while the merger LIRG NGC
2623 is less metallic, with an average value at 1 HLR more similar to Sc galaxies.

In the LIRGs we found a huge scatter in the metallicity profiles. However, in general terms,
they are comparatively flat or even slightly positive in contrast to Sbc and Sc galaxies, which
clearly show a negative radial gradient indicative of the inside-out growth of disks (GD2015).
Inverted /flat metallicity gradients were previously found in the gas metallicity of mergers where
significant gas inflows have occurred (Rich et al., 2012; Kewley et al., 2010). Here we find that
beyond 0.7 HLR (1.4 HLR) in IC 1623 W (NGC 2623) the metallicities are similar to those
of Sbc galaxies, but in the central regions (in the inner 0.5 HLR) the metallicities are smaller,
more similar to Sc galaxies. There exists two possibilities to explain this. On the one hand,
if both progenitors had similar masses (and therefore, similar metallicities) (e.g. ‘Sbc’), then,
merger-induced gas inflows of the lower metallicity gas located in the disks could have diminished
the metallicity in the central regions, producing the observed positive gradients. On the other
hand, it is also possible that one of the two progenitors was originally a less massive (and lower
metallicity) galaxy (e.g. ’Sc’), which in principle would produce the same positive gradients, or
even higher.

log ps: At ~ 1 HLR we find that the pre-merger LIRGs IC 1623 W, NGC 6090 NE and NGC
2623 are 0.5 dex (0.8 dex), 0.6 dex (0.9 dex) and -0.02 dex (0.3 dex) more massive, respectively,
than the Sbe (Sc) galaxies. The mass surface density of NGC 2623 is very similar to the one
measured in Shc galaxies, while the pre-merger LIRGs IC 1623 W and NGC 6090 NE are more
massive than them.

In the nucleus, the differences between LIRGs and the control spirals are 0.06 dex (0.6 dex) for
IC 1623 W, 0.14 dex (0.7 dex) for NGC 6090 NE, -0.6 dex (-0.06 dex) for NGC 6090 SW and
0.06 dex (0.6 dex) for NGC 2623, with respect to Sbc (Sc) galaxies. That is, the central mass
surface densities of IC 1623 W, NGC 6090 NE and NGC 2623 are similar to the central density

of Sbc galaxies, while the central mass surface density of NGC 6090 SW is more similar to Sc
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Figure 8.4 Comparison of the radial profiles of the stellar population properties for our LIRGs and
the control Sbc and Sc galaxies. In top left panel we show Ay, in top right panel < log age >, in
bottom left < log Z, > and in bottom right p,. The LIRGs are shown in colors, IC 1623 W in
blue, NGC 6090 NE in orange, NGC 6090 SW in magenta and NGC 2623 in red. The Sbc galaxies
are shown in black solid lines and the Sc galaxies in black dashed lines.

galaxies.

For the pre-merger LIRGs we find that the radial profiles are flatter than in control spirals. In
the inner 1 HLR, the variations log p, are -0.8 dex for IC 1623 W and -0.6 dex for NGC 6090
NE, in contrast with the steeper -1.2 dex in Shc galaxies and -1.0 dex in Sc galaxies. The inner
gradient of NGC 2623, -1.3 dex, is very similar to Sbc galaxies.

In the outer regions (from 1 - 2 HLR) we find no gradient at all in IC 1623 W, the profile is
flat. In NGC 2623 the variation is -0.7 dex, not very different from the -0.6 dex of Sbc and -0.5
dex of Sc galaxies.

If our LIRGs were originally isolated spirals, we believe that the flattening of the mass density
profiles in the pre-merger stages is due to the mass redistribution during the merger. The
proximity of the central regions of the two progenitor galaxies, together with the accumulation
of mass toward the dynamical center lead to an increase in the mass density in a more extended
region. When the galaxies finally merge most of the mass collapses in a small central region
recovering the negative profile of the mass density with distance. We note, however, that if the
final product of LIRGs mergers are elliptical galaxies, then NGC 2623 should be 0.7 dex more
massive in order to resemble to the profile of E galaxies in CALIFA (GD2015) instead of Sbc
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galaxies. This result would indicate that mergers such as NGC 2623 would not form massive

ellipticals, but low mass ones.

8.2.2. Central, outer and global SFHs in light

In this section we are going to compare the SFHs in light of our LIRGs with the ones from Sbc and
Sc galaxies, in order to see if the recent star formation in the LIRGs is fully induced by the merger, or
if there are significant contribution of recent star formation in late spirals. This comparison is shown
in Figure 8.5. It shows the SFHs in light fraction units of our three LIRGs and the two control spirals.
The color coding is the same as in Figure 8.4. The top panels are the SFHs calculated in the central
regions, averaging everything inside the inner 0.5 HLR. In the middle panels we show the SFHs of
the outer regions, calculated by averaging from 1.0 to 1.5 HLR, and in the bottom panels we show
the global averages (from 0 to 2 HLR).

As benchmark for comparisons, we will refer to the three timescales that we already introduced in
Section 8.1: 32 Myr, 300 Myr and 1.5 Gyr. In Table 8.1 we report the light and mass contributions (in
percentage) of the SSPs in these three timescales and for the 0 - 0.5 HLR region (top), 1 - 1.5 HLR
(middle) and the global average from 0 - 2 HLR (bottom). In the discussion we will focuse on the
light contributions, because as can be noted in the Table, the mass contributions of SSPs below 300
Myr are negligible. Althought they start to be significant in the 1.5 Gyr timescale, most of the mass
is located in older stellar populations. The SFHs in mass fraction and mass growth will be developed

in next Section.

Inner 0.5 HLR, central parts

In the central regions, we found that the contributions to light of the youngest SSPs (< 32 Myr)
in IC 1623 W, NGC 6090 NE and NGC 2623 are respectively a factor of 3 (2), 7 (5) and 5 (3) times
higher than in Sbc (Sc) galaxies.

Also, the star formation over the last 300 Myr in IC 1623 W, NGC 6090 NE and NGC 2623 is a
factor of 7 (3), 8 (3) and 6 (2) times higher in light fraction than in Sbe (Sc) galaxies.

Lastly, the central star formation in the last 1.5 Gyr is also enhanced in the three LIRGs with
respect to the control spirals by a factor ~ 2, in terms of light. This is approximately a factor 2 - 3
less than what we measured for the shorter 32 Myr / 300 Myrs timescales. This indicates that the star
formation has not been continuous in the last 1.5 Gyr but rather in bursts, being the light dominated

by the youngest of them.

1.0 - 1.5 HLR, outer parts

In the outer-regions of the two pre-mergers IC 1623 W and NGC 6090 NE the star formation in
the last 32 Myr is a factor 3 - 4 higher in light fraction than the average of the control Sbc and Sc.

Otherwise, in the merger NGC 2623 the contribution is comparable or only slightly higher 1.2 (1.3)
than in Sbe (Sc) galaxies, suggesting that the star formation in the last 32 Myr has been significantly
enhanced in the central region of NGC 2623 but not in its ”disk”.

Again, in the outer-regions of the pre-merger LIRGs, the star formation in the last 300 Myr is
a factor of 3 (for IC 1623 W) and 2 (for NGC 6090 NE) higher than in the control spirals. The
contribution to light of the SSPs < 300 Myr in NGC 2623 is comparable to the one in the control
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Figure 8.5 1D SFHs in light fraction of the LIRGs and of the control Sbc and Sc galaxies, calculated
in the inner 0.5 HLR (top panels), between 1.0 to 1.5 HLR (middle panels) and global average from
0 to 2 HLR (bottom panels). IC 1623 W is shown in blue, NGC 6090 NE in orange and NGC 2623 in
red. The Sbc galaxies are shown in black solid lines and the Sc galaxies in black dashed lines.
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Light and mass contributions of SSPs over the three 32 Myr / 300 Myr / 1.5 Gyr
timescales and for the three spatial regions: from 0 - 0.5 HLR (top), 1 - 1.5 HLR (middle) and 0 - 2
HLR (bottom).

0.0 - 0.5 HLR
Light (%) Sbc  Sec IC 1623 W NGC 6090 NE NGC 2623
SSPs < 32 Myr 8 13 22 59 37
SSPs < 300 Myr 8 18 57 60 44
SSPs < 1.5 Gyr 29 43 71 66 67
Mass (%) Sbc Sc IC 1623 W NGC 6090 NE NGC 2623
SSPs < 32 Myr 0.1 0.1 0.6 0.9 0.9
SSPs < 300 Myr 0.1 0.3 4 1.0 1.4
SSPs < 1.5 Gyr 5 8 8 7 14
1.0- 1.5 HLR
Light (%) Sbc Sc IC 1623 W NGC 6090 NE NGC 2623
SSPs < 32 Myr 17 15 57 49 20
SSPs < 300 Myr 23 24 80 52 23
SSPs < 1.5 Gyr 60 69 80 74 7
Mass (%) Sbc  Sc IC 1623 W NGC 6090 NE NGC 2623
SSPs <32 Myr 0.2 0.3 1.4 0.9 0.6
SSPs < 300 Myr 0.7 1.0 4 1.2 1.0
SSPs < 1.5 Gyr 15 21 4 12 37
0.0 - 2.0 HLR
Light (%) Sbc  Sc IC 1623 W NGC 6090 NE NGC 2623
SSPs < 32 Myr 10 14 37 57 34
SSPs < 300 Myr 12 19 66 58 40
SSPs < 1.5 Gyr 37 50 74 68 69
Mass (%) Sbc  Sc IC 1623 W NGC 6090 NE NGC 2623
SSPs < 32 Myr 0.1 0.2 1.0 0.9 0.8
SSPs < 300 Myr 0.4 0.6 3.6 1.1 1.3
SSPs < 1.5 Gyr 10 14 5 9 23

Note. — Results from GM base.
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spirals.
In terms of light, the star formation in the three LIRGs in the last 1.5 Gyr is not enhanced (or
very slightly) with respect to the control spirals.

0.0 - 2.0 HLR, global average

The global average results are somehow intermediate between the ones described above. In exam-
ple, for the light contributions of the 32 Myr and 300 Myr timescales, we find similar results to what
we already found in the inner 0.5 HLR. For the light contribution of populations younger than 1.5

Gyr we find intermediate numbers between what measured in the inner 0.5 HLR and from 1 - 1.5 HLR.

In conclusion, in the two pre-merger LIRGSs the star formation in the last 32 Myr, also in the last 300
Myr, is enhanced with respect to the control spirals both in the central regions and in the ” disks”. Yet,
for the merger NGC 2623, the young star formation in the last 32 Myr or 300 Myr is significantly

enhanced in the central region, while in the outer parts is comparable to the control spirals.

8.2.3. SFHs in mass and mass growth

In previous Section we found that most of the mass is located in stellar populations older than
~ 1 Gyr. Next we compare and quantify the mass distribution and growth of the LIRGs and the
Sbc/Sc control galaxies. The 1D SFHs in mass fraction units are shown in left panels of Figure 8.6.
In order to highlight the SSPs older than 1 Gyr, we have expressed the lookback time in linear scale.
The upper panels where obtained by averaging in the inner 0.5 HLR, the middle panel is averaging
from 1.0 - 1.5 HLR and the bottom panel is the global average from 0 - 2 HLR. Analogously, in the
right column of panels we show the cumulative mass fractions. The color coding is indicated in the
top left panel and is the same as in previous figures.

Moreover, we will consider the mass contribution of SSPs < 1.5 Gyr (reported in Table 8.1) as the
possibly ‘merger-induced’ one, as for timescales older than that we start tracing the old populations
already present in the galaxies prior to the merger.

Inner 0.5 HLR, central parts

The central regions of 1C 1623 W formed faster than NGC 6090 NE, this in turn formed simul-
taneusly to Sbec (Sc) galaxies, and these last ones faster than NGC 2623. In particular, 80 % of the
mass was there 11.4 Gyr ago in IC 1623 W, 9.7 Gyr ago in NGC 6090 NE, 9.7 Gyr (10.5 Gyr) ago in
She (Sc) galaxies and 2.6 Gyr ago in NGC 2623.

On the other hand, we find that the mass contribution of SSPs < 1.5 Gyr in the central regions of
the two pre-mergers IC 1623 W and NGC 6090 is comparable to control spirals, while for the merger
NGC 2623 is a factor 2 - 3 higher.

Note that NGC 2623 has formed a relevant mass fraction between z = 2 (~ 10 Gyr ago) and z
= 0.5 (~ 4 Gyr ago) as also happens in SO and E galaxies in the CALIFA sample (Pérez et al., in prep.).

1.0 - 1.5 HLR, outer parts
Focusing now on the outer regions, we find that, again, IC 1623 W formed faster than NGC 6090
NE, this in turn faster than Sbe (Sc) spirals and these last ones faster than NGC 2623. Quantitatively,
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Figure 8.6 Left column of panels shows the 1D SFHs in mass fraction as a function of the lookback
time in linear scale. Right column of panels shows the cumulative mass fractions. The top panels are
averaged in the inner 0.5 HLR, the middle panels are averaged from 1.0 - 1.5 HLR and the bottom
panels show the global average from 0 - 2 HLR. The color coding is indicated in the top left panel
and is the same as in previous figures.
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80 % of the stellar mass was there 13.5 Gyr ago in IC 1623 W, 7.6 Gyr ago in NGC 6090 NE, 3.2 Gyr
ago (1.8 Gyr ago) in She (Sc) and 1 Gyr ago in NGC 2623.

Also, beyond 1 HLR, NGC 2623 formed 2 times more mass than Sbc and Sc galaxies in the last
1.5 Gyr. This increment is similar to the one found in the central part. In the pre-merger LIRG NGC
6090 the relative mass formed in the last 1.5 Gyr is comparable to Sbc spirals and in IC 1623 W it is
a factor 4 less, as if the star formation would have been inhibited in this system.

0.0 - 2.0 HLR, global average

The global average results are something intermediate between the ones already derived in the
central and the outer regions. IC 1623 W formed faster than NGC 6090 NE, this in turn faster than
She (Sc) spirals and these last ones faster than NGC 2623. Quantitatively, 80 % of the stellar mass
was there 12.9 Gyr ago in IC 1623 W, 8.8 Gyr ago in NGC 6090 NE, 7.3 Gyr ago (3.7 Gyr ago) in
Sbe (Sc) and 1.6 Gyr ago in NGC 2623.

Again, from the global averages, only NGC 2623 has formed in the last 1.5 Gyr a factor 2 more
of mass than the control spirals, while for the pre-merger LIRGs is comparable or even lower than in
them.

We want to note, that the fact the pre-merger LIRGs seem to have formed faster than the control
spirals is quite possibly an spurious effect due to the fact that the light in them is dominated by very
young stellar components that may be eclipsing the underlying stellar populations of more than 1.5
Gyr. To compensate the spectral fits, Starlight has given much weight to the oldest populations of
the base (2 8 Gyr), resulting in the aforementioned effect.

Hence, in the pre-merger LIRGs the mass formed in the last 1.5 Gyr is comparable to Sbc/Sc ga-
laxies, or even lower as in the external regions of 1C 1623 W. In contrast, the merger NGC 2623 has
formed 2 times more mass than the control spirals in this period, both in the central and the outer

TEGLONS.

8.2.4. SFRs and specific SFRs

In this Section we compare the LIRGs SFRs and specific SFRs with respect to the ones derived in
the control galaxies. The comparisons are shown in Figure 8.7. The left column of panels represent the
SFRs and the right column the sSFRs. From top to bottom what vary is the timescale traced, from
32 Myr, 300 Myr and 1.5 Gyr. The color coding is the same as in previous figures. For consistency
in the way of describing the results, we will focuse first in the comparison of the SFR values in the
central region (averaging in the inner 0.5 HLR), then in the outer parts (averaging from 1 - 1.5 HLR)
and finally in the presence or absence of gradients in the inner 1 HLR.

32 Myr timescale, top panels

Attending to the shortest timescale, we found that in the inner 0.5 HLR, the SFRs(32 Myr) of IC
1623 W, NGC 6090 NE and NGC 2623 are enhanced by 1.16 dex (1.07 dex), 1.40 dex (1.31 dex) and
1.20 dex (1.11 dex), respectively, with respect to the average of Sbc (Sc) galaxies. The sSFR(32 Myr)
in the central 0.5 HLR of IC 1623 W, NGC 6090 NE and NGC 2623 is respectively 0.93 dex (0.70
dex), 1.07 dex (0.83 dex) and 1.08 dex (0.85 dex) higher than in Sbc (Sc) galaxies.
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Figure 8.7 Left column of panels represent the SFRs and the right column the sSFRs. From top to
bottom what vary is the timescale traced, from 32 Myr, 300 Myr and 1.5 Gyr. The color coding is

indicated in the top left panel and is the same as in previous figures.
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Analogously, taking now as reference the outer parts from 1 - 1.5 HLR, we find differences between
our LIRGs and Sbc (Sc) galaxies of 1.51 dex (1.63 dex) for IC 1623 W, 0.89 dex (1.01 dex) for NGC
6090 NE and 0.25 dex (0.37 dex) for NGC 2623. For the sSFR(32 Myr) in the outer parts we find
differences between our LIRGs and Sbc (Sc) galaxies of 0.84 dex (0.80 dex) for IC 1623 W, 0.19 dex
(0.15 dex) for NGC 6090 NE and 0.46 dex (0.42 dex) for NGC 2623.

The results for the SFR(32 Myr) are in agreement with what we found in Section 8.2.2. In the
two pre-merger LIRGs the star formation in the last 32 Myr is enhanced with respect to the control
spirals both in the central regions and in the ”disks”. Yet, for the merger NGC 2623, the young star
formation in the last 32 Myr is significantly enhanced in the central region, while at the outer parts
is only slightly enhanced in comparison to the control spirals.

In general, these conclusions preserve when considering the sSFR(32 Myr) except for NGC 6090
NE, in which the behaviour is now more comparable to NGC 2623. That is, the star formation per
unit mass sSFR(32 Myr) is significantly enhanced in the central part of NGC 6090 NE, and only
slighly enhanced in the ”disk”.

With respect to the gradients, in the inner 1 HLR we found that for SFR(32 Myr) the gradient is
negative for the three LIRGs and control spirals. The main differences are in the slope, in NGC 6090
NE is similar to Sbc galaxies, in IC 1623 the gradient is flatter and in NGC 2623 is even steeper than
in Sc galaxies. A negative gradient indicates a central triggering of the star formation in comparison
with that at 1 HLR.

On the contrary, for the sSFR(32 Myr), the gradient is positive for the control spirals, which could
indicate a central quenching of the star formation in comparison with that at 1 HLR. However, for
the three LIRGs the gradient is almost flat in comparison.

The sSFR better allow to consistenly compare the relative star formation between different regions,
as it is normalized by the amount of stellar mass in each of them. This sSFR can be interpreted as
the inverse of a time scale for the SF (7). These results in the last 32 Myr indicate that 7 is much
shorter in LIRGs than in spiral galaxies of similar mass. In particular, this time is ~ 2.7 Gyr for the
LIRGs in the inner 1 HLR, while for the control spirals 7 is above the Hubble time. That means that
spiral galaxies can last the Hubble time forming stars at the current SFR without exhausting their
gas reservoirs, while LIRGs can only maintain the current SFR for less than 3 Gyr.

Therefore, in the pre-merger LIRG IC 1623 W the star formation in the last 32 Myr is enhanced
with respect to the control spirals both in the central regions (by a factor ~ 7) and in the ” disk” (also
by a factor ~ 7), while for the pre-merger NGC 6090 NE the enhancement is only remarkable in the
central region (by a factor ~ 9) while is the ” disk” is comparable to control spirals. For the merger
NGC 2623, the young star formation in the last 32 Myr is significantly enhanced in the central region
(by a factor ~ 9), while at the outer parts is only slightly enhanced (by a factor ~ 3) in comparison
to the control spirals.

300 Myr timescale, middle panels

In the young-intermediate scale we found that in the inner 0.5 HLR, the SFRs(300 Myr) of IC
1623 W, NGC 6090 NE and NGC 2623 are respectively enhanced by 1.87 dex (1.56 dex), 1.31 dex
(1.00 dex) and 1.25 dex (0.94 dex) with respect to Sbc (Sc) galaxies. The sSFR(300 Myr) in the
central part of IC 1623 W, NGC 6090 NE and NGC 2623 differ by 0.97 dex (0.68 dex), 0.31 dex (0.01
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dex) and 0.46 dex (0.17 dex) with respect to Sbc (Sc) galaxies.

Analogously, taking now as reference the outer parts from 1 - 1.5 HLR, the SFRs(300 Myr) of IC
1623 W, NGC 6090 NE and NGC 2623 are enhanced by 1.48 dex (1.50 dex), 0.60 dex (0.63 dex) and
0.06 dex (0.09 dex) with respect to the average of Shc (Sc) galaxies. For the average sSFR(300 Myr)
in the outer parts we find differences between our LIRGs and Sbc (Sc) galaxies of 0.29 dex (0.16 dex)
for IC 1623 W, -0.61 dex (-0.74 dex) for NGC 6090 NE and -0.24 dex (-0.38 dex) for NGC 2623.

The results of SFR(300 Myr) are in agreement with what we found in Section 8.2.2. That is, in
the nuclei, the star formation in the last 300 Myr is significantly enhanced in the three LIRGs in
comparison with the control spirals. However, from 1 - 1.5 HLR, only the two pre-merger LIRGs
present a SFR(300 Myr) enhacement with respect to the control spirals. From 1 - 1.5 HLR, the
SFR(300 Myr) of NGC 2623 is similar to the control spirals, or in other words, the star formation in
the last 300 Myr is only enhanced in NGC 2623 nucleus but not in the outer regions.

In this case, not all these conclusions preserve when considering the star formation per unit mass
in the last 300 Myr, or sSFR(300 Myr). It remains that the sSFR(300 Myr) is enhanced in the central
regions of IC 1623 W (by a factor ~ 7) and NGC 2623 (by a factor ~ 2) in comparison with the control
spirals, while the central star formation in NGC 6090 is similar to them. Morever, now, the only LIRG
with significant sSFR(300 Myr) in the outer parts is IC 1623 W, with a factor of enhancement of
< 2 respect to control spirals, much lower than the central region. The sSFR(300 Myr) in the outer
parts of NGC 6090 NE and NGC 2623 is now lower than in the control spirals by a factor of 4 and 2,
respectively, as if the star formation would have been slightly inhibited during this period.

With respect to the gradients, the SFR(300 Myr) gradient is negative for the three LIRGs and
control spirals, as also happens for SFR(32 Myr). In IC 1623 W, the slope is very similar to Sc
galaxies, and in NGC 6090 NE its value is in between Sbc and Sc galaxies. In NGC 2623, however is
even steeper than in Sc galaxies.

On the contrary, the sSFR(300 Myr) gradient is positive for the control spirals, almost flat for the
two pre-merger LIRGs and slightly negative for the merger LIRG NGC 2623. That is, compared with
the LIRGs, the control spirals show a quenching of star formation to the center in the last 300 Myr.

Therefore, the star formation in the last 300 Myr is enhanced in the central regions of IC 1623 W
(by a factor ~ 7) and NGC 2623 (by a factor ~ 2) in comparison with the control spirals, while the
central star formation in NGC 6090 is similar to them. In the outer parts, only IC 1623 W present
a slight enhacement (by a factor < 2) of the star formation with respect to control spirals. On the
contrary, in the outer parts of NGC 6090 NE and NGC 2623 the star formation seem to have been
slightly inhibited when considering the 300 Myr period.

1.5 Gyr timescale, bottom panels

Attending to the longest, intermediate age timescale, we found that in the inner 0.5 HLR the
differences in SFR(1.5 Gyr) between our LIRGs and Sbec (Sc) galaxies is 0.37 dex (0.39 dex) in IC
1623 W, 0.15 dex (0.17 dex) in NGC 6090 NE and 0.50 dex (0.52 dex) in NGC 2623. The sSFR(1.5
Gyr) in the nuclei of IC 1623 W, NGC 6090 NE and NGC 2623 differ by 0.03 dex (-0.06 dex), -0.29
dex (-0.38 dex) and 0.27 dex (0.18 dex) with respect to Sbc (Sc) galaxies.

Analogously, taking now as reference the outer parts from 1 - 1.5 HLR, the SFRs(1.5 Gyr) of IC
1623 W, NGC 6090 NE and NGC 2623 differ from the Sbc (Sc) galaxies by 0.14 dex (0.20 dex), 0.35



264 Overall comparison between Spirals, LIRGs and PSQSOs 8.3

dex (0.40 dex) and 0.27 dex (0.32 dex), respectively. For the sSFR(1.5 Gyr) in the outer parts we find
differences between our LIRGs and Sbc (Sc) galaxies of -0.75 dex (-0.81 dex) for IC 1623 W, -0.57
dex (-0.63 dex) for NGC 6090 NE and 0.25 dex (0.19 dex) for NGC 2623.

Again, the results from the SFR(1.5 Gyr) are consistent with the results from Section 8.2.2. That
is, the central star formation in the last 1.5 Gyr is only slightly enhanced in IC 1623 W, NGC 6090
NE and NGC 2623 with respect to control spirals (< 2, much less remarkable than for the young 32
Myr and 300 Myr timescales), and in the ”disks” / outer parts (1 - 1.5 HLR) of the LIRGs the star
formation in the last 1.5 Gyr is not (or only slightly) enhanced with respect to the control spirals.

However, not all these conclusions preserve when considering the star formation per unit mass
in the last 1.5 Gyr or sSFR(1.5 Gyr). The central specific star formation in the last 1.5 Gyr is now
slightly enhanced (by a factor 1.7) in NGC 2623 with respect to control spirals. In IC 1623 W is
comparable to control spirals while in NGC 6090 NE is significantly smaller in comparison (by a
factor ~ 2). Additionally, in the outer regions, the sSSFR(1.5 Gyr) is slightly enhanced in NGC 2623
(by a factor 1.7) in comparison to the control spirals, while in NGC 6090 and specially in IC 1623
W it is significantly less than in control spirals (by a factor of ~ 4 and ~ 6, respectively), as if the
sSFR(1.5 Gyr) has been inhibited in the pre-mergers.

With respect to the gradients, in the inner 1 HLR we found a negative gradient for control spirals,
as well as for IC 1623 W and NGC 2623. In NGC 2623 the slope is similar to Sbc and Sc galaxies
while the inner slope of IC 1623 is steeper than for the control spirals. On the contrary, in NGC 6090
NE the profile is almost flat considering the noise.

On the contrary, the sSFR(1.5 Gyr) gradient is positive for the control galaxies and NGC 6090
NE and NGC 2623. This points to a quenching in the central parts of the galaxies in comparison with
the outer parts in the last 1.5 Gyr. IC 1623 W, however, present the opposite behaviour, showing a
slightly negative inner gradient.

Hence, the star formation in the last 1.5 Gyr is only slighly enhanced (by a factor 1.7) in the
central regions of NGC 2623 with respect to control spirals, while in the pre-mergers is comparable to
them (IC 1623 W) or a factor 2 lower than in them (NGC 6090 NE). In the outer regions, the star
formation in the last 1.5 Gyr is enhanced with respect to the control spirals by a factor 1.7 in NGC
2623, while for the pre-merger LIRGSs is a factor 4 - 6 lower than in them, as if the star formation

has been inhibited in this time period.

8.3. Comparison between LIRGs and PSQSOs

In this Section we compare the SFHs of LIRGs and PSQSOs to find out the possible evolutionary
connection. At the PSQSOs redshift (z ~ 0.3; Dy, ~ 1553.4 Mpc) the spatial scale is 4.456 kpc/arcsec.
Their central spectra were extracted in an aperture of r = 1.5 arcsec (to match SDSS spectra), which
in kiloparsecs is ~ 6.7 kpc. On the other hand, 1 HLR in our LIRGs IC 1623 W, NGC 6090 NE and
NGC 2623 implies 2.8 kpc, 3.7 kpc and 3.3 kpc, respectively. Therefore, 2 HLR, in the LIRGs cover
the same spatial aperture in kiloparsecs as the PSQSOs central spectra. We will compare between
them.

Another thing we want to note, is that although the spectral synthesis for the PSQSOs was also
made with both model bases (GM and CB), CB gives more credible results for the light fraction
in SSPs younger than 30 Myr and the power-law. Most of the PSQSOs spectra start around 2900 -



8.3 Comparison between LIRGs and PSQSOs 265

3000 A, some of them with a significant slope in this range, characteristic of an AGN and / or very
young stellar populations. While the GM base starts in 3540 A, the CB base extends the fits below
it, covering the whole blue range. As a consequence, CB base provides better fits below 3540 A than
GM base. The result is that CB base puts a significant contribution in light to the AGN (20 - 40 %),
while the GM base puts nothing and instead allocates it in the youngest stellar populations (< 30
Myr).

Given the ubiquitous presence of broad components in the Balmer lines and the fact that the
narrow line ratios are Seyfert, we assume that the blue continuum it is due to the AGN and not to
young stars. In anycase, and given that the previous comparisons were made with the GM base, here
we also show it for consistency. However, and the end we will compare and discuss the differences
in the results with respect to CB base, which also serves as a general comparison between bases for
spirals and LIRGs. We note, however, that as with the GM base we could not put as a constrain
the Balmer lines fluxes, in this Section we compare the results between the non constrained fits and
with the spectral base excluding SSPs < 4 Myr, in order to be able to compare between GM and CB
results.

The GM results are summarized in Figure 8.8. The panels distribution is as follows:

= Bottom panels: 1D SFHs of the LIRGs and PSQSOs ordered within each group by increasing
stellar mass. Although the mass of IC 1623 W is smaller than NGC 2623 we have put it above
because we should also add the mass of the eastern component. The PSQSOs masses were
reported in Table 7.7. The left panels are the SFHs in light fraction and the right panels in mass

fraction.

= Middle panels: 1D SFHs of the LIRGs and PSQSOs ordered within each group by the in-
teraction stage classification, from less to more advanced mergers. In the case of the LIRGs
the order is clear, the two pre-mergers IC 1623 W and NGC 6090 go first and followed by the
merger NGC 2623. The PSQSOs are a very heterogeneous group, the order we have followed
is: 1) pre-merger spiral PSQSOs (J2310 and J1456), 2) undefined pre-merger system where the
morphology of the main galaxy is not clear (J1230) 3) (post)merger elliptical systems (J2128,
J1248 and J2334), 4) isolated but distorted spirals due to past minor merging or maybe another
processes (J0202, J0237, J1700).

» Top panels: Comparison of the average 1D SFH of the nine PSQSOs (black) with the LIRGs
(already introduced color coding). As previously, the left panels are expressed in light fraction
and the right panels in mass fraction.

In principle, there is no clear or systematic evolution of the SFHs when ordering them by mass. It
seems that for the PSQSOs, the higher the stellar mass the smaller the contribution to light of the SSPs
< 10 Myr (see bottom left panel). However, as we previously mentioned, these young contributions are
not reliable, because there exists a strong degeneracy with the AGN contribution which is not taken
into account by GM base. In anycase, we note that the mass range traced is very small and almost
coincident for LIRGs and PSQSOs. The LIRGs masses range from log M, (M) = 10.15 to 10.51,
while the PSQSOs from log M, (M) = 10.14 to 10.96. There are only 4 PSQSOs more massive than
the most massive LIRG (= NGC 6090) which are: J0237, J1700, J0202 and J2310. It is interesting to

note that the first 3 of them are the isolated spirals, and the other one is a pre-merger spiral (similar
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Figure 8.8 Bottom panels show the comparison of the 1D SFHs of all the LIRGs and PSQSOs. Within
each group, they are ordered by incresing mass. Left panels represent SFH in light fraction and the
right panels in mass fraction. Middle panels are similar but now ordered according to the interaction
stage, from less to more advanced mergers. Top panels show the average SFHs of the nine PSQSOs
in black, together with the LIRGs SFHs in blue, orange and red for IC 1623 W, NGC 6090 NE and
NGC 2623, respectively. These are the results with GM base.

in morphology to the pre-merger LIRGs). These high masses in the isolated spiral PSQSOs could

indicate that they come from a previous merger. In fact, since they are morphologically distorted, we
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believe that it could have been a minor merger.

When ordering the systems by the interaction stage we find that, for the PSQSOs, the higher the
contribution to light of the SSPs around 1 Gyr the more advanced the merger, except for J1700 (see
middle panels). The pre-merger PSQSOs have, on average, smaller contributions to light of SSPs ~
1 Gyr than the post-merger PSQSOs, supposing that the distorted spiral PSQSOs are actually the
result of a merger. This is also seen in the LIRGs, althought we have no statistics, in NGC 2623 the
SSPs around 1 Gyr are contributing to light more than in the pre-merger LIRGs. We also note that
the intermediate age stellar populations in the PSQSOs are located ~ 1 Gyr, while in NGC 2623 there
exists two bursts, one centered around ~ 1.5 Gyr, an a younger one at ~ 500 Myr.

When looking at the average SFHs of the PSQSOs (in top panels), we find, apart from the
uncertain contribution of SSPs < 30 Myr, a small contribution from SSPs ~ 140 Myr and an important
contribution both to light and mass of the SSPs ~ 1 Gyr.

The results from base CB are shown in Figure 8.9, which is analogous to Figure 8.8. With this base
we do not find any clear or systematic evolution of the SFHs when ordering them by mass, neither

by interaction stage. The three most notable differences with respect to GM base are:

1. Lower contribution to light of SSPs < 32 Myr with CB base than with GM base. With CB base,
only 4 PSQSOs have remarkable young contributions; J1230, J2128, J0237 and J2310, each
belonging to a different interaction class subgroup. As we previously comment, these differences
are due to the inability of the GM base to assign any contribution to the power-law. Instead, it

gives the young stellar components a significant contribution.

2. The intermediate age star formation in the PSQSOs cover a wider age range from 500 Myr to 3
Gyr with CB base, apparently divided in two bursts, the most intense of them around 800 Myr,
and a softer one at 2 Gyr, while in GM base there exists only one burst around 1 Gyr.

3. The light and mass contribution of the oldest populations ~ 10 Gyr is higher for GM than CB
base, possibly to compensate the lack of intermediate age star formation around 2 Gyr which is

present in CB base.

To compare with the LIRGs (and control spirals) we have quantified the contributions to mass
and light of SSPs in the three timescales previously introduced but expressed now differentially: < 32
Myr, from 32 Myr to 300 Myr, from 300 Myr to 1.5 Gyr. Moreover, we have added a longer timescale
including SSPs from 1.5 Gyr to 3 Gyr, to cover all the ”probably merger induced” star formation in
the PSQSOs. The contributions to light and mass in these four time ranges for all the systems are
shown in Table 8.2 for GM base (top) and CB base (bottom). When comparing the numbers in the

different age ranges we find:
1. Contributions of young SSPs < 32 Myr:

= As can be seen, with the base CB, the SSPs < 32 Myr contribution to light of the PSQSOs
is 13 %, 20 % less than the contribution derived with GM base (33 %), which is similar to
the average percentage (27 + 9 %) attributed to the power-law by CB base.

» The contribution to light of young SSPs in the control spirals is on average, 12% (GM
base) and 17.5 % (CB base).
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Figure 8.9 Same as Figure 8.8 but with CB base. The panel distribution is the same.

The contribution to light of young star formation in the two pre-merger LIRGs is a factor
4 (3) higher than in control spirals with GM (CB). In NGC 2623 is also a factor 3 (2)
higher than in control spirals with GM (CB). In the case of the PSQSOs the contribution
is similar to control spirals with CB base, and a factor 3 higher than in them with GM base.

However, in this age range the results from CB base for the PSQSOs are more reliable.

= The contributions to mass of SSPs younger than 32 Myr is below 1% for all the systems.
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Table 8.2. Light and mass contributions of SSPs over different time ranges with GM base (top)
and CB base (bottom), calculated from the average SFHs of the control spirals and the LIRGs (from
0 - 2 HLR), and for the SFH of the central regions of the PSQSOs.

GM base results

Light (%) Sbec  Sc  IC 1623 W NGC 6090 NE NGC 2623 PSQSOs
SSPs < 32 Myr 10 14 37 57 34 33
32 Myr < SSPs < 300 Myr 2 5 29 1 6 9
300 Myr < SSPs < 1.5 Gyr 25 31 8 10 29 23
1.5 Gyr < SSPs < 3 Gyr 15 12 0 5 9 0
Mass (%) Sbe  Sc IC 1623 W NGC 6090 NE NGC 2623 PSQSOs
SSPs < 32 Myr 0.1 0.2 1.0 0.9 0.8 0.4
32 Myr < SSPs < 300 Myr 0.3 0.4 2.6 0.2 0.5 1.9
300 Myr < SSPs < 1.5 Gyr 9.6 134 1.4 7.9 21.7 19.7
1.5 Gyr < SSPs < 3 Gyr 6 6 0 5 9 0

CB base results

Light (%) Sbc  Sc  IC 1623 W NGC 6090 NE NGC 2623 PSQSOs
SSPs < 32 Myr 14 21 50 50 34 13
32 Myr < SSPs < 300 Myr 0 1 20 1 2 10
300 Myr < SSPs < 1.5 Gyr 28 35 8 6 42 43
15 Gyr < SSPs < 3 Gyr 14 12 1 8 6 19
Mass (%) Sbc  Sc  IC 1623 W NGC 6090 NE NGC 2623 PSQSOs
SSPs < 32 Myr 0.2 0.3 1.6 0.7 0.6 0.1
32 Myr < SSPs < 300 Myr 0.2 0.3 2.3 0.1 0.7 2.3
300 Myr < SSPs < 1.5 Gyr 9.6 15.4 4.1 5.2 23.7 34.6
1.5 Gyr < SSPs < 3 Gyr 8 8 0 9 9 20

2. Contributions of young-intermediate SSPs from 32 Myr to 300 Myr:

= The contribution to light of young-intermediate age SSPs is low in the control spirals, with
averages of 3.5 % (GM base) and 0.5% (CB base).
From both bases, we find that in comparison with the control spirals, IC 1623 W present
enhanced young-intermediate age contributions to light by a factor of 8 (40) with GM
(CB), followed by the PSQSOs which are enhanced by 3 (20) with GM (CB), and finally
by NGC 2623 which is enhanced by 2 (4) with GM (CB). The light contribution of young-
intermediate age SSPs in NGC 6090 NE is similar to spirals.

= In terms of mass, the SSPs in this age range only represent < 3 %.

3. Contributions of intermediate age SSPs from 300 Myr to 1.5 Gyr:
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= The contribution to light of intermediate age SSPs in the control spirals is on average, 28 %

(GM base) and 31.5% (CB base).

From both bases, we find that in comparison with the control spirals the pre-merger LIRGs
present diminished intermediate age contributions to light a factor 3 (4.5) with GM (CB),
as if the star formation would have been inhibited in them. On the other hand, for NGC
2623 and the PSQSOs the star formation in this age range is comparable to control spirals
with GM base, and only slightly enhanced with respect to them by a factor 1.3 - 1.4 from
CB results.

This age range starts also to be important in terms of mass. The contribution to mass of
intermediate age SSPs in the control spirals is on average, 11.5% (GM base) and 12.5%
(CB base).

From both bases, we find that in comparison with the control spirals the pre-merger LIRGs
present diminished intermediate age contributions also in terms of mass by factors between
2 -8 (2 - 3) with GM (CB). In NGC 2623 the intermediate age contribution to mass is
enhanced with respect to control spirals by a factor 2 (2) with GM (CB), while for the
PSQSOs is also enhanced by 2 (3) with GM (CB).

4. Contributions of intermediate-old SSPs from 1.5 Gyr to 3 Gyr:

= The contribution to light of intermediate-old SSPs in the control spirals is on average,

13.5% (GM base) and 13 % (CB base).

From both bases, we find that in comparison with the control spirals the 3 LIRGs present
intermediate-old contributions to light that are lower than them, almost zero for IC 1623
W, and a factor 3 (2) lower for NGC 6090 NE with GM (CB), and a factor 1.5 (2) lower
for NGC 2623 with GM (CB). For the PSQSOs we find a significant difference between
bases, while with GM there is no star formation in this age range, with CB base there is,
and is enhanced with respect to control spirals by 1.5.

The contribution to mass of intermediate-old SSPs in the control spirals is on average, 6 %
(GM base) and 8% (CB base).

From both bases, we find that in comparison with the control spirals the pre-merger LIRGs
present intermediate-old contributions to mass that are similar (NGC 6090 NE) or lower
(IC 1623 W). In NGC 2623 the intermediate-old SSPs contribution to mass is similar or
only slightly enhanced with respect to the control spirals by 1.5 (1.1) with GM (CB). As
also happens in terms of light, the PSQSOs present a significant difference between bases,
while with GM there is no star formation in this age range, with CB base there is, and is

enhanced in terms of mass with respect to control spirals by 2.5.

We found that the populations younger than 300 Myr do not contribute significantly to the

stellar mass, but are important light contributors. One relevant conclusion is that the global relative
importance of the youngest star formation (< 32 Myr) is different in LIRGs and PSQSOs, being
higher in pre-merger LIRGs (a factor between 3 - 4) than in control spirals, a bit less important in
the merger NGC 2623 (but still a factor 2 - 8 higher) than in control spirals and low in the PSQSOs
where is comparable to them. However, in the young-intermediate age range from 32 Myr - 300 Myr,
the PSQSOs are, after IC 1623 W, the systems with the second largest contribution to light in this
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range, a factor between 3 - 20 higher than in the control spirals. This seem to point that there also
exists young star formation in the PSQSOs, just not so young as for the LIRGS.

On the contrary, stellar populations above 300 Myr start to be important mass contributors. In
the intermediate age range from 300 Myr to 1.5 Gyr, we find that in comparison with the control
spirals the pre-merger LIRGs present diminished intermediate age contributions to mass by a factor
~ 4 on average. A possible explanation could be that the progenitors of our pre-merger LIRG were
purer disks than those in Sbc / Sc galaxies, and therefore, the intermediate age mass has still not
formed. In NGC 2623 the intermediate age contribution to mass is enhanced with respect to control
spirals by a factor 2, while for the PSQSOs is also enhanced by a factor from 2 - 3 depending on the
model base.

In the oldest age range, from 1.5 Gyr to 3 Gyr, we find similar results for the LIRGs, that is,
in comparison with the control spirals the pre-merger LIRGs present intermediate-old contributions
to mass that are similar or lower. In NGC 2623 the intermediate-old SSPs contribution to mass is
similar or only slightly enhanced with respect to the control spirals by 1.1 - 1.5. However, the biggest
difference between both bases is seen in the PSQSOs results in this age range, while with GM there
is no star formation in this age range, with CB base there is, and is enhanced in terms of mass with
respect to control spirals by a factor 2.5.

In NGC 2623, the contribution to mass of SSPs from 300 Myr to 1.5 Gyr is enhanced with respect
to control spirals by a factor 2, while for the PSQSOs is also enhanced by a factor from 2 - 8 depending
on the model base. The PSQSOs SFHs, both in terms of light and mass, are similar to NGC 2623
ones. Attending to the average ages with CB base, we found that NGC 26283 is ~ 400 Myr, while the
PSQSOs are ~ 800 Myr (both considering or not the pre-merger ones). It seems that PSQSOs are
slightly more evolved, however, given the uncertainties related to the model base choice, we can not
confirm to what degree.

Therefore, the conclusion we draw is that the history of formation of PSQSOs is si-
milar to the LIRG merger NGC 2623. Both present a significant contribution to mass
of SSPs younger than 1.5 Gyr, which is not present in the pre-merger LIRGs. However,
we think that the current starburst seen in the pre-mergers is in fact forming the inter-
mediate age mass that will look like NGC 2623 in < 1.5 Gyr. The stellar mass in stellar
populations younger than 1.5 Gyr is ~ 6.6 x 10° M (Chabrier IMF) in NGC 2623 and
~ 10! M, (Chabrier IMF) in the PSQSOs, we find that if the pre-merger LIRGs keep
forming stars at the current rate ~ 16 M, yr~! (Chabrier IMF, see Section 5.7) during ~
400 - 600 Myr, then they can account for the mass in NGC 2623 and PSQSOs. This time
is approximately consistent with the 500 Myr upper limit expected for the duration of
merger triggered starbursts from simulations (Di Matteo et al., 2008). Morever, we also
note that the transformation of NGC 2623 into a PSQSO should be rapid. On the one
hand, it is known that NGC 2623 harbors an AGN in its dusty core (though energeti-
cally weak relative to the starburst population) given presence of the 14.3 ym [Ne V]
emission line only observed in galaxies hosting AGN (Evans et al., 2008). On the other
hand, we also know that the central starburst in NGC 2623 is already powering a galactic
wind (Lipari et al., 2004). Recently, Herschel discovered massive molecular outflows in
U/LIRGs. Although the fastest and most massive outflows are found in AGN-dominated
U/LIRGs, from the three starburst dominated systems in Sturm et al. (2011) sample,
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Figure 8.10 Evolutionary sequence expected according to the results from our systems.

they found that they are able to expel the cold gas reservoirs from the center within ~ 2
x 10® M, yr—!. Hence, in few 100 Myr outflows like the ones in those U/LIRGs would be
able to remove dust from the core leaving the AGN uncovered. This is consistent with
the average time delay of ~ 400 Myr found by us between NGC 2623 and the PSQSOs.

8.3.1. Global evolutionary picture

With our data we find a evolutionary sequence related to the merger progression. In the initial
stages the merger-induced SF is extended, while in more advanced stages it is more concentrated in the
central region, in agreement with predictions from recent merger simulations Teyssier et al. (2010).
The ionization conditions also change, with pre-mergers being purely dominated by star formation and
shocks due to outflows being also important in more advanced mergers. If an AGN is simultaneusly
growing in the center, and outflows are able to remove the gas and dust in the central regions, in ~
400 Myr, systems as NGC 2623 could convert into a PSQSO.

Given the stellar masses measured in the LIRGs and in the PSQSOs, most of them < 10! M,
we propose an evolutionary sequence as shown in Figure 8.10, where they are supposed to from
intermediate mass ellipticals (~ 10'' M), or the core of future giant ellipticals. This is in agreement
with the major-merger evolutionary scenario described in detail in Section 1.3.3.

However, these LIRGs and PSQSOs are not in agreement with the formation of the most massive
ellipticals (with M, > 10 M), some of them in the CALIFA survey. In that cases the formation
scenario is more probably consistent with two phases in which the ”"core” formed first at z > 1 and
then further growth in mass occurs through dry mergers (see Section 1.3.2).

We hypothesize that current major-merger ellipticals in formation with < 10! M), are analogous
to the ”cores” of the massive ellipticals that formed at z > 1. We can not be sure if more massi-
ve mergers, maybe those in local ULIRGs instead of LIRGs, would be able to form more massive
ellipticals. In anycase, it seems that minor merging is neccesary for growing ellipticals with masses
well above 10t M, according to recent observations and cosmological simulations (Naab et al., 2009;
Kormendy et al., 2009; Oser et al., 2012; Toft et al., 2014).



Conclusions

Major gas-rich mergers as those seen in U/LIRGs are thought to be responsible of a dramatic
evolution of galaxies. Sanders et al. (1988) was the first to propose a change in the ionizing mechanism
along the merger sequence from dusty starbursts in the initial stages (U/LIRGs) to unobscured QSO
activity in the final ones. While it is quite clear that mergers lead to massive starbust activity,
sometimes hidden by dust, and therefore, U/LIRGs (Surace et al., 1998, 2000; Veilleux et al., 2002;
Kim et al., 2013), it is not so clear if the QSOs activity is merger-triggered and if so, when exactly
during the merger it starts. Interestingly, Brotherton et al. (1999) identify a possible evolutionary
link in the sequence, the PSQSOs. These systems show morphological disturbance typical of a past or
present merger and host bright nuclear QSOs together with a post-starbust population relics of the
intense starbust activity triggered in the past, both having similar bolometric luminosities. Hence,
they are ideal laboratories to study connections between the starburst and AGN phenomenon.

In this thesis we have characterized and compared the star formation histories, average stellar
population properties and ionized gas properties in two small samples of galaxies in different stages
across the merger sequence, three LIRGs (the two pre-mergers IC 1623 and NGC 6090 and the
merger NGC 2623) and nine PSQSOs, by analysing high quality Integral Field Spectroscopy (IFS)
data in the rest-frame optical range 3700 - 7000 A, and high resolution HST imaging. Additionally,
the results from the LIRGs and PSQSOs have been compared with control Sbc and Sc galaxies from
CALIFA (GD2015) in the same mass range. The methodology applied has been the same for all,
a full spectral fitting analysis was performed using the Starlight code and a combination of SSP
spectra from Gonzalez Delgado et al. (2005), Vazdekis et al. (2010), or Charlot & Bruzual (2007,
unpublished.). The results are shown in spatially resolved maps of the stellar population properties
and also by azimuthally averaging in them to produce the radial profiles (in units of kpc, or in HLR

for comparisons).

9.1. Pre-merger LIRGs IC 1623 and NGC 6090

1C 1623 and NGC 6090 are two pre-merger LIRGs in stage III of the interaction. The projected
separation between the progenitors nuclei is approximately 6 kpc and 3.2 kpc, respectively. For 1C
1623, only the western component is covered by our IFS, while IC 1623 E is almost totally obscured
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in the optical. However, we have roughly estimated its stellar population properties throught the
analysis of the star cluster multiwavelength photometry. For NGC 6090, the main body is covered by
our IFS, including both progenitors nuclei. The main results are:

» In IC 1623 W we determine a total current stellar mass of 3.9 x 101 My (1.45 x 10 M)
with Salpeter (Chabrier) IMF. In NGC 6090 we find a total stellar mass of 6.8 x 109 Mg,
(3.2 x 10 M) with Salpeter (Chabrier) IMF. In both cases, most of the mass > 90 % is in
stellar populations older than 1.4 Gyr. In the pre-merger LIRGs the intermediate age stellar
populations (140 Myr < SSPs < 1.4 Gyr) contribute to less than 8 % to the stellar mass.

s The mass in populations younger than 140 Myr represents only a 4 - 5% of the total current
stellar mass in IC 1623 W and a 1% in the case of NGC 6090. In the case of IC 1623 W the
mass in young components derived through the IFS is comparable (only a factor ~ 1.3 less) to
the mass in star clusters derived roughly from the photometry, which is MLC1623W ~ 9 x 108
Mg. This would agree with the belief that the vast majority of stars form in clusters rather than
in isolation. However, in NGC 6090 the mass in star clusters, M CJXECBOQO ~ 2 x 10 Mg, is a
factor ~ 4 higher than the mass in SSPs < 300 Myr from the spectroscopy. This is within the
error expected from the uncertainties in the exact ages of the clusters. From the photometry we
found and upper limit for the ages of < 300 Myr, while from the spectroscopy we find that the

young components are in fact younger than 30 Myr. The ratio of the mass-to-light ratios for
(M/L)soonyr
(M/L)soryr
the photometry could lead to mass uncertainties of up to a factor ~ 4.

these populations at Zg is approximately ~ 3.6. Therefore, the age uncertainty in

» At ~ 1 HLR we find that IC 1623 W and NGC 6090 NE are 0.5 dex (0.8 dex), 0.6 dex (0.9 dex)
more dense in stellar mass, respectively, than the Sbec (Sc) galaxies. In the nucleus, we find that
the central mass surface densities of IC 1623 W, NGC 6090 NE are similar to the central density
of Sbc galaxies, while the central mass surface density of NGC 6090 SW is more similar to Sc
galaxies. For the pre-merger LIRGs we find that the radial profiles are flatter than in control
spirals. In the inner 1 HLR, the variations log pu, are -0.8 dex for IC 1623 W and -0.6 dex for
NGC 6090 NE, in contrast with the steeper -1.2 dex in Sbc galaxies and -1.0 dex in Sc galaxies.
If our LIRGs were originally isolated spirals, the flattening of the mass density profiles in the
pre-merger stages is probably due to the mass redistribution / formation during the merger. The
proximity of the central regions of the two progenitor galaxies, together with the accumulation
of mass toward the dynamical center lead to an increase in the mass density in a more extended

region.

= IC 1623 W and NGC 6090 NE have average light weighted ages at ~ 1 HLR of 50 Myr and
80 Myr, respectively, much younger in comparison with the 1.2 Gyr (700 Myr) old of Sbc (Sc)
control galaxies. This is also true in the nuclear region (in the inner 0.2 HLR) where IC 1623
W and NGC 6090 NE have 330 Myr and 90 Myr, respectively, with respect to the 3.6 Gyr
(1.4 Gyr) of Sbe (Sc) control galaxies. Moreover, in both pre-merger LIRGs the age profiles are
significantly flatter than in Sbc/Sc galaxies. It seems like the merger-induced star formation

leads to a general rejuvenation of the progenitor galaxies during the pre-merger stage.

= From the SFHs we find that in the two pre-merger LIRGs the contribution to light of star

formation in the last 32 Myr is enhanced with respect to the control spirals both in the central
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regions (in the inner 0.5 HLR) and in the outskirts (from 1 - 1.5 HLR). In IC 1623 W is a factor
2 higher than Sbc/Sc in the center and 4 times higher in the outskirts, while in NGC 6090 NE is
a factor 6 higher in the center and 3 times higher in the outskirs. This result is also valid when
considering the contribution to light of SSPs < 300 Myr. The star formation in this timescale
in IC 1623 W is a factor 4 higher than Sbc/Sc in the center and 3 times higher than them in
the outskirts, while in NGC 6090 NE is a factor 5 higher in the center and 2 times higher in the
outskirts.

To consistenly compare the relative star formation in the center and in the outer region, we have
derived the specific SFRs in several timescales (32 Myr, 300 Myr and 1.5 Gyr), normalizing by

the stellar mass surface density profile.

1. The specific star formation in the last 32 Myr in IC 1623 W is enhanced with respect to
the average of control spirals by a factor 7 both at the center and in the disk. In NGC
6090 NE is also enhanced with respect to the average of control spirals by a factor 9 at
the center and 5 at 1 HLR. Beyond that, in the disk (from 1 - 1.5 HLR), we found values

comparable to control spirals.

2. When considering the specific star formation in the last 300 Myr, only IC 1623 W keeps
presenting a significant enhacement of the sSFR(300 Myr) of a factor 7 in the nucleus and
~ 1.7 in the disk. In NGC 6090 NE, the sSFR(300 Myr) is comparable to the control spirals
in the center and slightly smaller in the disk .

3. Considering a longer timescale of 1.5 Gyr, we find that in the central regions of the pre-
mergers the star formation is comparable to control spirals (within a factor 2). However,
in the outer regions is a factor 4 - 6 lower than in them, as if the star formation has
been inhibited in this time period. This could suggests that the disks of the pre-mergers
progenitor galaxies formed a long time ago, being somehow more primordial than the disks
in today spirals.

These results suggests that merger induced SF in these LIRGs started a few 100 Myr ago in IC
1623 W and a few 10 Myr ago in NGC 6090 NE.

Metallicity in one of the most difficult quantities to constrain. The scatter is really huge and
the fact that ages and Z grow in the opposite sense, as happens in IC 1623 W, could suggests
that the results are affected somehow by the age-metallicity degeneracy. Taking the results with
caution we find that the average mass weighted metallicity of the 2 pre-mergers at ~ 1 HLR is
<log Z, >p~-0.16 (~ 0.7 Z) similar to the one measured in Sbc galaxies, < log Z, >y~ -0.21
(~ 0.6 Zg). Although we found a huge scatter in the metallicity profiles, in general terms, they
are comparatively flat or even slightly positive in contrast to Sbc and Sc galaxies. We find that
beyond 0.7 HLR in IC 1623 W the metallicities are similar to those of Sbc galaxies, but in the
central regions (in the inner 0.5 HLR) the metallicities are smaller, more similar to Sc galaxies.
Flat gradients were previously found in the gas metallicity of mergers due to the effect of large gas
inflows (Kewley et al., 2010; Rupke et al., 2010; Rich et al., 2012). Therefore, merger-induced

gas inflows could also be the explanation for the inverted/flat stellar metallicities.
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= With respect to the dust distribution we find that in both pre-mergers one of the progenitors is

remarkably more extincted than the other. From star clusters photometry we find that IC 1623
E could be affected by more than Ay 2 2 mag (and in extreme cases up to 6 mag), in contrast
with the almost no obscured IC 1623 W. In NGC 6090 the contrast between the progenitors is
not so severe, still NGC 6090 NE is 0.8 - 1.0 mag more extincted than the SW component.

From the IFS, we found that at 1 HLR, IC 1623 W is extincted by Ay = 0.2 mag, which is 0.1
mag less extincted than Sbc/Sc galaxies. It is worth mentioning that IC 1623 W is considered
the nearest local Lyman Break Galaxy Analog (Grimes et al., 2006). On the contrary, NGC 6090
NE has Ay = 1.3 mag, which is 1 mag more extincted than the control spirals. With respect to
the gradients, we find that the radial profiles of the pre-merger LIRGs in the inner 1 HLR are
flat in comparison with control spirals. We hypothesize that if our LIRGs were originally spirals,
then the merger process redistribute the gas and dust of these spirals in a way that most of it

moves to the center of one of the progenitors (probably the most massive one), as happens in
IC 1623 and NGC 6090.

With respect to the ionization mechanism, from the [NIIJA6583/Ha vs [OIII]A5007/HS3 diag-
nostic diagram we find that both IC 1623 W and NGC 6090 are dominated by star formation
in the region mapped by us. There are also some spaxels with composite ionization. Given the
proximity of the vast majority of the composite spaxels to the Kauffmann demarcation line, we
do not believe that the ionization source is different for them, and is therefore quite possible
that they are also star forming regions.

However, for a few spaxels we can not discard a truly composite photoionization which we be-
lieve it should be due to ISM shocks that would occur naturally as a result of the increase of
the supersonic turbulence in mergers (Bournaud et al., 2010) or also possibly to stellar winds
and outflows from star forming regions (Heckman et al., 1990).

e A few spaxels at the edges of IC 1623 W line ratio maps are consistent with starburst-
related LINER, ionization. Moreover, from the Ha velocity dispersion map we find o, >
140 km/s in several outermost spaxels, with a region to the north west of the nucleus
where oy, reaches up to 170 km/s. We interpret this result as a consequence of shocks
being more important in the outskirts, producing a broadening of the emission lines. This
is in agreement with Rich et al. (2011), who found widespread shocks in the outskirts of
IC 1623, beyond the region traced by us.

e In a few spaxels to the south of NGC 6090 SW component we find a [OI]A\5007 /Ha line
ratios consistent with starburst-related LINER ionization and enhanced [OIII]A5007/H3
ratios. Interestingly, the highest values of the velocity dispersion map (o, > 200 km/s)
are also reached to the south of the SW component. We believe that this could be due
to the presence of shocks induced by the interaction itself, althought there also exist the
posibility that we are simultaneusly observing several gas components moving at different

velocities as a consequence of the interaction.

= We do not have clear evidences of outflows in neither of the two galaxies. In the non-rotating face

on spiral NGC 6090 NE, the only spaxels approaching to us in the Ha velocity field are the ones
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located to the north of the nucleus. We hypothesize that there could be an outflow, however,
we can not resolve it with our spectral resolution. We note, however, the velocity dispersion is
relatively low in this region (o, ~ 140 km/s).

» The SFRs calculated from both the very young stellar populations (SSPs < 30 Myr) and Ha are
in very good agreement, with average values of 14 & 1 My, yr~! for IC 1623 W and 20 £ 3 M
yr~! for NGC 6090 (with Chabrier IMF). Analogously, the SFRs calculated from populations
younger than 140 Myr and FUV also agree, with an average of SFR = 5 4+ 1 M, yr—! for both
systems (Chabrier IMF), and a factor 3 - 4 smaller than the one from very young components
and He, indicating that recent SFR is more concentrated in instantaneus bursts occurred in the

last few 10 Myr rather than as a continuum SFR.

» From MIR at 24um we found hybrid SFR = 15 My, yr—! and 17 My, yr~! for IC 1623 W and
NGC 6090, respectively (Chabrier IMF). They are very similar to the ones derived from dust-
attenuation corrected Ha and SFR(30 Myr). We can conclude that for IC 1623 W and NGC
6090 there is no substantial star formation which is not accounted for by the Balmer decrement

attenuation correction.

= We find that the average SFR in our two pre-merger LIRGs is enhanced by a factor 8 - 9 with
respect to the Milky Way (< SFR >y = 1.9 + 0.4 Mg yr—!, Chomiuk & Povich (2011).

= We find an average value of the star formation rate density measured from the stellar continuum
emitted by stellar populations < 30 Myr and Ha of ~ 500 My Gyr—! pc=2 for both IC 1623
W and NGC 6090 NE. Compared with the < Ygpr > = 3.3 My, Gyr—! pc=2 of the Milky Way
(Kennicutt & Evans, 2012), the star formation rate density of our pre-merger LIRGs is ~ 150

times higher than in it.

9.2. Merger LIRG NGC 2623

NGC 2623 is a merger LIRG in stage IV of the interaction. The nuclei have already coalesced and
two tidal tails are still visible. Except the outer parts of the tails, the main body of NGC 2623 is
covered by our IFS. The main results are:

» In NGC 2623 we determine a total current stellar mass of 4.6 x 10'° My, (2.4 x 10*° M) with
Salpeter (Chabrier) IMF. 70 - 75 % of the stellar mass is in stellar populations older than 1.4
Gyr. The intermediate age stellar populations (140 Myr < SSPs < 1.4 Gyr) are important in
NGC 2623, contributing by 23 - 28 % to the total the stellar mass.

s The mass in populations younger than 140 Myr represents only a 1 - 2% of the total current
stellar mass in NGC 2623. The mass in young components derived through the IFS is comparable

(only a factor ~ 1.5 less) to the mass in star clusters derived roughly from the photometry, which

NGC2623
Mclus

is ~ 6 x 10® My. This would agree with the hypothesis that the vast majority of

stars form in clusters rather than in isolation.

= The mass surface density of NGC 2623 is very similar to the one measured in Shc galaxies both
in the nucleus and at 1 HLR. Therefore the gradient in the inner 1 HLR of NGC 2623, -1.3 dex,
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is very similar to Sbc galaxies. According to this, when the progenitor galaxies finally merge
most of the mass collapses in a small central region recovering the negative profile of the mass
density with distance. We note, however, that if the final product of LIRGs mergers are elliptical
galaxies, then NGC 2623 should be 0.7 dex more massive in order to resemble to the profile of E
galaxies in CALIFA (GD2015) instead of Sbc galaxies. This result would indicate that mergers

such as NGC 2623 would not form massive ellipticals, but less massive elliptical systems.

The average light weighted age of NGC 2623 at ~ 1 HLR is 540 Myr, younger than Sbc (Sc)
galaxies which are 1.2 Gyr (700 Myr) old. The contrast is much higher in the nuclear region
(in the inner 0.2 HLR) where NGC 2623 has 250 Myr old, with respect to the 3.6 Gyr (1.4
Gyr) of Sbe (Sc) control galaxies. For the merger LIRG NGC 2623 the gradient with distance
is positive, inverted with respect to what happen in Sbc/Sc galaxies. The variation within the
inner 1 HLR is 300 Myr in comparison with the -2.4 Gyr (-665 Myr) of Sbc (Sc) galaxies. The
positive age gradient in NGC 2623 would be explained if in advanced mergers most of the gas
and the young star formation is concentrated in the central region (in the inner 1 HLR), while

the outer parts start to passively evolve.

For the merger NGC 2623, the contribution to light of the young star formation in the last 32
Myr or 300 Myr, is only significantly enhanced with respect to Sbc (Sc) galaxies in the central

region by a factor of ~ 6 (3), while in the outskirts is comparable to them.

To consistenly compare the relative star formation in the center and in the outer regions, we
have derived the specific SFRs in several timescales (32 Myr, 300 Myr and 1.5 Gyr), normalizing
by the stellar mass surface density profile.

1. The specific SFRs in the last 32 Myr is significantly enhanced in the central region of NGC
2623 (by a factor ~ 9), while at the outer parts is only slightly enhanced (by a factor ~ 3)

in comparison to the control spirals.

2. Althought the sSFR in the last 300 Myr is only enhanced in the center (by a factor ~ 2)
with respect to control spirals, the sSFR in the last 1.5 Gyr is enhanced by a factor 1.7
with respect to control spirals in the center and in the outer parts. This is in agreement
with the fact that NGC 2623 has formed 2 times more mass than the control spirals in the
last 1.5 Gyr, both in the central and the outer regions.

The average mass weighted metallicity of NGC 2623 at ~ 1 HLR is < log Z, >y~ -0.37 (~
0.4 Zg) similar to the one measured in Sc galaxies, < log Z, >y~ -0.45 (~ 0.4 Zg). As for the
pre-mergers, metallicity is one of the most difficult properties to characterize through spectral
synthesis in these kind of systems. We find that beyond 1.4 HLR the metallicity of NGC 2623
is similar to those of Sbc galaxies, but in the inner 0.5 HLR it is smaller, more similar to Sc
galaxies. As for the pre-merger LIRGs, merger-induced gas inflows could be the explanation for
the inverted/flat stellar metallicities. Flat gradients were previously found in the gas metallicity
of mergers due to the effect of large gas inflows (Rupke et al., 2010; Kewley et al., 2010).

From the IFS, we found that at 1 HLR, NGC 2623 is extincted by Ay = 0.7 mag, which is
0.4 mag more extincted than Sbc/Sc galaxies. The contrast is higher in the inner 0.2 HLR,
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where NGC 2623 is affected by Ay = 1.6 mag, approximately 1.1 mag more extincted than
Sbe/Sc galaxies. In the inner 1 HLR there exists a negative Ay gradient which is much steeper
in NGC 2623 (-1 mag) than in Sbc/Sc galaxies (-0.3 mag). This is consistent with the idea that
in mergers with coalesced nuclei most of the dust content is already concentrated in the central

regions.

With respect to the ionization mechanism, we find that only the gas in the north tidal tail and
the brightest knot south of the nucleus are ionized by pure star formation. On the other hand,
there is LINER ionization in the nuclear region of NGC 2623, consistent with the existence of
an outflow as previously reported by Lipari et al. (2004). Further evidence of the outflow come
from the high values of the gas velocity dispersion, o ~ 220 km/s, that are coincident with
the LINER spaxels in the BPT diagram, which are, in turn, approximately inside the outflow
cone nebulae defined by Lipari et al. (2004). With our spectral resolution we can not conduct
a thorough characterization of the outflow. We note, however, that no pure LINER emission is
present in the nucleus of the pre-merger systems IC 1623 W and NGC 6090. We hypothesized
that to produce a significant nuclear outflow is necessary to have a very massive and compact
starburst, like the ones produced in the central regions of galaxies in the last stages of the

interaction, where a large amount of gas is concentrated into a small area.

We have estimated the amount of current star formation which is necesary to power the outflow
from the luminosity of the shocked regions. We find the total Ha luminosity of the shocks is:
Lshock — 2 5x10% erg s71, leading to a bolometric energy loss rate of Eshoeks ~ 2.0x10% erg
s~!, where we have taken a bolometric conversion factor of 80, assuming that vgueer > 140
km s~! (Rich et al., 2010). The mechanical energy injection rate into the ISM by SNe can be
estimated from evolutionary synthesis models of populations of massive stars (Leitherer et al.,
1999). For Salpeter IMF, in the 0.4 Z, case, and assuming a continuous SFR in the last 40 Myr,
the expected SFR would be ~ 24 M, yr~!, very similar to the observational one obtained from
multiwavelength data.

We find a strong consistency in the SFR derived with three hybrid tracers combining the ob-
served Ha together with 24um, FIR and radio 1.4 GHz. All point to a global average SFR ~
17 My yr~! (with Salpeter IMF) and SFR ~ 10 Mg yr~—! (with Chabrier IMF). The hybrid
multi-A SFR is similar to the one derived from continuum decomposition, SFR(30 Myr), and
an order of magnitude larger than the SFR derived with Ha dereddened luminosity (< 2.2 Mg
yr— !, Salpeter IMF). As the hybrid multi-A\ SFRs account for optically thick dust obscuration
by direct detection of the thermal dust emission we find that some of the ionizing photons have
been absorbed by dust and reemitted in the IR /radio instead of ionizing the Ha emitting gas.
Taking this into account, we found that the average A(Ha) ~ 4.3 mag, instead of the ~ 1.4 mag

we measure with the IFS.

The average SFR in NGC 2623 is comparable to the pre-merger LIRGs, and a factor 5 higher
than the SFR in the Milky Way (< SFR >yw = 1.9 & 0.4 Mg, yr—!, Chomiuk & Povich 2011).

In the advanced merger NGC 2623 we found that the SF has evolved from outside to inside. In
the shortest timescale considered (30 Myr) the SF is concentrated toward the center, while in
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the longest timescale (1.4 Gyr) is more spatially extended, with the SFR in these regions being
significantly enhanced with respect to the average past or actual SFR in the galaxy. This is in
agreement with recent merger simulations which find that the first merger induced SF episode
is spatially extended (Teyssier et al. 2010), while the second burst later on during coalescence is
more centrally concentrated, as predicted by classical merger simulations (Mihos & Hernquist
(1996), Di Matteo et al. 2008).

9.3. PSQSOs

Our PSQSOs sample is quite heterogeneus, comprising 9 systems with different morphologies

and in different evolutionary stages. Given the low SNR of their IFS, we have analysed the stellar

population properties in integrated and central spectra. The integrated spectra have been extracted

in variable apertures (all of them above the Petrosian radius aperture given by SDSS DR7), in a way
that they include the whole optical extension of each PSQSOs in ACS F606W image. The companion
galaxies (when present) have not been included. The spectra of the central regions have been extracted

using an aperture radius of 1.5 arcsec, identical to the fiber aperture radius of SDSS spectroscopy,

with which we have compared. For the comparison with the LIRGs we have used the central spectra
of the PSQSOs. At their redshift (z ~ 0.3; Dy, ~ 1553.4 Mpc) the spatial scale is 4.46 kpc/arcsec.

Therefore, the central spectra aperture radius correspond to ~ 6.7 kpc, similar to a 2 HLR aperture

in our three LIRGs. The main results:

The stellar masses derived from the integrated spectra of the PSQSOs range from 1.9 x 10'°
Mg - 1.4 x 10"t M, (Chabrier), and the mean stellar ages from 220 Myr - 3 Gyr. In general,

the stellar extinctions are low, < 1 mag.

In 8 out of 9 PSQSOs (all except J1700) we find important light contributions of intermediate-
age stellar populations (< 1.5 Gyr), ranging from 30 % - 77 %. The stellar mass in intermediate
age stellar populations range from 3.2 x 10® Mg - 3.1 x 109 Mg (Chabrier IMF). With an

average of ~ 1 x 10'° M, it represents a 27 % of the total stellar mass formed in these systems.

The contribution to light (at 5100 A) of the AGN ranges from 16 % - 43 %. We find that the
central black holes have masses from 3.5 x 107 My, - 1.5 x 108 My, and are low-accretion rate
AGN accreting at < 1% - 6% of Eddington luminosity.

When plotted on the traditional BPT diagram, 7 out of the 9 PSQSOs fall in the Seyfert region.
The other 2 systems, J0237 and J1230, fall in the composite region, confirming the results from
the spectral synthesis, which indicate that recent star formation (SSPs < 140 Myr) is also quite
important in some PSQSOs (at least in J0237, J1230 and J1456).

We find evidence of a decline in the AGN luminosity with increasing stellar ages, as expected by
merger-induced evolutionary scenarios. This would indicate that the gas from which the stars
formed also fed the AGN. The younger the stellar age of a system the higher the contribution
from recently formed young components. That requires significant gas income to the central
region, part of which could also be accreted by the AGN. A larger sample is neccesary to
confirm this result.
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= We also find an increase of the stellar mass in intermediate age SSPs < 1.5 Gyr with increasing
[OIII]A5007 line luminosity. If we assume that the [OIII]A5007 line luminosity is somehow related
to the AGN luminosity, therefore, this correlation suggest that the more massive the central
starburst the brighter the AGN. This could also indicate that both starburst and AGN are
simultaneusly growing from the same gas supply, which in principle is in agreement with merger
induced evolutionary scenarios. However, we note that we do not find this correlation when
using directly the AGN luminosity and additional observations are also necessary to further test
this hypothesis.

9.4. Global evolutionary picture

With our data we find a evolutionary sequence related to the merger progression. In the initial
stages (pre-mergers) the induced SF in the last 32 Myr is extended (in agreement with recent merger
simulations by Teyssier et al. 2010), and enhanced, on average, by a factor ~ 4 with respect to the
control spirals. When we resolve it spatially we find that for IC 1623 W the enhancement is the same
in the central region and in the disk (by a factor 7), while for NGC 6090 NE the enhancement is
higher in the central region (by a factor 9), still significant at one half light radius (by a factor 5) and
less significant in the ”disk” (only enhanced by a factor 1.5). Attending to the importance of stellar
populations ~ 300 Myr, we find that the merger-induced star formation started earlier in 1C 1623 W
than in NGC 6090 NE.

In more advanced mergers, as NGC 2623, we find that most of the young SF (in the last 32 Myr)
is concentrated in the central region, enhanced by a factor 9 with respect to control spirals. However,
there exists also lower level star formation in the disk, enhanced by < 3 in comparison to spirals.
From the global average across the whole galaxy we find than is a factor ~ 3 higher than in spirals.
In addition, in NGC 2623 we detect fossil emission of an extended merger-induced burst occurred ~
1.5 Gyr ago, probably when it was at the pre-merger stage. The mass formed during this first burst
is enhanced by a factor 2 both in the center and in the outer parts with respect to the mass formed
in the same period in isolated spirals.

From the average of the 9 PSQSOs we find that both in terms of light and mass, the SFHs are
comparable to NGC 2623 ones. Attending to the average ages we found that they are ~ 400 Myr older
than NGC 2623. It seems that PSQSOs are slightly more evolved, however, given the uncertainties
related to the model base choice, and the heterogeneity of the sample, we can not confirm exactly
to what degree. We note that both present a significant contribution to mass of stellar populations
younger than 1.5 Gyr, which is not present in the pre-merger LIRGs. However, we think that the
current starburst seen in the pre-mergers is in fact forming the intermediate age mass that will look
like NGC 2623 in < 1.5 Gyr. The stellar mass in stellar populations younger than 1.5 Gyr is ~ 6.6 x
10° Mg, (Chabrier IMF) in NGC 2623 and ~ 101 M, (Chabrier IMF) in the PSQSOs, hence, we find
that if the pre-merger LIRGs keep forming stars at the current rate ~ 16 Mg, yr~! (Chabrier IMF)
during ~ 400 - 600 Myr, then they can account for the mass in NGC 2623 and PSQSOs. This time is
approximately consistent with the 500 Myr upper limit expected for the duration of merger triggered
starbursts from simulations (Di Matteo et al., 2008). Morever, we also note that the transformation
of NGC 2623 into a PSQSO should be rapid. On the one hand, it is known that NGC 2623 harbors an

AGN in its dusty core (though energetically weak relative to the starburst population) given presence
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of the 14.3 um [Ne V] emission line only observed in galaxies hosting AGN (Evans et al., 2008). On
the other hand, we also know that the central starburst in NGC 2623 is already powering a galactic
wind (Lipari et al., 2004). Recently, Herschel discovered massive molecular outflows in U/LIRGs.
Although the fastest and most massive outflows are found in AGN-dominated U/LIRGs, from the
three starburst dominated systems in Sturm et al. (2011) sample, they found that they are able to
expel the cold gas reservoirs from the center within ~ 2 x 10® My yr~!. Hence, in few 100 Myr
outflows like the ones in those U/LIRGs would be able to remove dust from the core leaving the AGN
uncovered. This is consistent with the average time delay of ~ 400 Myr found by us between NGC
2623 and the PSQSOs.

Finally, given the stellar masses measured in the LIRGs and in the PSQSOs, most of them <
10" Mg, we find that they can only form intermediate mass ellipticals (~ 10! Mg), or the core of
future massive ellipticals, in agreement with the major-merger evolutionary scenario. They are not in
agreement with the formation of the most massive ellipticals (with M, > 10! M) which have been
observed by the CALIFA survey. In that cases the formation scenario is more probably consistent
with two phases in which the ”core” formed first at z > 1 and then further growth in mass occurs
through dry mergers.

We hypothesize that current major-merger ellipticals in formation with < 10! M), are analogous
to the ”cores” of the massive ellipticals that formed at z > 1. We can not be sure if more massi-
ve mergers, maybe those in local ULIRGs instead of LIRGs, would be able to form more massive
ellipticals. In anycase, it seems that minor merging is neccesary for growing ellipticals with masses
well above 10! M, according to recent observations and cosmological simulations (Naab et al., 2009;
Kormendy et al., 2009; Oser et al., 2012; Toft et al., 2014).



PSQSOs: Spectral synthesis results

The main results from the 9 different spectral fits are summarized in Tables A.1, A.2 and A.3 for
IFS central, integrated and SDSS spectra, respectively. For each galaxy we report: (a) the x? of the
fitting, (b) the deviation (in percentage) from the best model fit to the observed spectra expressed as
A, (c) the average age in logarithm, (d) the stellar mass in logarithm, (e) the percentage of contribution
to light of the SSPs younger than 140 Myr, (f) the percentage of contribution to light of the SSPs
younger than 1.5 Gyr, (g) the stellar mass contained in SSPs younger than 1.5 Gyr, (h) the stellar
luminosity in logarithm calculated by integrating the stellar component from 3000 - 6000A, (i) the
stellar dust extinction in magnitudes, (j) the AGN dust extinction in magnitudes, (k) the contribution
to light of the AGN in percentage, (1) the AGN luminosity in logarithm calculated by integrating the
power-law component from 3000 - 6000A, (m) the H3 or Ha flux expected from the stellar component

1

in units of 1077 erg s~! cm~2, (n) the HB or Ha flux expected from the AGN component in units of

107 erg s7! em™2.

We want to note that for integrated spectra we are only interested in the stellar properties, since
the AGN properties from IFS data, will be derived from the central spectra. That is why in Table
A.2 we only report results from (a) to (i).

In addition, Figures A.1, A.2 and A.3 present the spectral fits for the base with SSPs > 4 Myr for
central IFS, SDSS and integrated spectra, respectively. These are the fits using H3 (Ha for SDSS) as
constrain and a single extinction value for stars and AGN. In the upper panels we show the observed
spectra (in black) and the best Starlight fit (in red). The stellar component contribution is shown in
blue and the AGN contribution in orange. In the bottom panels we show the residuals in red.

Moreover, Figures A.4 and A.5 show the star formation histories of the PSQSOs for IFS central
spectra for the constrained and unconstrained fits, respectively. In colors, we show the SFH obtained
with the different bases: in red the base including only SSPs > 30 Myr, in green the base including
only SSPs > 4 Myr and in blue the base including all the SSPs down to 1 Myr. Analogously, in
Figures A.6 and A.7 we show the star formation histories of the PSQSOs for SDSS central spectra for
constrained and unconstrained fits, respectively, and the same in Figures A.8 and A.9 for integrated
IF'S spectra.
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Table A.1. Summary of the central IF'S spectral modelling results for the three different
configurations, each of them with the three different spectral bases.

Single Ay, +Hf constrain Single Ay, +No constrain 2Ay,+H[3 constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J1700 X2a 1.41 1.40 1.42 1.39 1.39 1.39 1.43 1.40 1.42
Ab 8.97 8.94 8.87 5.50 8.89 8.89 8.97 8.95 8.87
<log age (yl')>i 9.30 9.36 9.41 9.38 9.54 9.56 9.23 9.36 9.40
log I\/If 10.62 10.63 10.62 10.65 10.64 10.67 10.50 10.64 10.60
% x <140Myr€ 6 5 5 3 0 0 9 5 4
% x <1.5Gyrd 6 5 5 3 0 0 9 5 4
log M(* < 1,6Gyr) 9 7.55 7.55 7.90 7.22 - - 7.58 7.53 7.89
log Lgp h 43.40 43.38 43.38 43.38 43.34 43.34 43.40 43.38 43.38
A%;a'rs i 0.45 0.45 0.41 0.48 0.40 0.40 0.12 0.45 0.40
ADGN J 0.45 0.45 0.41 0.48 0.40 0.40 1.81 0.45 0.40
% AGNI;SIOO 21 23 23 24 28 28 24 23 23
log Lagn l 42.95 42.99 43.00 43.01 43.08 43.08 42.95 42.99 43.00
F(Hp)stars m 12.97 1.54 0.65 94.52 0.74 0.82 31.61 2.04 0.61
F(Hﬁ)AGN n 108.06 119.35 118.71 124.52 144.84 145.48 140.32 119.35 118.39
J2334 X2 1.38 1.38 1.41 1.38 1.39 1.38 1.37 1.36 1.36
A 5.50 5.50 5.53 5.50 5.50 5.50 5.44 5.47 5.48
<log age (yr)>p, 8.53 8.53 8.53 8.64 8.64 8.64 8.51 8.49 8.50
log My 10.45 10.45 10.44 10.42 10.42 10.42 10.22 10.08 10.07
% * <140Myr 26 23 29 0 0 0 25 19 19
% * <1.5Gyr 78 78 78 70 70 70 72 68 68
log M(* < 1,5Gyr) 10.45 10.45 10.44 10.42 10.42 10.42 10.22 10.08 10.07
log Lgp 43.78 43.78 43.78 43.72 43.73 43.72 43.75 43.73 43.73
Agtars 0.96 0.96 0.94 0.97 0.97 0.97 0.50 0.30 0.28
AQGN 0.96 0.96 0.94 0.97 0.97 0.97 1.95 2.45 2.47
% AGN 35100 25 25 25 33 33 33 33 38 38
log LagnN 43.38 43.38 43.38 43.50 43.50 43.50 43.45 43.50 43.50
F(HB)stars 0.15 0.15 0.15 0.14 0.14 0.14 2.41 0.31 0.12
F(Hﬁ)AGN 170.32 170.00 169.03 225.81 223.87 224.84 240.32 292.90 295.48
J0237 X2 1.56 1.56 1.63 1.50 1.50 1.52 1.51 1.52 1.53
A 6.44 6.44 6.47 6.43 6.37 6.43 6.49 6.51 6.48
<log age (yr)>p, 8.20 8.18 8.54 8.52 8.50 8.74 8.27 8.26 8.58
log My 10.67 10.68 10.69 10.62 10.62 10.58 10.42 10.40 10.35
% * <140Myr 44 45 42 22 23 23 38 37 35
% * <1.5Gyr 64 64 42 56 48 37 63 66 35
log M(* < 1,5Gyr) 10.11 10.09 9.23 10.13 9.99 9.71 9.94 10.01 8.88
log Lgp 43.80 43.81 43.79 43.73 43.72 43.69 43.78 43.78 43.75
Agtars 0.84 0.85 0.61 0.71 0.66 0.53 0.35 0.35 0.00
A‘A/GN 0.84 0.85 0.61 0.71 0.66 0.53 3.64 4.34 3.63
% AGN \5100 7 6 9 20 21 26 16 16 22
log LagnN 42.76 42.69 42.86 43.20 43.23 43.32 43.00 42.98 43.13
F(HB)Stars 14.65  21.52 0.64 212.26  56.13 0.46 13.16  20.74 0.50
F(Hﬁ)AGN 45.16 38.39 54.19 121.29 127.74 154.52 122.58 125.48 163.55
Note. — (a) the x?2 of the fitting, (b) the deviation (in percentage) from the best model fit to the observed spectra expressed as A, (c)

average stellar age in logarithm, (d) the stellar mass in Mg in logarithm, (e) the percentage of contribution to light of the SSPs younger

than 140 Myr, (f) the percentage of contribution to light of the SSPs younger than 1.5 Gyr, (g) the stellar mass in Mg and in log, in SSPs

younger than 1.5 Gyr, (h) the stellar luminosity in erg s™1 in logarithm, (i) the stellar dust extinction in magnitudes, (j) the AGN dust

extinction in magnitudes, (k) the contribution to light of the AGN in percentage, (1) the AGN luminosity in erg s~ ~ in logarithm, (m) the
—17 —1

0

Hp flux expected from the stellar component in units of 1 erg s 011172, (n) the HB flux expected from the AGN component in units

of 10717 erg s—1 em—2
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Table A.1. Continued
Single Ay +H (3 constrain Single Ay +No constrain 2Ay,+H (3 constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J1230 X2 2.11 2.08 4.11 1.84 2.05 2.70 2.09 2.08 4.11
A 3.80 3.75 5.54 3.64 3.72 4.33 3.78 3.75 5.54
<log age (yr)>r, 8.04 8.06 8.34 8.07 8.14 8.86 8.04 8.05 8.34
log My 10.23 10.26 10.51 10.15 10.22 10.29 10.24 10.25 10.51
% % <140Myr 41 39 45 23 31 12 40 39 45
% * <1.5Gyr 41 39 45 34 31 12 40 39 45
log M(x < 1,5Gyr) | 8.43 8.42 8.91 9.42 8.32 8.36 8.44 8.42 8.91
log Lgp 43.68 43.65 43.62 43.58 43.57 43.26 43.67 43.65 43.62
Agtars 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00
AQGN 0.00 0.00 0.00 0.17 0.00 0.00 0.00 0.00 0.00
% AGN 5100 25 31 34 41 11 68 28 31 34
log Laan 43.25 43.34 43.37 43.45 43.46 43.68 43.29 43.34 43.37
F(Hp)stars 43.23 13.94 0.74 790.32  11.10 0.39 30.90 13.90 0.74
F(HB)AGN 134.19  163.55 177.42 220.32  218.06  361.29 146.45  163.55 177.42
J1248 X2 2.08 2.08 2.14 1.67 1.67 1.67 2.04 2.04 2.08
A 1.21 1.21 4.24 3.61 3.61 3.61 4.12 4.13 4.08
<log age (yr)>1, 8.62 8.59 8.80 9.00 9.00 9.00 8.64 8.63 8.85
log My 10.51 10.52 10.56 10.39 10.40 10.40 10.43 10.44 10.40
% * <140Myr 19 21 19 0 0 0 19 19 17
% * <1.5Gyr 80 80 69 61 61 61 67 64 54
log M(x < 1,5Gyr) | 10.49 10.50 10.38 10.39 10.40 10.40 10.28 10.23 10.04
log Lgp 43.77 43.77 43.77 43.61 43.61 43.61 43.76 43.75 43.75
Agtars 0.59 0.63 0.45 0.58 0.59 0.57 0.36 0.37 0.02
AQGN 0.59 0.63 0.45 0.58 0.59 0.57 1.14 1.15 1.36
% AGN 5100 22 22 21 41 41 41 26 26 28
log Lagn 43.30 43.31 43.30 43.58 43.58 43.58 43.34 43.34 43.37
F(HB)Stars 4.06 4.42 1.07 0.49 0.49 0.51 3.84 4.10 1.03
F(HB)AGN 272.90  276.45 262.26 509.68  512.90 506.45 332.26  335.48 364.52
J1456 X2 1.56 1.56 1.63 1.23 1.23 1.23 1.56 1.57 1.64
A 3.44 3.45 3.52 3.10 3.10 3.10 3.44 3.46 3.51
<log age (yr)>1, 8.07 8.07 8.48 8.90 8.89 8.90 8.08 8.05 8.46
log My 10.25 10.26 10.22 10.05 10.04 10.06 10.22 10.25 10.17
% * <140Myr 45 45 42 17 17 17 44 16 41
% * <1.5Gyr 68 64 42 36 39 34 65 64 41
log M(x < 1,5Gyr) | 9.87 9.78 8.83 9.65 9.71 9.60 9.80 9.75 8.80
log Lgp 43.65 43.65 43.63 43.42 43.42 43.42 43.65 43.66 43.63
Agtars 0.40 0.40 0.06 0.01 0.02 0.01 0.33 0.35 0.00
AQGN 0.40 0.40 0.06 0.01 0.02 0.01 0.81 0.85 0.62
% AGN 5100 10 10 12 41 42 11 11 9 15
log Laan 42.73 42.73 42.85 43.39 43.39 43.38 42.76 42.66 42.89
F(Hp)stars 17.65 18.19 0.41 0.19 0.18 0.19 17.06 26.42 0.40
F(HB)AGN 43.55 42.90 53.55 180.65  181.29  179.03 50.65 40.65 65.81
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Table A.1. Continued

Single Ay +H (3 constrain Single Ay +No constrain 2Ay,+H (3 constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J0202 X2 1.52 1.52 1.52 1.52 1.52 1.52 1.52 1.52 1.52
A 3.86 3.85 3.85 3.85 3.85 3.86 3.85 3.86 3.85
<log age (yr)>p, 9.11 9.11 9.16 9.11 9.14 9.13 9.13 9.17 9.16
log My 10.94 10.93 10.92 10.92 10.93 10.87 10.95 10.93 10.92
% * <140Myr 2 2 0 1 1 0 2 0 0
% * <1.5Gyr 54 56 54 56 55 52 55 56 53
log M(* < 1,5Gyr) 10.16 10.22 10.21 10.22 10.20 10.17 10.20 10.16 10.18
log Lgp 43.75 43.75 43.74 43.75 43.74 43.74 43.74 43.73 43.73
A%t(’“”s 0.48 0.48 0.46 0.48 0.47 0.48 0.46 0.44 0.43
A‘A/GN 0.48 0.48 0.46 0.48 0.47 0.48 0.50 0.52 0.54
% AGN 5100 20 20 21 20 21 21 20 22 22
log LagnN 43.27 43.26 43.29 43.26 43.28 43.29 43.27 43.30 43.30
F(Hp)stars 1.73 1.51 0.79 1.36 1.15 0.52 1.66 0.86 0.83
F(Hﬁ)AGN 140.00 139.03 148.06 139.03 144.52 148.39 140.97 151.94 151.94
J2128 X2 1.74 1.73 1.86 1.59 1.67 1.72 1.76 1.73 1.87
A 4.15 4.16 4.29 4.02 4.14 4.21 4.15 4.16 4.30
<log age (yr)>p, 8.60 8.66 8.83 8.77 8.90 9.07 8.56 8.67 8.83
log My 10.30 10.26 10.29 10.32 10.20 10.09 10.33 10.26 10.29
% * <140Myr 24 20 21 14 9 4 26 20 21
% * <1.5Gyr 35 39 25 36 30 40 35 34 24
log M(* < 1,5Gyr) 9.39 9.64 9.08 9.65 9.67 9.89 9.32 9.51 9.03
log Lgp 43.59 43.55 43.54 43.56 43.45 43.39 43.62 43.55 43.54
A‘g;ars 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AQGN 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
% AGN 5100 24 29 30 29 40 46 20 30 30
log LagnN 43.18 43.27 43.28 43.26 43.40 43.46 43.09 43.27 43.28
F(Hp)stars 27.29 4.81 0.38 172.90  13.16 0.23 44.19 3.94 0.37
F(Hﬁ)AGN 97.42 120.00 124.52 118.39 163.87 187.42 80.65 120.65 124.52
J2310 X2 1.90 1.90 1.88 1.88 1.88 1.88 1.89 1.90 1.88
A 3.88 3.89 3.87 3.88 3.88 3.87 3.89 3.89 3.87
<log age (yr)>p, 9.22 9.32 9.35 9.31 9.32 9.43 9.23 9.25 9.36
log My 11.01 10.94 10.96 10.99 10.98 10.97 10.98 10.98 10.97
% * <140Myr 17 8 11 9 11 4 11 10 9
% * <1.5Gyr 37 31 29 33 34 25 36 37 31
log M(* < 1,5Gyr) 9.81 9.73 9.66 9.74 9.81 9.60 9.84 9.87 9.76
log Lgp 43.73 43.70 43.69 43.70 43.70 43.68 43.72 43.71 43.69
Agtars 0.34 0.29 0.27 0.29 0.28 0.22 0.34 0.32 0.26
A‘A/GN 0.34 0.29 0.27 0.29 0.28 0.22 0.34 0.32 0.26
% AGN 5100 12 16 16 11 14 16 12 13 15
log LagnN 42.78 42.98 42.98 42.94 42.95 43.05 42.84 42.88 42.98
F(Hp)stars 24.06 1.84 0.85 2.54 2.26 1.02 17.84 14.16 0.86
F(Hﬁ)AGN 37.42 53.39 59.03 54.19 54.84 68.06 43.55 46.77 59.03
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Table A.2. Summary of the integrated IF'S spectral modelling results for the three different
configurations, each of them with the three different spectral bases
Single Ay, +H 3 constrain Single Ay +No constrain 2Ay,+H 3 constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J1700 X2 1.67 1.67 1.67 1.66 1.66 1.66 1.65 1.65 1.65
A 23.59 23.71 23.74 23.24 23.23 23.24 22.36 22.21 22.32
<log age (yr)>p, 9.28 9.33 9.32 9.27 9.28 9.27 9.38 9.39 9.38
log My 10.76 10.76 10.72 10.70 10.71 10.71 10.54 10.57 10.59
% * <140Myr 2 0 0 4 0 1 2 1 1
% * <1.5Gyr 22 21 14 11 11 11 10 10 9
log M(* < 1,5Gyr) 9.67 9.64 9.27 8.87 8.93 8.93 8.67 8.72 8.74
log Lgp 43.55 43.53 43.53 43.56 43.55 43.55 43.50 43.50 43.50
Agtars 0.59  0.58 0.57 0.53  0.56 0.55 0.05  0.10 0.16
J2334 X2 1.50 1.51 1.53 1.47 1.47 1.47 1.46 1.47 1.45
A 7.31 7.34 7.34 7.23 7.23 7.23 7.15 7.18 7.19
<log age (yr)>p, 8.54 8.54 8.56 8.62 8.62 8.62 8.53 8.53 8.55
log My 10.49 10.50 10.49 10.47 10.48 10.48 10.21 10.20 10.05
% = <140Myr 21 22 28 0 0 0 22 21 17
% = <1.5Gyr 80 80 81 73 73 73 73 73 69
log I\/I(* < 1,5Gy1") 10.49 10.50 10.49 10.47 10.48 10.48 10.21 10.20 10.05
log Lgp 43.85 43.85 43.85 43.80 43.80 43.80 43.81 43.81 43.79
A‘g;ars 0.89 0.90 0.87 0.95 0.95 0.95 0.38 0.36 0.06
J0237 X2 1.71 1.71 1.78 1.65 1.69 1.75 1.62 1.61 1.66
A 7.68 7.69 7.84 7.59 7.69 7.88 7.55 7.54 7.65
<log age (yr)>p, 8.14 8.14 8.54 8.30 8.25 8.61 8.26 8.28 8.55
log My 10.82 10.84 10.85 10.75 10.74 10.75 10.48 10.45 10.59
% = <140Myr 49 49 45 34 37 34 38 40 40
% * <1.5Gyr 76 71 45 85 80 45 77 76 42
log M(* < 1,5Gyr) 10.34 10.22 9.38 10.60 10.45 9.85 10.21 10.18 9.35
log Lgp 44.01 44.01 43.98 43.97 43.97 43.92 43.96 43.96 43.95
Agtars 0.81  0.80 0.51 0.83  0.73 0.51 027  0.25 0.06
J1230 X2 1.99 1.99 3.36 1.81 1.91 2.16 1.98 1.98 3.36
A 4.10 4.13 5.32 4.04 4.03 4.38 4.11 4.13 5.33
<log age (yr)>p, 8.14 8.14 8.47 8.46 8.31 8.86 8.14 8.14 8.46
log My 10.25 10.27 10.66 10.34 10.17 10.25 10.24 10.24 10.65
% * <140Myr 38 38 44 15 25 12 38 38 44
% * <1.5Gyr 38 38 44 34 25 12 38 38 44
log M(* < 1,5Gyr) 8.50 8.51 8.99 9.57 8.31 8.42 8.49 8.50 8.99
log Lgp 43.76 43.75 43.73 43.62 43.63 43.42 43.75 43.75 43.73
A‘g;ars 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
J1248 X2 2.30 2.29 2.31 2.05 2.06 2.05 2.26 2.25 2.26
A 4.54 4.55 4.59 4.16 4.17 4.17 4.46 4.46 4.49
<log age (yr)>p, 8.78 8.74 8.92 9.18 9.16 9.16 8.79 8.79 8.94
log My 10.85 10.83 10.86 10.82 10.79 10.80 10.75 10.76 10.76
% = <140Myr 18 19 20 0 0 0 17 18 18
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Table A.2.

Continued

Single Ay, +Hf3 constrain

Single Ay, +No constrain

2Ay, +H[3 constrain

All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J1248 % * <1.5Gyr 58 63 45 30 35 34 56 52 37
log M(x < 1,5Gyr) | 10.40  10.46 10.20 10.04  10.16 10.13 10.31  10.22 9.99
log Lsp 44.01  44.00 44.01 43.89  43.89 43.89 43.99  43.99 43.99
Agtars 0.43  0.47 0.30 0.34  0.35 0.34 0.24  0.25 0.08
J1456 X2 148 154 1.57 131 1.31 1.31 148  1.48 1.58
A 3.68  3.74 3.73 3.43  3.44 3.44 3.68  3.68 3.73
<log age (yr)>7, | 8.17  8.12 8.57 8.71  8.70 8.78 8.17  8.18 8.54
log My 10.48  10.55 10.51 10.33  10.29 10.30 10.47  10.45 10.47
% + <140Myr 43 47 41 20 20 19 43 42 41
% + <1.5Gyr 84 71 41 56 57 44 74 79 41
log M(x < 1,5Gyr) | 10.31  10.08 9.02 1014 10.10 9.87 1017 10.23 9.01
log Lgp 43.89  43.91 43.87 43.72  43.72 43.70 43.89  43.89 43.87
Agtars 0.38  0.41 0.03 0.18  0.13 0.10 0.34 031 0.00
10202 x2 146 1.46 1.47 147 146 1.46 146 146 1.46
A 443 4.43 4.44 443 4.42 4.43 443 443 4.44
<log age (yr)>r, | 919  9.19 9.18 9.18  9.19 9.19 9.19  9.18 9.21
log M, 11.09  11.08 11.07 11.06  11.08 11.09 11.08  11.07 11.07
% + <140Myr 0 0 0 0 0 0 0 0 0
% + <1.5Gyr 50 52 49 49 52 51 50 52 48
log M(* < 1,5Gyr) | 10.20  10.27 10.18 10.21  10.27 10.24 10.22  10.27 10.13
log Lsp 43.84  43.85 43.84 43.85  43.85 43.84 43.84  43.85 43.84
Agtars 0.45  0.45 0.46 0.46 0.5 0.45 0.43  0.43 0.38
J2128 X2 1.67 165 1.71 1.57  1.63 1.66 1.68  1.65 1.71
A 4.69  4.70 4.75 4.60  4.70 4.74 4.66  4.69 4.75
<log age (yr)>7, | 8.72  8.79 8.91 8.84  8.95 9.07 8.68  8.78 8.91
log My 10.36  10.30 10.33 10.34  10.27 10.17 10.38  10.32 10.33
% * <140Myr 20 15 16 11 7 3 22 16 16
% + <1.5Gyr 46 47 35 49 42 54 46 44 38
log M(» < 1,5Gyr) | 9.80  9.87 9.69 9.91  9.90 10.05 9.77  9.82 9.76
log Lgp 43.64  43.60 43.59 43.62  43.54 43.49 43.67  43.61 43.59
Agtars 0.00  0.00 0.00 0.00  0.00 0.00 0.00  0.00 0.00
J2310 x2 161  1.58 1.61 155 155 1.56 1.60 158 1.61
A 3.94 393 3.93 3.91  3.01 3.96 3.94  3.92 3.93
<log age (yr)>1, | 9.04  9.09 9.18 9.30  9.31 9.41 9.06  9.10 9.18
log M, 1115 1113 11.15 1114 1115 11.14 1112 1115 11.15
% + <140Myr 16 12 18 4 4 0 15 14 19
% + <1.5Gyr 55 50 46 44 44 39 51 51 45
log M(x < 1,5Gyr) | 10.21  10.11 10.08 10.09  10.11 10.06 1013 10.13 10.05
log Lgp 43.94  43.93 43.92 43.88  43.88 43.86 43.93  43.93 43.92
Agtars 0.36  0.34 0.30 0.23  0.23 0.20 0.36  0.32 0.29
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Table A.3. Summary of the SDSS spectral modelling results for the three different configurations,
each of them with the three different spectral bases

Single Ay +H a constrain Single Ay, +No constrain 2Ay, +Ha constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J1700 X2u‘ 1.50 1.49 1.86 1.41 1.48 1.61 1.51 1.76 1.85
Ab 6.02 6.00 7.04 5.91 5.95 6.14 6.06 6.38 7.01
<log age (yr)>r, © 8.90 9.01 9.19 9.00 9.09 9.93 8.56 8.38 9.19
log ]\Jf 10.57 10.54 10.55 10.63 10.57 10.46 10.54 10.44 10.54
% * <140Myr®€ 28 23 23 19 21 0 43 42 23
% * <1.5Gyrf 28 23 23 19 21 0 43 42 23
log M(x < 1,6Gyr) 9 7.98 7.92 8.35 7.85 7.88 - 8.14 8.09 8.34
log Lgp h 43.41 43.35 43.34 43.38 43.33 43.07 43.51 43.43 43.33
Agtars i 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00
AQGN g 0.00 0.00 0.00 0.08 0.00 0.00 4.00 2.46 0.00
% AGN 5100 © 22 29 30 26 33 56 7 23 31
log LagN l 42.95 43.07 43.09 43.03 43.12 43.35 42.30 42.84 43.10
F(Ha)Stars m 120.00  21.80 2.76 1830.00  20.30 1.89 337.00  125.00  2.55
F(HQ)AGN " 303.00 402.0 422.00 367.00 449.00 767.00 131.00 370.00 432.00
J2334 X2 1.39 1.39 1.38 1.37 1.37 1.37 1.40 1.38 1.38
A 6.93 6.90 6.89 6.86 6.86 6.86 6.96 6.90 6.89
<log age (yr)>p, 8.10 8.40 8.59 8.62 8.62 8.68 8.01 8.40 8.60
log M 10.33 10.33 10.23 10.20 10.21 10.19 10.40 10.28 10.28
% *x <140Myr 34 30 27 22 20 22 40 27 28
% x <1.5Gyr 72 52 62 58 54 58 75 60 55
log M(* < 1,56Gyr) 10.18 9.88 10.08 10.09 10.02 10.08 10.23 10.03 9.98
log Lgp 43.84 43.80 43.77 43.73 43.73 43.72 43.88 43.80 43.77
A‘%}ars 0.29 0.07 0.00 0.00 0.00 0.00 0.37 0.07 0.0
AQGN 0.29 0.07 0.00 0.00 0.00 0.00 0.37 0.08 0.00
% AGN 5100 26 30 34 39 39 40 20 31 34
log Lagn 43.44 43.52 43.57 43.63 43.64 43.64 43.32 43.53 43.57
F(Ha)stars 165.00  78.40 1.20 55.80 56.40 1.16 288.00  65.00 1.23
F(HQ)AGN 532.00 607.00 680.00 780.00 782.00 798.00 414.00 621.00 680.00
J0237 XQ 1.33 1.32 1.33 1.31 1.31 1.31 1.33 1.32 1.32
A 7.18 7.35 7.07 7.05 7.05 7.03 7.14 7.12 7.07
<log age (yr)>p, 8.24 8.44 8.66 8.78 8.79 8.89 8.31 8.42 8.66
log M 10.59 10.56 10.50 10.53 10.52 10.46 10.57 10.54 10.47
% * <140Myr 42 36 34 14 15 15 38 37 33
% * <1.5Gyr 66 56 45 30 32 30 65 60 52
log M(* < 1,5Gyr) 9.97 9.83 9.59 9.13 9.27 9.20 10.00 9.92 9.75
log Lgp 43.85 43.81 43.78 43.74 43.73 43.72 43.83 43.82 43.78
Agtars 0.45 0.27 0.13 0.06 0.05 0.00 0.38 0.27 0.12
A’éGN 0.45 0.27 0.13 0.06 0.05 0.00 0.41 0.34 0.12
% AGN 5100 0 7 12 19 20 22 4 7 12
log LagnN - 42.77 43.02 43.22 43.23 43.27 42.51 42.74 43.02
F(I-ch)‘ﬂlarS 230.00 99.70 1.60 95.80 112.00 1.64 156.00 105.00 1.76
F(HQ)AGN 0.00 127.00 223.00 346.00 351.00 385.00 73.10 122.00 222.00
Note. — (a) the x2 of the fitting, (b) the deviation (in percentage) from the best model fit to the observed spectra expressed as A, (c)

average stellar age in logarithm, (d) the stellar mass in 1\1® in logarithm, (e) the percentage of contribution to light of the SSPs younger than
140 Myr, (f) the percentage of contribution to light of the SSPs younger than 1.5 Gyr, (g) the stellar mass in Mg and in log, in SSPs younger
than 1.5 Gyr, (h) the stellar luminosity in erg s™1in logarithm, (i) the stellar dust extinction in magnitudes, (j) the AGN dust extinction in
magnitudes, (k) the contribution to light of the AGN in percentage, (1) the AGN luminosity in erg s™1in logarithm, (m) the Hoa flux expected

17 1 1

from the stellar component in units of 10~ erg s~ Cm72, (n) the Ha flux expected from the AGN component in units of 10— 17 erg s~

cm ™2,
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Table A.3. Continued
Single Ay, +H o constrain Single Ay, +No constrain 2Ay, +Ha constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J1230 x2 1.82 1.83 1.90 1.72 1.83 1.89 1.82 1.83 1.90
A 7.33 7.35 7.57 7.11 7.33 7.54 7.31 7.35 7.56
<log age (yr)>7, 8.51 8.60 8.80 8.15 8.59 8.85 8.51 8.60 8.80
log My 10.35 10.38 10.33 10.40 10.38 10.32 10.36 10.34 10.33
% + <140Myr 30 25 22 29 25 19 29 23 22
% % <1.5Gyr 43 25 22 84 28 19 44 30 22
log M(x < 1,5Gyr) | 9.45 8.09 8.61 10.24 8.88 8.55 9.48 9.09 8.62
log Lgp 43.73 43.68 43.61 43.76 43.68 43.58 43.73 43.67 43.61
Agpars 0.02 0.00 0.00 0.46 0.00 0.00 0.01 0.00 0.00
AQGN 0.02 0.00 0.00 0.46 0.00 0.00 0.01 0.00 0.00
% AGN 5100 19 26 34 14 26 38 18 27 34
log Lagn 43.17 43.32 43.43 43.02 43.32 43.48 43.17 43.34 43.43
F(Ha)stars 290.00  153.00  1.44 4480.00  132.00 1.45 203.00  128.00  1.50
F(Ha)AGN 347.00  483.00  635.00 271.00 484.00 698.00 345.00  508.00  635.00
J1248 X2 2.72 2.72 2.72 2.57 2.57 2.57 2.74 2.73 2.72
A 7.07 7.06 7.03 7.06 7.06 7.06 7.07 7.07 7.04
<log age (yr)>, 8.95 9.01 9.10 9.18 9.18 9.19 8.78 8.86 9.13
log My 10.89 10.91 10.91 10.87 10.86 10.88 10.68 10.78 10.95
% * <140Myr 13 14 14 0 0 0 13 13 14
% x <1.5Gyr 46 37 33 46 43 43 54 44 35
log M(x < 1,5Gyr) | 10.12 9.92 9.82 10.25 10.20 10.20 10.32 10.09 9.85
log Lgp 43.74 43.74 43.74 43.64 43.64 43.64 43.75 43.75 43.74
Agpars 0.58 0.52 0.45 0.63 0.63 0.62 0.71 0.64 0.42
AQGN 0.58 0.52 0.45 0.63 0.63 0.62 0.71 0.64 0.42
% AGN 5100 24 24 24 38 38 37 24 24 24
log Lagn 43.35 43.36 43.37 43.54 43.54 43.54 43.35 43.35 43.37
F(Ha)stars 13.30 10.50 3.80 3.39 3.35 3.51 18.20 14.70 4.76
F(Ha)AGN 946.00  945.00  946.00 1470.00  1460.00  1460.00 951.00  949.00  943.00
J1456 x2 1.42 1.42 1.42 1.41 1.41 1.41 1.42 1.41 1.42
A 7.54 7.52 7.51 7.51 7.51 7.50 7.52 7.50 7.50
<log age (yr)>7, 8.98 9.04 9.13 8.99 9.00 9.02 8.86 8.92 9.12
log My 10.41 10.41 10.40 10.38 10.39 10.41 10.39 10.43 10.39
% * <140Myr 17 7 10 20 19 20 21 18
13
% x <1.5Gyr 44 46 34 37 40 35 45 44 28
log M(x < 1,5Gyr) | 9.75 9.83 9.64 9.62 9.69 9.58 9.75 9.73 9.41
log Lgp 43.57 43.53 43.51 43.56 43.56 43.56 43.58 43.56 43.51
Astars 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
AQGN 0.03 0.02 0.00 0.00 0.00 0.00 0.47 0.33 0.02
% AGN 5100 22 27 29 23 23 24 22 24 29
log Lagn 43.14 43.22 43.26 43.16 43.16 43.17 43.11 43.16 43.26
F(Ha)Stors 107.00 39.20 1.06 3.78 4.56 1.18 110.00 73.00 1.11
F(Ha)AGN 317.00  385.00  422.00 329.00 332.00 340.00 324.00  359.00  423.00
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Table A.3. Continued
Single Ay, +H a constrain Single Ay +No constrain 2Ay, +Ha constrain
All >4Myr  >30Myr All >4Myr  >30Myr All >4Myr  >30Myr
J0202 )(2 1.43 1.43 1.43 1.43 1.42 1.43 1.43 1.42 1.44
A 7.30 7.30 7.30 7.30 7.30 7.30 7.31 7.30 7.28
<log age (yr)>p, 8.97 9.01 9.08 8.90 8.92 9.07 8.65 8.69 8.89
log M 10.88 10.83 10.85 10.82 10.85 10.93 10.54 10.47 10.70
% *x <140Myr 8 6 9 9 8 10 25 19 21
% x <1.5Gyr 48 41 38 49 47 41 61 48 46
log M(* < 1,5Gyr) 10.13 10.00 9.92 10.13 10.07 9.97 10.02 9.84 9.84
log Lgp 43.72 43.71 43.70 43.73 43.73 43.71 43.79 43.75 43.73
Agtars 0.47 0.46 0.41 0.49 0.49 0.44 0.00 0.00 0.00
A(}GN 0.47 0.46 0.41 0.49 0.49 0.44 2.44 1.97 1.56
% AGN 5100 29 31 31 28 28 30 25 30 31
log LagnN 43.45 43.47 43.48 43.42 43.43 43.46 43.28 43.38 43.42
F(Ha)Stars 44.60 8.78 1.71 14.60 14.10 2.38 153.00  36.00 2.67
F(HQ)AGN 658.00 693.00 698.00 627.00 628.00 677.00 632.00 746.00 760.00
J2128 XQ 1.59 1.59 1.72 1.54 1.57 1.61 1.58 1.57 1.71
A 8.26 8.26 8.45 8.21 8.23 8.32 8.26 8.24 8.43
<log age (yr)>p, 8.65 8.66 8.87 8.71 8.75 9.12 8.65 8.67 8.89
log M 10.31 10.34 10.53 10.27 10.23 10.25 10.31 10.34 10.57
% * <140Myr 21 22 26 11 15 7 21 21 25
% x <1.5Gyr 21 22 26 20 15 7 21 21 25
log M(* < 1,56Gyr) 8.15 8.17 8.65 9.35 8.00 8.08 8.15 8.15 8.64
log Lgp 43.58 43.58 43.57 43.55 43.53 43.40 43.59 43.58 43.57
A‘%}ars 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00
ADGN 0.00 0.00 0.00 0.09 0.00 0.00 0.00 0.00 0.00
% AGN 5100 31 32 32 37 38 50 30 32 33
log Lagn 43.34 43.34 43.35 43.40 43.42 43.54 43.33 43.35 43.36
F(Ha)Stars 17.90 14.40 1.43 1330.00  14.40 0.83 41.10 15.60 1.72
F(Hoe)AGN 440.00 443.00 457.00 518.00 529.00 701.00 427.00 453.00 467.00
J2310 )(2 1.31 1.31 1.35 1.27 1.30 1.31 1.30 1.36 1.35
A 12.13 12.10 12.23 12.10 12.09 12.15 12.21 12.15 12.23
<log age (yr)>p, 8.86 9.23 9.38 8.80 9.37 9.75 8.70 8.65 9.38
log M 10.87 10.85 10.89 10.92 10.87 10.81 10.72 10.74 10.89
% * <140Myr 25 15 16 18 10 0 30 31 16
% * <1.5Gyr 25 15 16 18 10 0 30 31 16
log M(* < 1,5Gyr) 8.36 8.07 8.52 8.33 7.91 - 8.33 8.25 8.52
log Lgp 43.76 43.66 43.65 43.72 43.62 43.51 43.79 43.74 43.65
Agtars 0.20 0.02 0.00 0.41 0.02 0.00 0.00 0.00 0.00
A(}GN 0.20 0.02 0.00 0.41 0.02 0.00 4.00 2.79 0.00
% AGN 5100 12 26 27 18 31 42 9 19 27
log LagnN 43.00 43.34 43.35 43.15 43.41 43.55 42.70 43.06 43.35
F(Ha)Stars 226.00  16.60 2.75 2320.00  12.70 2.51 279.00  132.00  2.67
F(HQ)AGN 188.00 391.00 404.00 281.00 465.00 634.00 173.00 339.00 404.00
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Figure A.1 Spectral fits of the central IFS for the base with SSPs > 4Myr, using H3 constrain and
a single extinction value for star and AGN. In the upper panels we show the observed spectra (in
black) and the best Starlight fit (in red). The stellar component contribution is shown in blue and
the AGN contribution in orange. In the bottom panels we show the residuals in red.
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Figure A.2 Spectral fits of SDSS spectra for the base with SSPs > 4Myr, using Ha constrain and a
single extinction value for star and AGN. In the upper panels we show the observed spectra (in black)
and the best Starlight fit (in red). The stellar component contribution is shown in blue and the AGN
contribution in orange. In the bottom panels we show the residuals in red.
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Figure A.3 Spectral fits of integrated IFS with the base with SSPs > 4Myr, using Hf constrain and
a single extinction value for star and AGN. In the upper panels we show the observed spectra (in
black) and the best Starlight fit (in red). The stellar component contribution is shown in blue and
the AGN contribution in orange. In the bottom panels we show the residuals in red.
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Figure A.4 Average SFHs for all the PSQSOs derived from central IFS fits with H3 constrain. The first tick in the x-axis indicate the AGN
contribution, while the remaining is the logarithm of the ages of the SSPs used in the fits. The y-axis is the contribution in percentage to the
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Figure A.5 Average SFHs for all the PSQSOs derived from central IFS without constrain. The first tick in the x-axis indicate the AGN
contribution, while the remaining is the logarithm of the ages of the SSPs used in the fits. The y-axis is the contribution in percentage to the
total luminosity. The name of the PSQSO is indicated in the title of the figures.




50

SFH SDSS J170046+622056

40

X j (%)

10

50

40

X j (%)

10

50

40

X j (%)

10

Figure A.6 Average SFHs for all the PSQSOs using SDSS spectra for the fits with Ha constrain. The first tick in the x-axis indicate the AGN
contribution, while the remaining is the logarithm of the ages of the SSPs used in the fits. The y-axis is the contribution in percentage to the
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PSQS0Os: Emission line fits

In Figures B.1 and B.2 we show the the gaussian line fitting of the PSQSOs for central IFS and
SDSS, respectively. In the left panels, we show the HS region and in the right panel the Ha region
for the same PSQSO. The emission line spectra, obtained from Starlight residual spectra, is shown
in black, the narrow components of Ho and Hf, [NIIJA6548, [NII]A6583 and [OIII]A5007, are shown
in blue, the broad components of Ha and HS in orange and the global fit in red dashed lines.
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Figure B.1 Gaussian line fitting for all the PSQSOs for central IFS. In the left panels, we show the
Hp region, in the right panel the Ha region for the same PSQSO. The emission line spectra is shown
in black, the narrow components of Ho and Hf, [NIIJA6548, [NII]A6583 and [OIIIJA5007, are shown
in blue, the broad Ha and HS in orange and the global fit in red dashed lines.
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Figure B.2 Gaussian line fitting for all the PSQSOs for SDSS spectra. In the left panels, we show the
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in black, the narrow components of Ho and Hf, [NIIJA6548, [NII]A6583 and [OIII]A5007, are shown
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Future work

We aim to perform a statistical study of the SFHs of interacting galaxies (not neccesarily U/LIRGs).
We find that 152 out of 939 (16 %) of the galaxies in the CALIFA mother sample are interac-
tions/mergers (Walcher et al., 2014) in all the different merger stages from first approach to post-
mergers. Moreover, for the systems where the two progenitors have still not coalesced, we have com-
plementary data from Barrera-Ballesteros et al. (in prep.) covering the progenitor which was not
included in CALIFA observations. We expect to have ~ 80 galaxies in our interacting sample. One
of these systems is NGC 5394, whose morphology is shown in Figure 1 (left) and whose 2D SFHs are
shown in Figure 2, with the same set of plots that we have already studied in our three LIRGs.

Additionally, we also plan to analyze well known mergers as the Mice (Figure 1, middle) and
Arp 220 (Figure 1, right). The Mice is a famous gas-rich major merger between first passage and
coalescence with sub-LIRG infrared luminosity that was already studied by Wild et al. (2014). They
found that star formation induced by the recent close passage has not contributed significantly to the
total star formation rate or stellar mass of the galaxies. This probes that not all the major-mergers
have a significant enhacement of the star formation when compare to isolated galaxies, as was also
found from simulations (Di Matteo et al., 2008). On the other hand, Arp 220 is the closest ULIRG
to Earth, and was initially included in the sample of this thesis. This is also a well studied system.
However, in this case the extinction is so high that even affects the red optical wavelengths (see Figure
2.8). We note that it is neccesary to take care of the extinction modelling and confirm that the analysis
in the optical is consistent with infrared observations. We note that in the thesis we have assumed
a Calzetti et al. (2000) extinction law, as it has been proven to perform better in starburst galaxies.
However, the plots shown here are based on Cardelli extinction law. We will compare between both
laws in detail. In Figures 3, 4 and 5, we show the 2D SFHs for the Mice A, Mice B and Arp 220,
respectively.

Some preliminar results:

1. NGC 5394 is the less massive progenitor in the first interacting system. The contribution to mass
of the SSPs younger than 1.5 Gyr is more important in the outer parts than in the nucleus, as
we also found in the pre-merger NGC 6090 NE and NGC 2623. In the inner 0.5 HLR the SFR
is dominated by the youngest stellar populations (< 32 Myr), indicative of a nuclear starburst.
Beyond 1 HLR the star formation is dominated by the intermediate age stellar populations (<
1.5 Gyr). Paradoxically, this is similar to what we found in the more advanced merger NGC
2623.

2. In the Mice A, we find that the contribution to mass of the SSPs younger than 1.5 Gyr is
negligible both in the central region and in the ”disk”, suggesting that there is no significant
merger induced star formation in this component. In the inner 0.5 HLR the SFR is dominated
by the oldest stellar populations computed over the Hubble time, indicating that star formation
is more recent times is not relevant. Only in the nucleus itself the contribution of the younger



NGC 5394 / 5395 The Mice
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NGC 5395

Figure 1 From left to right, images of NGC 5394/5395, The Mice and Arp 220.

components is comparable to the SFR(13.5 Gyr). In the outer parts, SFR(1.5 Gyr) is similar to
the SFR(13.5 Gyr) computed over the Hubble time, with the SFR(32 Myr) and SFR(300 Myr)

being irrelevant in comparison.

3. In the Mice B, we find similar results to Mice A. The contribution to mass of the SSPs younger
than 1.5 Gyr is negligible both in the central region and in the ”disk”, suggesting that there
is no significant merger induced star formation in this component. Both in the inner 0.5 HLR
and in the ”disk”, the SFR is dominated by the oldest stellar populations computed over the
Hubble time, indicating that star formation is more recent times is not relevant. This results
are in agreement with Wild et al. (2014).

4. In Arp 220 we find that the contribution to mass of the SSPs younger than 1.5 Gyr is more
important in the outer parts (30 %) than in the nucleus (10 %), similar to what we found in the
also merger LIRG NGC 2623. In the inner 0.5 HLR, both the young SFRs(32 Myr, 300 Myr) and
the old SFRs(1.5 Gyr, 3 Gyr) are similar, indicating an approximately continuum star formation
along the Hubble time. However, the outer parts are clearly dominated by the intermediate age
stellar populations (< 1.5 Gyr), with the younger components being irrelevant in comparison.
The results for this system are similar to the ones for NGC 2623, with the difference that in
NGC 2623 the star formation in the last 32 Myr is much more important both in the nucleus

and in the outer parts.
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Figure 2 Bottom left: 2D SFH in light of NGC 5394 in units of surface brightness in Lg, pc~? and
logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. The horizontal
axis is the SSP age (in logarithm), which has been smoothed by a Gaussian filter with a FWHM of
0.20 dex. Bottom right: 2D SFH in mass in units of mass surface density in My pc—2. Middle
left: Mass fraction as a function of lookback time in logarithmic scale for the inner 0.5 HLR in red,
from 1.0 - 1.5 HLR in blue and the integrated over 2 HLR in black. Middle right: Cumulative mass
fraction as a function of the lookback time in linear scale for the inner 0.5 HLR (red line), the outer
regions 1.0 - 1.5 HLR (blue line) and the integrated value (black line). Top left: Radial profiles of
the SFRs as a function of the radial distance. The SFR calculated in the last 32 Myr is in blue, in
green for the last 300 Myr, orange for the last 1.5 Gyr and brown for the SFR along the Hubble time.
Top right: As in the top left panel but for sSFR.
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Figure 3 Bottom left: 2D SFH in light of Mice A in units of surface brightness in Lo pc™2 and
logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. The horizontal
axis is the SSP age (in logarithm), which has been smoothed by a Gaussian filter with a FWHM of
0.20 dex. Bottom right: 2D SFH in mass in units of mass surface density in M, pc~2. Middle
left: Mass fraction as a function of lookback time in logarithmic scale for the inner 0.5 HLR in red,
from 1.0 - 1.5 HLR in blue and the integrated over 2 HLR in black. Middle right: Cumulative mass
fraction as a function of the lookback time in linear scale for the inner 0.5 HLR (red line), the outer
regions 1.0 - 1.5 HLR (blue line) and the integrated value (black line). Top left: Radial profiles of
the SFRs as a function of the radial distance. The SFR calculated in the last 32 Myr is in blue, in
green for the last 300 Myr, orange for the last 1.5 Gyr and brown for the SFR along the Hubble time.
Top right: As in the top left panel but for sSFR.
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Figure 4 Bottom left: 2D SFH in light of Mice B in units of surface brightness in Lo pc™2 and
logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. The horizontal
axis is the SSP age (in logarithm), which has been smoothed by a Gaussian filter with a FWHM of
0.20 dex. Bottom right: 2D SFH in mass in units of mass surface density in M pc—2. Middle
left: Mass fraction as a function of lookback time in logarithmic scale for the inner 0.5 HLR in red,
from 1.0 - 1.5 HLR in blue and the integrated over 2 HLR in black. Middle right: Cumulative mass
fraction as a function of the lookback time in linear scale for the inner 0.5 HLR (red line), the outer
regions 1.0 - 1.5 HLR (blue line) and the integrated value (black line). Top left: Radial profiles of
the SFRs as a function of the radial distance. The SFR calculated in the last 32 Myr is in blue, in
green for the last 300 Myr, orange for the last 1.5 Gyr and brown for the SFR along the Hubble time.
Top right: As in the top left panel but for sSFR.
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Figure 5 Bottom left: 2D SFH in light of Arp 220 in units of surface brightness in Ls pc™2 and
logaritmic scale. The vertical axis is the radial distance from the nucleus in HLR units. The horizontal
axis is the SSP age (in logarithm), which has been smoothed by a Gaussian filter with a FWHM of
0.20 dex. Bottom right: 2D SFH in mass in units of mass surface density in M, pc~2. Middle
left: Mass fraction as a function of lookback time in logarithmic scale for the inner 0.5 HLR in red,
from 1.0 - 1.5 HLR in blue and the integrated over 2 HLR in black. Middle right: Cumulative mass
fraction as a function of the lookback time in linear scale for the inner 0.5 HLR (red line), the outer
regions 1.0 - 1.5 HLR (blue line) and the integrated value (black line). Top left: Radial profiles of
the SFRs as a function of the radial distance. The SFR calculated in the last 32 Myr is in blue, in
green for the last 300 Myr, orange for the last 1.5 Gyr and brown for the SFR along the Hubble time.
Top right: As in the top left panel but for sSFR.
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