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If my calculations are correct,
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Resumen
0.1.

Objetivos

El objetivo principal de este trabajo es entender la formación y evolución
de los bulbos de galaxias. Enfrentamos este problema desde diferentes puntos
de vista, cumpliendo metas parciales:
El análisis comparativo entre galaxias barradas y no barradas procedente de una muestra de galaxias tomadas del Sloan Digital Sky Survey
nos permitirá entender las diferencias (si las hay) acerca de cómo las
galaxias barradas y no barradas forman sus bulbos.
Los bulbos en las galaxias están formados por diferentes componentes
estelares, cada una de ellas con diferentes propiedades (edad, metalicidad y cinemática). Estas porpiedades vienen determinadas por los
procesos físicos que dieron lugar a su formación, los cuales queremos
entender.
Para profundizar en el análisis de estas subcomponentes, intentaremos
desentrañar las componentes estelares de los bulbos a partir de los
espectros integrados. Para ello debemos desarrollar una nueva técnica
que nos permita obtener la cinemática, la edad y la metalicidad de cada
una de las componentes que contribuyen al bulbo.

0.2.

Metodología

La comparación entre galaxias barradas y no barradas se realiza tanto
desde el punto de vista del gas como desde el punto de vista estelar. Para el
gas se calculan las metalicidades, utilizando un proceso iterativo que combina diferentes cocientes de líneas de emisión (este método está descrito en
profundidad en Kewley and Dopita, 2002). La metalicidad estelar se calcula
por medio de síntesis espectral. En particular usamos el código STECKMAP
xi
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(Ocvirk et al., 2006a,b), que describimos en el Apéndice A. Comparamos
los resultados obtenidos con este código con uno de lo procedimientos más
empleados en la literatura, STARLIGHT (Cid Fernandes et al., 2005) y con los
obtenidos con métodos clásicos de comparación de características espectrales
con poblaciones estelares simples (Worthey et al., 1994).
Para profundizar en este análisis, desarrollamos una técnica para descomponer, simultáneamente, la cinemática, la edad y la metalicidad de las
poblaciones estelares que componen los bulbos, sin asumir a priori el número
de poblaciones que los forman.

0.3.

Resultados

Comparamos la metalicidad entre galaxias barradas y no barradas. Encontramos que las galaxias barradas, en promedio, son ligeramente más ricas
en metales que las no barradas. Sin embargo, estas diferencias no son siginificativas si consideramos galaxias de la misma masa. Un análisis más profundo
revela que, aunque la metalicidad del gas no es diferente en galaxias barradas
y no barradas, las propiedades físicas sí lo son, al encontrar valores superiores para el parámetro de ionización y para la tasa de formación estelar por
unidad de masa en galaxias barradas.
Realizamos un estudio de las poblaciones estelares utilizando datos de
espectroscopía de campo integral en tres galaxias con bulbos de diferentes
complejidades: NGC5701, NGC6753 y NGC7552. El análisis de poblaciones
estelares desvela que diferentes morfologías están ligadas a diferentes historias evolutivas. Sin embargo la muestra utilizada es pequeña y no es suficiente
para obtener conclusiones estadísticas. Gracias a este análisis también podemos determinar que, a pesar de las diferencias en las características de los
tres bulbos analizados, todos tienen en común que formaron, al menos, un
50 % de su masa hace 10 Gyr.
Desarrollamos una técnica para la descomposición de diferentes poblaciones estelares (en función de su cinemática, edad y metalicidad) subyacentes
en el espectro integrado de estas tres galaxias. Aplicando esta técnica recuperamos las poblaciones del bulbo para las tres galaxias, estando este formado
por dos componentes con propiedades diferentes en NGC5701 y NGC6753.
Para NGC6753 y NGC7552 también obtenemos poblaciones sustentadas por
rotación, no apareciendo esta población en NGC5701. En esta descomposición también obtenemos información acerca de las poblaciones jóvenes, destacando una espiral nuclear en NGC5701, y anillos de formación estelar en
NGC6753 y NGC7552.
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Gran parte del trabajo de esta tesis está basado en el uso de modelos
de poblaciones estelares, basados en librerías estelares. Una de las librerías
más populares es MILES, que, siendo una biblioteca empírica, su cobertura
está limitada a estrellas de la vecindad solar. Seleccionamos y observamos
una muestra de estrellas para ampliar la cobertura del diagrama [Mg/Fe][Fe/H]. Hemos llevado a cabo la reducción de estas estrellas y, actualmente,
se están calculando sus parámetros estelares para ser incluidas en una futura
extensión de la librería estelar MILES.

0.4.

Conclusiones
Demostramos que las barras contribuyen a la evolución de las galaxias,
transfiriendo masa a los centros de las galaxias y redistribuyendo momento angular. Sin embargo esta contribución es menor que la predicha
por las simulaciones
A pesar de que las barras transfieren material, y aumentan la eficiencia
de la formación estelar, las galaxias barradas no muestran propiedades
centrales significativamente diferentes que las galaxias no barradas.
Como parte de este análisis, comparamos nuestros resultados con resultados obtenidos por otros autores. Gracias a ello encontramos que las
diferencias entre diferentes estudios pueden deberse tanto a efectos de
selección de la muestra como a diferencias procedentes de los métodos
utilizados.
Encontramos que, al menos el 50 % de la masa de las galaxias está
formada por estrellas con una edad superior a 10 Gyr, lo cual sirve de
cota a los modelos de evolución de galaxias.
Se ha desarrollado una técnica nueva para descomponer los bulbos en
sus componentes, siendo capaces, por primera vez, de caracterizar simultáneamente la edad, metalicidad y cinemática de cada una de ellas.
Gracias a ello podremos determinar la importancia de diferentes procesos físicos en la formación de bulbos galácticos, una vez aplicada a
una muestra completa de galaxias.
Se ha contribuido a la ampliación de la biblioteca estelar MILES con
la observación y reducción de un 25 % de estrellas nuevas, dedicadas
a aumentar la cobertura de [Mg/Fe] a diferentes metalicidades. Esto
permitirá, por primera vez, obtener modelos de poblaciones estelares
con diferente [Mg/Fe] basados completamente en librerías empíricas y
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testear aquellos modelos basados en librerías construidas con modelos
de atmósferas.

Summary
0.5.

Objectives

The main goal of this work is to understand the formation and evolution of
galactic bulges. We face this problem from diﬀerent points of view, achieving
partial objectives:
The comparative analysis between two samples of barred and unbarred
galaxies from the Sloan Digital Sky Survey (SDSS) will allow us to
understand the diﬀerences (if exist) about how barred and unbarred
galaxies form their bulges.
Bulges in galaxies are formed by diﬀerent stellar components, each
one with diﬀerent properties (age, metallicity and kinematics). These
properties are determined by the physical processes which gave place
to their formation, which we want to understand.
For a better comprehension of these subcomponents, we will try to disentangle the stellar populations in bulges from their integrated spectrum. To do this we have to develop a new technique which will allow
us to derive the kinematics, age and metallicity of each individual components contributing to the bulge.

0.6.

Methodology

The comparison between barred and unbarerd galaxies is performed taking into account both, the gas and stellar populations. The metallicity of
the gas is calculated using an iterative process which combines diﬀerent emission line ratios in (this method is described in detail in Kewley and Dopita,
2002). The stellar metallicity is derived by means of full spectral fitting. In
particular we use the code STECKMAP (Ocvirk et al., 2006a,b), described in
Appendix A. We compare the results with one of the most used procedures in
xv
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the literature, (STARLIGHT, Cid Fernandes et al., 2005) and with those obtained with classical methods of comparison of spectral features with
single stellar populations (Worthey et al., 1994)
For a deeper analysis we develop a technique to decouple, simultaneously,
the kinematics, the age and the metallicity of the stellar populations which
form the bulges, without assuming a priori the number of stellar population
contributing to them.

0.7.

Results

We compare the metallicity between barred and unbarred galaxies. We
find that, on average, barred galaxies are slightly more metal rich than unbarred galaxies. However, these diﬀerences are not statistically significant if we
consider galaxies with the same stellar mass. A deeper analysis reveals that,
despite the metallicity of the gas is the same in barred respect to unbarred
galaxies, the physical properties are diﬀerent, finding higher values for the
ionization parameter and for the star formation rate per unit mass in barred
galaxies.
We perform a study about the stellar populations using integral field
spectroscopy data in three galaxies with bulges of diﬀerent complexities:
NGC5701, NGC6753 and NGC7552. The analysis of the stellar populations
unveils that diﬀerent morphologies are linked to diﬀerent evolutionary histories. However, our sample is small to obtain statistical conclusions. With
this analysis we also determine that, despite the diﬀerences in the properties
of the three analysed bulges, all of them have in common that they formed,
at least, 50 % of their mass more than 10 Gyr ago.
We develop a technique for the decomposition of diﬀerent stellar populations (each one with its own kinematics, age and metallicity) underlying
the integrated spectra of these three galaxies. With this technique we recover the populations in the bulge for the three galaxies, being this formed by
two components with diﬀerent properties in NGC5701 and NGC6753. For
NGC6753 and NGC7552 we also obtain rotationally-supported populations,
which does not appear in NGC5701. In this decomposition we also obtain
information about the young populations, in particular a nuclear spiral in
NGC5701 and star forming rings in NGC6753 and NGC7552
A large part of this work is based on stellar population models, based on
stellar libraries. One of the most popular stellar library is MILES that, being
an empirical library, is limited to stars observable from the Earth. We select
a sample of stars with parameters covering empty spaces in the [Mg/Fe]-
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[Fe/H] diagram. These stars were observed in two campaigns in 2011. We
have reduced the data of these stars and, at present, their stellar parameters
are being derived, in order to be included in a future extensin of the MILES
stellar library.

0.8.

Conclusions
We demonstrate that bars contribute to the evolution of galaxies, transferring mass to the centres of galaxies and redistributing angular momentum. However, this contribution is smaller than simulations predict.
Despite this transfer of mass, and the higher eﬃciency in forming stars,
barred galaxies do not show significantly diﬀerent central properties
compared to unbarred galaxies.
As part of this analysis we compare our results with the results obtained by other authors. We find that the diﬀerences among studies may
owe to both selection eﬀects and diﬀerences arising from the diﬀerent
methodologies.
We find that, at least 50 % of the stellar mass was formed more than
10 Gyr ago, which is a constrain to galaxy evolution models.
We develop a new technique for decomposing the bulges in their components, being able, for the first time, of characterizing simultaneously,
the age, metallicity and kinematics of each component.Thank you to
this we can determine the importance of the diﬀerent physical processes in the formation of galactic bulges, once applied on a full sample of
galaxies.
We contribute to the extension of the MILES stellar library with the
observation and reduction of 25 % of new stars, devoted to improve the
coverage in [Mg/Fe] at diﬀerent metallicities. This will allow, for the
first time, to obtain stellar population models with diﬀerent [Mg/Fe]
completely based on empirical libraries, and to test models based on
libraries built on stellar atmospheres models.
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2.1. Left panels: comparison between flux ratios of the emission
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log([OIII]λλ4959, 5007/[OII]λ3727) y log(R23 ). Red color corresponds to barred galaxies and black to non-barred galaxies.
The green line represents the line of equality in the values
of both databases. The shadowed green region indicates the
uncertainties in the diﬀerences between MPA/JHU and OSSy
databases. As can be seen, the majority of the points are in
this region, indicating that the scatter is within the uncertainties. 14
2.2. The left panels show the distributions of redshift, mass, axial
ratio and morphological type for the original sample of galaxies, in which the distributions of barred galaxies (red) and
galaxies barred (black) are not equivalent. The right panels
show the same distributions for the final sample, after subtracting random galaxies, in which the distributions are compatible with each other, as indicated by P -values of the KS
tests conducted to compare samples. . . . . . . . . . . . . . . 15
2.3. BPT diagram of all the galaxies in the sample. The solid line
represents the Kewley criterion, while the dashed line represents the Kauﬀmann criterion (see text for details). These criteria divided AGN galaxies (red), composed galaxies (black)
and pure star-forming galaxies (blue). Error bars show the typical uncertainties in the parameters represented. . . . . . . . 17
2.4. Mass-metallicity relation. In the upper left panel we plot the
metallicity of the gas vs. the stellar mass (from Nair and
Abraham, 2010) of the whole sample of galaxies (barred galaxies in red, unbarred galaxies in black). Dashed green and blue
lines represent our polynomial fit and that found by Kewley
and Ellison (2008), respectively. Error bars represent the typical uncertainty in the metallicity. Lower left panel is the same
as upper panel but for the stellar metallicity. In this panel,
blue circles represent the mass-metallicity relation found by
Vale Asari et al. (2009) shifted −0.25 dex. Right panels show
the distributions of the residuals of barred (red) and unbarred
(black) galaxies respect to the fitting polynomial. Text boxes
in the plots show the P -value obtained in the KS tests. . . . . 21
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2.5. Upper left panel, Average metallicity against mean stellar mass
in each mass interval for barred (red) and unbarred (black)
galaxies. Green dashed line represents the polynomial fit to
black points. Lower right panel:, shows the diﬀerences of the
red points respect to the polynomial fit. Grey points indicate
the diﬀerences found by Ellison et al. (2011). Error bars represent the uncertainties in the mean. Lower panels: same as
upper panels but comparing the stellar metallicity. . . . . . . . 23
2.6. The top four panels show the results for the metallicity of the
gas of early and late type galaxies. Left panels show the metallicity of barred (red) and unbarred (black) galaxies versus
stellar mass. The green dashed lines show a polynomial fit to
all points, while the blue dashed lines show the MZ relationship found by Kewley and Ellison (2008). Right panels show
the histograms of the residuals of barred and unbarred galaxies respect to the polynomial fit, with the P -value found after
a comparison with KS tests. Lower panels corresponde to the
analysis of the stellar phase. Blue circles in the left panels correspond to the MZ relation found by Vale Asari et al. (2009)
with the already mentioned shift of −0.025 dex. . . . . . . . . 25
2.7. Mean metallicities per mass bin for early and late type galaxies. Coding and symbols have the same meaning as in Fig.
2.5 but referred to early (upper panel) and late (lower panel)
type galaxies. The diﬀerences are not statistically significant
for any of the cases (with a significance level of 3σ. . . . . . . 26
2.8. On the left, metallicities of gaseous and stellar phases versus
the stellar mass for unbarred, weakly barred, intermediate barred and strongly barred galaxies (from top to bottom, in red).
Black symbols represent the whole sample. A polynomial fit
(green dashed line) to the whole sample is used as reference.
On the right, we plot the histograms of the residuals of the
corresponding subsample (red) and the whole sample (black)
respect to the fit. On the top right corner of each panel, the
mean value of the residuals can be found for each subsample and the sample. In none of these cases the diﬀerences are
statistically significant (P -value > 0.05). . . . . . . . . . . . . 27
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2.9. Comparison of the star formation rates in barred and unbarred
galaxies. Left panel shows the star formation rate of barred
(red) and unbarred (black) galaxies at a given mass. The not
binned results are represented as light red and black points.
The blue dashed line is a third order polynomial fitting the
binned points for unbarred galaxies. The right panel shows
the residuals of the barred galaxies (binned in mass) respect
to that polynomial. The error bars represent the dispersion of
the data in each bin . . . . . . . . . . . . . . . . . . . . . . . 29

2.10. From top to bottom, distributions of star formation rate, specific star formation rate and ionization parameter for barred
galaxies (in red) and unbarred galaxies (in black). In the text
boxes there are the P -values resulting of testing the equivalence of the barred and unbarred distributions with KS tests. . 30

2.11. Left panel: Small dots represent individual galaxies (red for barred, black for unbarred), and big points represent the mean
ages and metallicities of the galaxies in each mass interval.
The green line represents a polynomial fit to unbarred galaxies. Error bars represent the uncertainties in the mean. Right
panel: Residuals of barred galaxies respect to the polynomial
fitting the unbarred galaxies. None of the diﬀerences are statistically significant. . . . . . . . . . . . . . . . . . . . . . . . . 31

2.12. Gas-phase (left panel) and stellar (right panel) agains the stellar age. Red points represent barred galaxies, and black points
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2.13. Comparison of the metallicities of gas and stars for barred
(red) and unbarred(black) galaxies. Dashed lines represent solar values and error bars indicate the typical uncertainty of
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2.14. Eﬀects of the selection criteria on the results. Left panels show,
in orange, the diﬀerences in the metallicity between barred and
unbarred galaxies found in this work and, in purple, the same
diﬀerences when one of the criteria is modified. Right panels
show the discrepancies between orange and purple points on
left panels, except in the bottom panel, where the points represent the diﬀerences between the purple and the green points.
From top to bottom, the four first panels refer to modifying
the selection criterion of morphology distribution, S/N, database and metallicity calibration, respectively. Lower panel
shows in orange the diﬀerences between barred and unabrred
gaalxies found in our work, in purple the diﬀerences found by
E11 and in green the orange points plus the diﬀerences found
in the previous four right panels. Bottom right panel shows
the diﬀerences between purple and green points. Error bars
are compatible with the diﬀerences being negligible. . . . . . . 37
3.1. HST (top) and unsharp mask (bottom) images of the three
galaxies in the sample. The unsharp mask images are obtained by subtracting a radial luminosity model which allows to
subtract axysimmetric structures, revealing hidden structures.
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Chapter 1
Introduction
Bulges are one of the most prominent structure in galaxies, contributing
sometimes to a large fraction of its total flux. Therefore, the analysis of these
structures is necessary to understand the evolution of the whole galaxy. These
structures, considered as the deviation from the exponential profile in the
centre of a galaxy, seem to be one of the keys to understand galaxy evolution
processes (e.g., Ferrarese and Merritt, 2000; Gebhardt et al., 2000). Yet, the
details of their formation remains unsolved.
We distinguish diﬀerent classes of bulges attending to their morphology
and their kinematical and structural properties. Classical bulges are those
which have kinematic and photometric properties following the fundamental
plane of elliptical galaxies (e.g., Athanassoula, 2005; Fisher and Drory, 2008;
Gadotti, 2009; Fisher and Drory, 2010). They are believed to have formed via
dissipative collapse at early times, by the merge of giant clumps in the early
stages of disc formation, via minor accretion events or by major mergers. We
also distinguish observationally bulge structures that follow more disc-like
properties. These bulges are believed to have formed slowly through internal
processes (i.e., through secular evolution. e.g. Simkin et al., 1980; Pfenniger
and Friedli, 1991; Hopkins et al., 2010) and are sometimes called pseudobulges. Recent works also propose the formation of these type of bulges by
the secular accretion of satellites into the galaxy disc (Eliche-Moral et al.,
2011). Athanassoula (2005) proposes a third type of central structures, those
with a boxy/peanut morphology that would correspond to the central part of
a bar see edge-on. However, all types of bulges can coexist and the observed
properties sometimes depend on the geometry chosen to derive the bulge
properties (Obreja et al., 2013; Fisher and Drory, 2008; Peletier et al., 2007;
Méndez-Abreu et al., 2014). In this case, the diﬀerent components of the
bulge will have diﬀerent kinematics, ages and metallicities, as they form in
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diﬀerent ways. The problem then lies in the lack of a knowledge of how much
of their properties are due to secular or to fast processes, both of which could
have external or internal causes.
Bars are believed to be the main agents building pseudobulges. Bar torques on the gas can make it to lose angular momentum and flow to the
centre, where stars can be formed. Numerical simulations predict that this
mechanism is very eﬃcient at producing central structures that retain kinematical properties of a disc (Kormendy and Kennicutt, 2004; Cheung et
al., 2013). Observationally, one would expect then to see that barred galaxies have central gas fractions and star formation rates. If this mechanism
operates for long timescales then we would also expect higher central metallicities on both, gas and stars. Observational studies, however, do not see
these diﬀerences clearly and there is still considerable controversy (i.e. Henry
and Worthey, 1999; Dutil and Roy, 1999; Considère et al., 2000; Ellison et
al., 2011).
The main sources of the discrepancies are due to diﬀerences in the sample selection. Furthermore, much of recent observational eﬀort to understand
the nature of bulges has been placed in determining the stellar properties
of the bulge, their variation with radius and the comparison of these stellar
properties with those of the discs (e.g. Prugniel and Soubiran, 2001; Proctor
and Sansom, 2002; Sil’Chenko, 2004; Moorthy and Holtzman, 2006; Morelli
et al., 2008; Peletier et al., 2007; Jablonka et al., 2007; Ganda et al., 2007;
MacArthur et al., 2009; Pérez et al., 2009; Sánchez-Blázquez et al., 2009,
2014; Pérez and Sánchez-Blázquez, 2011; Williams et al., 2012; Coelho and
Gadotti, 2011). These studies have revealed that bulges are not simple systems and that they, in many cases, host diﬀerent subcomponents. An analysis
of the diﬀerent kinematic populations is needed to comprehend the origin of
how bulges (and galaxies) form and evolve. It is diﬃcult to obtain a reliable determination of how many components co-live spatially in the bulge
from integrated spectra where both the kinematics and the stellar properties of the diﬀerent components are coupled. Recently, inversion algorithms
(e.g. STARLIGHT: Cid Fernandes et al. 2005; STECKMAP: Ocvirk et al.
2006a,b; FIT3D: Sánchez et al. 2006; ULySS: Koleva et al. 2009) have been
developed to perform full-spectral fitting to the data comparing it with a
set of synthetic model spectra for a range of ages and metallicities. These
codes are a new approach to analysing stellar properties in complex systems
and could be potentially used to decouple diﬀerent kinematic components.
Some attempts to break this problem have been proposed using examples
where some a priori knowledge of the system existed and/or a number of
sub-populations was assumed, for instance counter-rotating discs (Coccato
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et al., 2013). Ocvirk et al. (2008) also used full spectral fitting to disentangle
the kinematics and ages of the disc and bulge components in NGC4030. They
allowed each population to have their own kinematics, but the metallicity was
fixed, which can bias the age due to the age-metallicity degeneracy. These
previous studies assumed that only two diﬀerent populations in the galaxy
could be distinguished.
Stellar population studies of bulges date back to the 90’s. The first photometric studies (Balcells and Peletier, 1994; Hernquist, 1990; Terndrup et
al., 1994; Peletier and Balcells, 1996; de Jong, 1996; Trager et al., 2000; Bell
and de Jong, 2000, among others) concluded that the colour of the bulge
is related to the global properties of galaxies (like luminosity, or mass). In
fact, the bulges in early-type galaxies have similar colors (esentially red) than
elliptical galaxies. As a consecuence of this, bulges were thought to have similar properties to that of elliptical galaxies (Sansom et al., 1998; Proctor
and Sansom, 2002).
Also from the 90’s are the first spectroscopic studies of bulges. The comparison of Lick/IDS indices (Gorgas et al., 1993; Worthey et al., 1994) with
the central velocity dispersion (σc , as a proxy of the stellar mass of the galaxy) confirmed that the stellar population properties of bulges in early-type
galaxies are similar to elliptical galaxies (Bender et al., 1993; Fisher et al.,
1996; Idiart et al., 1996). An index is a measurement of the depth of an absorption line which traces a particular feature of the stellar population (age,
metallicity, abundances of individual chemical elements...). This is done by
defining the region where the absorption line is and two adjacent regions
where a stellar pseudocontinuum is measured1 . While several sets of indices
exist, the most used are the Lick/IDS indices system (Faber et al., 1985;
Worthey et al., 1994; Worthey and Ottaviani, 1997) which consists in 25
indices defined in the optical range. These indices (or, more specifically, a
combination of them) allows to estimate simultaneously the average age and
the metallicity of the stellar populations contributing to a spectrum. One of
the main problems concerning the analysis of stellar populations is that, in
the integrated light of a single age, single metallicity stellar population, an
age change can be countered by a metallicity change so that almost every colour and spectral index remain the same. This is known as the age-metallicity
degeneracy.
Other problem in the study of bulges are the eﬀects of extinction by dust
and the emission lines from ionized gas. The extinction changes the observed
color and depends on the inclination, while emission lines (in particular those
1

It is not a real continuum as the side pass bands are used to calculate a straight line
estimating the level of the continuum in the central band.
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from HII) aﬀect the Balmer absorption features, which are the best tracers
of the age of the stellar populations.
These results are obtained for early type galaxies (T -type2 <4) to minimize
the already mentioned eﬀects of gas, dust and inclination. The similarity
between bulges and early-type galaxies may obey to this selection eﬀects.
In the last fifteen years, bulges in late type galaxies have been included
in the samples. In particular, a comparison of the central velocity dispersion
with indices sensitive to variations in Mg show diﬀerences between bulges
and elliptical galaxies if late-type bulges are included. These diﬀerences appear as a diﬀerent relation between Mg and σc in bulges than in E-S0 galaxies
(Prugniel and Soubiran, 2001; Chiappini et al., 2002; Ganda et al., 2007; Morelli et al., 2008), diﬀerent slopes of this relation (Falcón-Barroso et al., 2002)
or larger scatter in this relation in bulges than in ellipticals (Moorthy and
Holtzman, 2006; Peletier et al., 2007). These discrepancies can be explained
by diﬀerent reasons:
Diﬀerences in the mass distribution. Fig. 1.1 shows Mgb′ and Hβ ′ as
a function of σc for two samples of galaxies, one with E, S0 and Sa
galaxies in SAURON sample and other with late-type galaxies from
Ganda et al. (2007). The relations for early- and late-type galaxies
appear to be parallel, but the diﬀerences can be due to diﬀerences in
the central velocity dispersion (Thomas et al., 2005).
When comparing low-mass (usually late-type) bulges with the Mg-σ
relations obtained by massive elliptical galaxies, an oﬀset exists. This
oﬀset can be removed considering the missing rotational support expected in these late-type bulges. As the rotational support of some bulges
increases, the measured velocity dispersion is no longer a reliable tracer
of their motion.
Peletier et al. (2007) studied the Mg-σ relation obtained by diﬀerent
authors (Fig. 1.2) concluding that the scatter is much larger in low
inclination samples. They showed that the reason for this was that,
when present, young components are located in flattened discs or rings
that cannot be seen in high-inclined samples.

2

Morphological classification in the Hubble sequence, which spans from -6, for E galaxies, to 10 for irregular galaxies, with 4 corresponding to Sbc, following the classification
by de Vaucouleurs (1959)
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Figure 1.1: Figure taken from Ganda et al. (2007).Indices Mgb′ and Hβ ′ as a
function of σc for a sample of E to Sa galaxies (asterisks and triangles) in the
SAURON sample and a sample of late-type galaxies from Ganda et al. (2007)
(black circles). Black solid lines represent the predictions for these relations
found by Jorgensen et al. (1996), dotted and dash-dotted lines represent the
predictions for low and high density environments by Sánchez-Blázquez et
al. (2006a), and the green line the fit to the black circles by Ganda et al.
(2007).
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Figure 1.2: Figure taken from Peletier et al. (2007). Indices Mgb′ and Hβ ′ as a
function of σc for a sample of E to Sa galaxies (asterisks and triangles) in the
SAURON sample and a sample of late-type galaxies from Ganda et al. (2007)
(black circles). Black solid lines represent the predictions for these relations
found by Jorgensen et al. (1996), dotted and dash-dotted lines represent the
predictions for low and high density environments by Sánchez-Blázquez et
al. (2006a), and the green line the fit to the black circles by Ganda et al.
(2007).
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Classical bulges and pseudobulges

Bulges are now understood as complex structures, formed not only in the
early stages of galaxies, but in a continuous evolution and formation from
diﬀerent sources, like in situ star formation, mass redistribution by bars (or
other axisymmetric components) or stellar accretion of both satellites and
stars from the outskirts of galaxies passing nearby.
These three types of bulges can coexist in the same host galaxy. This
complicates tremendously the analysis and characterization of bulges.
The study of resolved stellar populations is the ideal technique to disentangle these subcomponents in galactic bulges and to quantify the contribution of each one to the total mass of the bulge. However, this can only be
done for a few galaxies in the Local Group (Tolstoy et al., 2009; Frebel et
al., 2010). An alternative is to use the integrated light of galaxies.
Photometry (using wide or narrow-band filters, colours or a combination
of them) allows to observe diﬀerent substructures by decomposing the light
profiles in several components (de Souza et al., 2004; Laurikainen et al., 2007),
characterize stellar populations (Bell and de Jong, 2000; MacArthur et al.,
2004; Gadotti and de Souza, 2006; Muñoz-Mateos et al., 2007; Roediger et al.,
2012) and even associate star formation rates and masses to diﬀerent types
of bulges (Fisher and Drory, 2011). These techniques also allow to associate
the stellar properties to diﬀerent regions in the galaxy.
Spectroscopy, in addition, allows to determine kinematical properties (FalcónBarroso et al., 2006; Ganda et al., 2006) and how stellar populations distribute in these galaxies (Trager et al., 2000; Kuntschner, 2000; MacArthur et al.,
2009; Sánchez-Blázquez et al., 2011). This is the approach we use in the analysis of galactic bulges. The advantage of spectroscopy against photometry is
the posibility of breaking degeneracies (for example, among extinction, ages,
metallicities, kinematics...) and the derivation of relative abundances. Also
a better analysis of emission and absorption features can be performed, as
they can be separated easily using the information of the stellar continuum
in the regions where no emission liens are present.
The increase of computational power of desktop computers, and the improvement of stellar libraries (e.g., STELIB, Le Borgne et al. 2003; MILES,
Sánchez-Blázquez et al. 2006b, Vazdekis et al. 2010; Indo-US, Valdes et al.
2004) have impulsed the use of spectral synthesis. Spectral synthesis uses information from the whole spectrum, maximizing the use of information one
can obtain with a given time at the telescope. This helps to minimize the
eﬀects of degeneracies (Sánchez-Blázquez et al., 2011). In the last decade,
several groups have published software to extract the star formation history
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and the age-metallicity relation of a galaxy using full spectral fitting. This inversion problem is very ill-conditioned (Moultaka and Pelat, 2000; Moultaka
et al., 2004) and diﬀerent codes follow diﬀerent approaches to deal with this
problem (among others, STARLIGHT, Cid Fernandes et al. 2005; STECKMAP,
Ocvirk et al. 2006a,b; FIT3D, Sánchez et al. 2006; ULySS, Koleva et al. 2009).

1.2.

Bars and secularly evolved bulges

Numerical simulations predict that bars are eﬃcient transporters of matter (Weinberg, 1985; Debattista and Sellwood, 1998, 2000; Athanassoula,
2002; Berentzen et al., 2006) to the central regions of disc galaxies. Gas is
supposed to be eﬃciently transported by bars. Models predict that this gas
feeds central starbursts, increasing the metallicities of the gas and the stellar
populations in the central regions of galaxies (Elmegreen, 1994; Knapen et
al., 1995; Hunt et al., 1999; Jogee et al., 1999, 2005; Jogee, 2006). These
processes can contribute to the formation of pseudobulges.
Diﬀerent observational studies have attempted to confirm these theoretical predictions by comparing the star formation rate (SFR) and the central
metallicity (usually of the ionized gas) of galaxies with and without bars.
However, so far, the results are contradictory. For example, while some authors have observed higher SFRs in barred galaxies (Hummel et al., 1990;
Martin, 1995; Hawarden et al., 1996; Huang et al., 1996; Ellison et al., 2011)
a bar may not be the most important mechanism to enhance the star formation rate (Pompea and Rieke, 1990; Martinet and Friedli, 1997; Chapelon
et al., 1999). The results for the metallicity of the gas in the central regions
of galaxies are even more controversial. Henry and Worthey (1999) reported
that the barred and non-barred galaxies have the same metallicity, at a given
magnitude (MB ). Dutil and Roy (1999) and Considère et al. (2000), however,
obtained lower metallicities (about 0.5 dex, at the same magnitude MB ) in
barred galaxies than in unbarred or weakly barred galaxies. A more recent
study, with a much larger sample of galaxies (Ellison et al., 2011), finds that
barred galaxies are more metal-rich (∼ 0.06 dex) than unbarred galaxies with
the same stellar mass.
Compared to the number of studies focusing on the gas phase metallicity,
there is a lack of studies worrying about the metallicity of the stars in the central parts of galaxies depending on the presence or absence of bars. Moorthy
and Holtzman (2006) found evidence that, at a given velocity dispersion, the
metallicity of stars in the central parts of barred galaxies is higher than that
of non-barred galaxies. This result is consistent with the findings of Pérez
and Sánchez-Blázquez (2011), although the diﬀerences are not statistically
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significant in any of the studies. Coelho and Gadotti (2011) reported that
the stellar metallicity at the centre of barred and unbarred galaxies are equivalent, but found significant diﬀerences (∼ 4σ, but only for the most massive
bulges) in the age distributions of both subsamples.

1.3.

Goals

The main goal of this work is to improve the understanding of how bulges
grow and its link to the evolution of the galaxy. We face this problem from
diﬀerent points of view, and try to improve the tools and techniques for a
better comprehension of these galaxy components.
The properties of the gas and stars in the central regions of galaxies is
thought to be linked to its evolution. We study a large sample of barred and
unbarred galaxies from Sloan Digital Sky Survey to understand the diﬀerences about how barred and unbarred galaxies build their bulges.
We try to understand the composition of bulges by studying the stellar
components and their characteristics, like age, metallicity and kinematics. An
analysis of the star formation history of the stellar populations in the bulges
should help to understand its evolution and their formation processes.
We aim to developing a technique to extract the properties of these stellar
populations and calculate the properties of each population in the bulge, obtaining simultaneously, for the first time, the age metallicity and kinematics
of the stellar components of the bulge.
Most of our work is based in the use of stellar populations models. The
stellar population models, while experiencing a large improvement in the
las years, are still incomplete. In particular the stars in MILES (SánchezBlázquez et al., 2006b), from which the stellar population models are derived
(Vazdekis et al., 2010), does not cover the whole range of metallicities. We
improve the stellar library with more observations.

Chapter 2
Central metallicities in barred
and unbarred galaxies
2.1.

Introduction

As we mentioned in the introduction, in the absence of an interaction,
the most eﬀective mechanism for radial motions of gas (important for bulge
growth) is likely to be the presence of a galaxy bar. Simulations predict that
bars facilitate gas inflow, enhancing central star formation and metallicity
(Friedli et al., 1994). Studies of the star formation rates and metallicities of
barred galaxies have yielded complex results. For example, whilst many studies have found an increased star formation rate in barred galaxies (Hummel
et al., 1990; Martin, 1995; Hawarden et al., 1996; Huang et al., 1996), bars
are apparently neither required nor guaranteed to yield high star formation
rates (Pompea and Rieke, 1990; Martinet and Friedli, 1997; Chapelon et al.,
1999).
Similar controversies apply to the central metallicities, with some works
finding higher metallicities in barred galaxies (Ellison et al., 2011), in unbarred galaxies (Considère et al., 2000) or no diﬀerences (Henry and Worthey,
1999). With respect to the stellar properties, there is more agreement among
works, with hints of slightly higher metallicities in barred galaxies (Moorthy
and Holtzman, 2006; Pérez and Sánchez-Blázquez, 2011). However, the differences found are small and not statistically significant. Apart from the differences in the metallicities, Coelho and Gadotti (2011) also found diﬀerent
age distributions in both subsamples.
In this Chapter we explore the diﬀerences in the metallicity between barred and unbarred galaxies in both, the gas and the stellar metallicities. We
also analyse the diﬀerences in some other related properties, as the star for11
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mation rate and the ionization parameter and in the age of the stellar populations. We also compare our results with previous works, trying to conciliate
the results in the literature.

2.2.

Sample selection

The sample was obtained from the catalog of Nair and Abraham (2010).
This catalog contains a (visual) morphological classification for more than
14000 galaxies in the Sloan Digital Sky Survey (SDSS) with redshifts less
than 0.1 and g-band magnitude lower than 16. Nair and Abraham (2010)
determined the presence of a bar by a visual inspection of the images in the
g-band and r-band. With this visual inspection, they catalogued the structures in galaxies, such as bars, (internal and external) rings, shells, etc.
From the galaxies available in this catalogue, we select disc and irregular
galaxies, i.e., those with a Hubble morphological type T ≥ −2. In this study
we consider only galaxies in which there are not dominant structures (apart
from bars) which may interfere in the results, so we select only those galaxies
that have code 0 (no bar), 2 (high bar), 4 (intermediate bar) and 8 (weak
bar, although such bars are considered strong bars in other catalogues such
as RC3).
The observation of bars (or the lack of them) is severely aﬀected by the
inclination of galaxies. To reduce this selection eﬀect, the catalogue only includes slightly inclined galaxies, i. e. with an axial ratio b/a ≥ 0.4 (∼ 68◦ ; in
Appendix C we will check the validity of this criterion), which also minimizes the contribution of the disc to the spectrum collected by the fibre of the
instrument.
We take the fluxes of the emission lines from the OSSY (Oh et al., 2011)
database. we have checked that the fluxes from this catalogue are well reproduced by measuring them in a subsample of galaxies (Florido et al., 2015, in
preparation). The line fluxes in OSSY are measured using GANDALF (Sarzi et
al., 2006). GANDALF is a softwre to fit, simultaneously, the stellar continuum
and the emission lines, assuming the latter as Gaussians. The authors use
as templates the MILES library of stellar populations (Sánchez-Blázquez et
al., 2006b; Vazdekis et al., 2010). At the same time, the code corrects the
spectrum from dust attenuation using the Balmer decrement.
Before doing any measurement, we checked if the results could be de-
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pendent on the chosen database. One popular database is MPA/JHU data1
(Tremonti et al., 2004). Both databases use spectra from the data release
7 (DR-7) of SDSS, but in the analysis of the spectra diﬀerent models and
codes for the continuum removal (MILES and GANDALF in OSSY and Bruzual and Charlot, 2003, in MPA/JHU) and diﬀerent models to correct for
dust attenuation (two componentes in OSSY by only one in MPA/JHU) are
chosen.
Figure 2.1 shows a comparison between emission lines flux ratios used in
diﬀerent metallicity calibrations (for the ionized gas) in the two databases
described previously. The panels on the left show that the ratios are in good
agreement with lower dispersion than expected by uncertainties in the measurements of fluxes. To verify that the diﬀerences are the same for barred and
non-barred galaxies we conducted Kolmogorov-Smirnov (KS, hereafter) tests
comparing the residuals of the ratios respect to the line 1:1. Right panels show
the distributions of the residuals and the probability that the diﬀerences between distributions arise from random eﬀects (P -value) in a KS test. As can
be seen, for every ratio, except for log([OIII]λλ4959, 5007/[OII]λ3727), the
associated P -value is larger than 0.0027, which is associated to a significance
level of 3σ 2 . This indicates that the distributions of the emission line ratios
are the same in barred and non-barred, except for the already mentioned
case of log([OIII]/[OII]). This ratio is closely related to the ionization of
the gas, which is higher in barred galaxies, as will be explained later.
In our sample, we only selected galaxies with a S/N greater than 3
(in OSSY) in the more intense emission lines (this is, [OII]λ37273 , Hβ,
[OIII]λ5007, Hα and [NII]λ6584) to ensure that the measurements are not
dominated by noise. Because the observation of the [OII]λ3727 line is required in our selection, and due to the SDSS wavelength coverage, our sample
is restricted to galaxies with z ≥0.02.
It is well known that galaxies follow a mass-metallicity relation and that
metallicity evolves with redshift (Pilyugin et al., 2013, and references therein). These eﬀects may be stronger than the eﬀect produced by the bar. If
we want to study the diﬀerences induced by bars in the central properties
of galaxies it is important that our sample of barred and unbarred galaxies
show the same distributions in mass, redshift and morphological type. Also,
inclination can modify the results, as the contribution of the disc can be
higher for highly inclined galaxies.
The mass of the galaxies plays a key role in its evolution and, therefore,
1

http://www.mpa-garching.mpg.de/SDSS/DR7/
3σ is the significance level chosen in this analysis
3
This line is actually a doublet at 3726 and 3729, with a ratio 1:1

2

OSSY - MPA/JHU
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Figure 2.1: Left panels: comparison between flux ratios of the emission
lines used in the calculation of the gas-phase metallicity in OSSY and
MPA/JHU databases. On the right, the distributions of the diﬀerences between them and the P -values of the KS test on the distributions. From top to
bottom, comparisons of log([N II]λ6584/Hα), log([OIII]λλ4959, 5007/Hβ),
log([OIII]λλ4959, 5007/[OII]λ3727) y log(R23 ). Red color corresponds to
barred galaxies and black to non-barred galaxies. The green line represents
the line of equality in the values of both databases. The shadowed green
region indicates the uncertainties in the diﬀerences between MPA/JHU and
OSSy databases. As can be seen, the majority of the points are in this region,
indicating that the scatter is within the uncertainties.
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Figure 2.2: The left panels show the distributions of redshift, mass, axial
ratio and morphological type for the original sample of galaxies, in which
the distributions of barred galaxies (red) and galaxies barred (black) are not
equivalent. The right panels show the same distributions for the final sample,
after subtracting random galaxies, in which the distributions are compatible
with each other, as indicated by P -values of the KS tests conducted to compare samples.
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it is important to characterize them well. The masses of the galaxies in this
study were taken from the catalogue of Nair and Abraham (2010), which,
in turn, takes them from Kauﬀmann et al. (2003a), where stellar masses
are calculated using a synthetic library of star formation histories and the
indices Dn 4000 (Balogh et al., 1999) y HδA (Worthey and Ottaviani, 1997).
With these indices and comparing with the star formation histories library,
a mass-luminosity ratio can be derived for each individual galaxy, with an
uncertainty of ∼ 40 % for a confidence interval of 95 %. Since the mass is
an indirect measurement (obtained through the light), we check that the
results are maintained using the luminosity of galaxies rather than mass as
the independent variable.
Left panels in Fig. 2.2 show the distributions of the galaxy parameters
after applying the selection criteria explained previously. The P -values of
the KS tests comparing the distributions are also shown. These P -values are
smaller than the significance level chosen for this analysis (3σ), so we consider that these distributions are not compatible with being taken randomly
from the same sample. To homogenize the subsamples, we remove galaxies
in a random way (but imposing the probability of a galaxy to be removed
increasing if it lies in the regions of the histograms where the diﬀerences
are larger). We repeat this process until the distributions are statistically
compatible, as shown in the right panels in Fig. 2.2.
After applying the selection criteria and the elimination of galaxies explained in the preceding paragraph, we end up with 1594 galaxies, of which
414 are barred galaxies. This constitutes a 26 % of barred galaxies, which is
the same percentage as in the original catalogue.

2.3.

Analysis of the gas phase metallicity

The methodology used to calculate the metallicity of the gas phase is
only applicable if the emission lines are produced by photoionization, so
we must remove galaxies which contribution is (partially or totally) due to
the emission by an active galactic nuclei (AGNs). To remove these galaxies
we use a BPT diagram (named after the initials of its authors Baldwin,
Phillips and Terlevich, 1981) in which [OIII]λ5007 is plotted vs. [NII]λ6584
(divided by Hβ and Hα respectively to avoid eﬀects of extinction). Figure 2.3
shows the diagram for the galaxies in our sample, in which AGN and star
forming galaxies are separated. Since this separation is diﬀuse, it is necessary
to apply a separation criterion. The two most common criteria are those by
Kauﬀmann et al. (2003b) and Kewley et al. (2001). Traditionally galaxies
above and to the right of Kewley criterion are considered AGNs and those

Log [OIII]5007/Hβ
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Figure 2.3: BPT diagram of all the galaxies in the sample. The solid line represents the Kewley criterion, while the dashed line represents the Kauﬀmann
criterion (see text for details). These criteria divided AGN galaxies (red),
composed galaxies (black) and pure star-forming galaxies (blue). Error bars
show the typical uncertainties in the parameters represented.
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below Kauﬀmann criterion are pure star-forming galaxies. Galaxies between
both criteria are considered composite galaxies, whose emission lines derived
from both photoionization and AGN. We decided to be restrictive and select
those galaxies meeting the Kauﬀmann criterion.
To derive the metallicity of the ionized gas, we use the methodology based
on R23 described in Kewley and Dopita (2002). R23 is a metallicity calibration
based on hydrogen and oxygen lines, with the following expression:
R23 =

[OII]λ3727+[OIII]λλ4959,5007
Hβ

We use the metallicity derived from R23 because it takes into account the
ionization parameter, which, as will be discussed in section 2.5.4 is diﬀerent
for barred and unbarred galaxies. For the analysis of the discrepancies between previous studies we also compared the results using both calibrations
in section 2.7.1.3
The calculation of the metallicity using R23 consists in an iterative process
which comprises several steps:
Using the ratio [NII]λ6584/[OII]λ3727 to obtain a first estimate of the
metallicity, since the dependence of this ratio with the ionization parameter is low. The metallicity dependence of the [NII]/[OII] is due to
the secondary nitrogen, i.e. nitrogen formed by stellar nucleosynthesis.
For low metallicities (12 + log(O/H) < 8.6), primary nitrogen (formed
in the primordial nucleosynthesis) is dominant, and the measured metallicities in this range have very high uncertainties and this calibration
can be used only as estimator in this region.
With this first estimate of the metallicity and [OIII]λ5007/[OII]λ3727
the ionization parameter is calculated (q).
We obtain the value of the metallicity using the coeﬃcient R23 and
interpolating the polynomials for this calibration in Kewley and Dopita
(2002). R23 is bivaluated with the metallicity. To discriminate the range
of high and low metallicities we use the value estimated in the first step.
This new value of the metallicity is used to recalculate q. The iterative
process is repeated until q and 12+log(O/H) converge to within 0.01
dex, which typically happens in one or two iterations.
This iterative process is applied to each galaxy several times for calculating uncertainties. In each of the executions the input values of the line
ratios are slightly modified following a Gaussian distribution centred on the
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calculated value and a width equal to the uncertainty of the parameter. This
returns a distribution of output parameters (Z and q). The final values of
metallicity and ionization parameter are considered as the average of the
distributions, while we use as uncertainty the dispersion of the distribution.

2.4.

Analysis of the stellar phase

For the calculation of the stellar population parameters, we use the code
STECKMAP (Ocvirk et al., 2006a,b). STECKMAP is a Bayesian method that recovers, simultaneously, the kinematics and the stellar population properties.
To do this it uses a maximum a posteriori algorithm. Whis method is not
parametric, which means that no distributions are assumed for the line-ofsight velocity (LOSVd), the stellar age (SAD), the age-metallicity relation
(AMR) or the mass-age relation (which are the outputs of STECKMAP). The
only conditions are that these distributions have to be positive and smooth,
in order to avoid high frequency oscilation qhich are not physical in most
cases. STECKMAP minimizes the objective function, which is:
Qµ = χ2 (s(x, Z, g)) + Pµ (x, Z, g),
where: x, Z, g are the SAD, AMR and LOSVd, respectively; s is the model
spectrum fitting the data and P is a penalization function which is a linear combination of three penalization functions (Pµ = µx P (x) + µZ P (Z) +
µg P (g)). This penalization functions (combined with the smoothing parameters µx , µZ , µg ) result in higher values when the solutions are not smooth.
Including these functions is equivalent to impose a Bayesian prior with a
probabilty function: fprior (x) = e−µx P (x) . More details about how STECKMAP
works can be found in Appendix sA and in Ocvirk et al. (2006a,b); SánchezBlázquez et al. (2011).
From the star formation history (SFH) and the age-metallicity relation,
we can obtain average values of age, velocity and metallicity weighting with
the luminosity or with the stellar mass as STECKMAP also returns the contribution in mass of the stellar populations at each age. In our case, we
use luminosity-weighted values, as they are more robust (see, for example
Sánchez-Blázquez et al., 2011). To test the robustness of the result to the
chosen software to calculate the SFHs we also calculate the stellar properties using STARLIGHT (Cid Fernandes et al., 2005). In Appendix B we
show a comparison between the results obtained with each of the codes, but
we can anticipate that, despite the diﬀerences in the mass-weighted values,
luminosity-weighted values obtained with both codes are very similar and the
diﬀerences compatible with the uncertainties. Appendix B also compare the
spectral synthesis with the results obtained with Lick/IDS indices (Worthey
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et al., 1994). The comparison here is not straightforward and we do not expect a 1:1 correlation. However, it is clear that there is a strong correlation
between the two methods so, although the absolute values are not accurate,
the relative values are comparable.

2.5.
2.5.1.

Results
Mass-metallicity relation

We fit the whole sample to a polynomial obtaining −9.92 + 4.15x −0.28x2
+ 0.0051x3 for the gas phase, and −1.42 + 0.086x + 0.0025x2 for the stellar
phase (with x = log M∗ ). Fig. 2.4 shows the fits together with the relation
obtained by Kewley and Ellison (2008) and Vale Asari et al. (2009) for comparison.
To study the possible diﬀerences between the two samples (barred and
unbarred) we measure the diﬀerences with respect to these polynomial and
compare the residuals.
We find that, on average, barred galaxies have a higher metallicity (0.02 dex)
that unbarred galaxies, which is significant after a KS test between the distributions of the diﬀerences (P −value=8.8×10−5 ).
Some authors find that the amount of gas in barred galaxies is higher than
in barred galaxies. This higher amount only happens for massive galaxies (Ho
et al., 1997; Coelho and Gadotti, 2011). Therefore, the diﬀerences may exist
only for massive galaxies. To explore this scenario we separate galaxies in
mass intervals with a width ∆ log(M/M⊙ ) =0.2. First we check (using KS
tests) that barred and unbarred galaxies in each mass interval have the same
distributions of redshift, axis ratio (b/a) and morphological type. For each
interval we calculate the average mass and metallicity (of gas and stars) of
barred and unbarred galaxies. The diﬀerences in the metallicity of barred
and unbarred galaxies are analysed by comparing the distributions of the
residuals of both subsamples to a polynomial fit of the points of unbarred
galaxies. This analysis is shown in Fig. 2.5.
As can be seen, in each mass range, the diﬀerences are small and, in
fact, are not statistically significant in any of the intervals (considering a
confidence level of 3σ). Although not significant, it is seen that the ionized
gas in barred galaxies has, systematically, higher metal content than the gas
in unbarred galaxies. Averaging the diﬀerences in each mass range, a value
of 0.019 is obtained ± 0.002 dex, which is compatible with the diﬀerences
found globally, that we found to be statistically significant.
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Figure 2.4: Mass-metallicity relation. In the upper left panel we plot the metallicity of the gas vs. the stellar mass (from Nair and Abraham, 2010) of
the whole sample of galaxies (barred galaxies in red, unbarred galaxies in
black). Dashed green and blue lines represent our polynomial fit and that
found by Kewley and Ellison (2008), respectively. Error bars represent the
typical uncertainty in the metallicity. Lower left panel is the same as upper
panel but for the stellar metallicity. In this panel, blue circles represent the
mass-metallicity relation found by Vale Asari et al. (2009) shifted −0.25 dex.
Right panels show the distributions of the residuals of barred (red) and unbarred (black) galaxies respect to the fitting polynomial. Text boxes in the
plots show the P -value obtained in the KS tests.

22

Chapter 2. Central metallicities in barred and unbarred galaxies

We repeated the same analysis for the stellar metallicity. In this case
(see Figure 2.4) the overall diﬀerence between barred and unbarred galaxies
(0.015 dex) is not significant, as shown by the KS test. As we did with
the mass-metallicity ratio for the gas, we compare the MZ relation of the
stars with that found by Vale Asari et al. (2009). Despite the diﬀerences
between works -diﬀerent techniques (STECKMAP in our case and STARLIGHT in
theirs), diﬀerent sample selection (SDSS-DR4 instead of SDSS-DR5, diﬀerent
limiting magnitudes, ranges redshift, cuts in S/N, etc.) and diﬀerent models
of stellar populations- we find an oﬀset of just 0.25 dex between the two
relationships, which can be explained simply by the use of diﬀerent models
of stellar populations4 .
Lower panels in Fig. 2.5 show the diﬀerences in the stellar metallicity for
diﬀerent mass ranges, as we did for the metallicity of the gas. The diﬀerences
are compatible with the uncertainties, with a P-value = 0.045. Therefore,
we do not find significant diﬀerences in the stellar metallicity between barred and unbarred galaxies. It is important to remark that the errors in the
determination of stellar metallicities are larger than those of the gaseous metallicities. In fact, given the size of the samples in each bin and considering
a significance level of 3σ, the minimum diﬀerences which could be detected
are about 0.04 dex, on average.

2.5.2.

Morphology

Some authors have found that diﬀerences in the properties of barred and
unbarred galaxies are related to the morphology of the host galaxies. in particular, that these diﬀerences are greater in early-type galaxies (Ho et al., 1997;
Coelho and Gadotti, 2011). One reason for this could be that early-type galaxies seem to host stronger bars than late type galaxies (Erwin, 2005). To
analyse the possible dependence of the diﬀerences in the metallicity with
the morphology, we split the sample into two subsamples of galaxies, one
with morphological types between S0 and Sb (−2 ≥ T ≥ 3) and other with
morphological type Sb onwards (T > 3).
We perform a similar analysis than in the previous section. This can be
seen in Fig. 2.6. For early types galaxies we find a mean diﬀerence in the gas
metallicity between barred and unbarred galaxies of 0.027 ± 0.007 dex, which
is statistically significant with P -value = 0.0018; while for late-type galaxies,
this mean diﬀerence is only of 0,010 ± 0,008 dex, this is, the diﬀerences are
4

We recalculated the metallicities for a subsample of random galaxies in our sample
using Pegase-HR stellar population models. The diﬀerences between the results are 0.24
dex.
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Figure 2.5: Upper left panel, Average metallicity against mean stellar mass
in each mass interval for barred (red) and unbarred (black) galaxies. Green
dashed line represents the polynomial fit to black points. Lower right panel:,
shows the diﬀerences of the red points respect to the polynomial fit. Grey
points indicate the diﬀerences found by Ellison et al. (2011). Error bars represent the uncertainties in the mean. Lower panels: same as upper panels
but comparing the stellar metallicity.
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larger for early-type galaxies. For the stellar-phase metallicity, the diﬀerences
are not significant in any case.
We also explore the diﬀerences in early and late type galaxies at a given
mass, as in the previous section. Fig. 2.7 shows this comparison. Although in
none of the cases the diﬀerences are significant, in the gaseous metallicity the
diﬀerences decrease with the mass of the galaxies in early-type galaxies, while
the diﬀerences are constant with mass for late type galaxies. The smaller
diﬀerences in late-type galaxies mean that a biased sample toward early-type
galaxies may lead to significant diﬀerences in the metallicity.

2.5.3.

Bar strength

Simulations predict that only strong bars are eﬃcient funneling gas to the
central kiloparsec region (Regan and Teuben, 2004), which could mean that
diﬀerences in metallicity would only be significant in galaxies with strong
bars. To test this possibility, we study the diﬀerences in the metallicity separating the sample of galaxies into four groups, depending on the label Bar
strength which appears in the catalogue of Nair and Abraham (2010). In the
catalogue, bars are classified as strong, weak or intermediate attending to
the luminosity of the bar compared to the total luminosity of the galaxy.
The definition of bar strength is based on the torque produced by the bar,
which s the ratio between the radial and tangential forces produced by the
alignment of stars and dust in the bar (Buta and Block, 2001). This forces
are diﬃcult to measure. However, the luminosity of the bar can be used as a
proxy for the torque, as both are linked to the mass of the bar.
Figure 2.8 shows the metallicity of gas and stars vs. the stellar mass
for the barred and unbarred subsamples divided in groups attending to the
strength of the bar, as given by Nair and Abraham (2010) compared to the
full sample. The analysis is based on the study of the residuals respect a
polynomial fit to the points corresponding to the whole sample. For both
gas and stellar metallicities, the residuals (i.e. the diﬀerences between barred
galaxies and the whole subsample) tend to increase with the strength of the
bar, but the diﬀerences are never significantly diﬀerent from zero.

2.5.4.

Star Formation Rate

The ionization parameter plays an important role in the calculation of metallicities of the ionized gas. In particular, it aﬀects the ratio [OIII]λλ4959, 5007/[OII]λ3727,
([OIII]/[OII] hereafter) which, as we saw in Section 2.2 is significantly different in barred and unbarred galaxies. We use this ratio to calculate meta-

2.5. Results

25

Mass-Metallicity

Residuals
0.35 P−value
KS = 1.83e-03
0.30
0.25
9.0
0.20
0.15
8.8
0.10
0.05
8.6
0 P−valueKS = 4.43e-02
9.2 Late type galaxies
0.30
0.25
9.0
0.20
0.15
8.8
0.10
0.05
8.6
0 P−valueKS = 2.28e-01
0.3 Early type galaxies
0.30
0.0
0.25
0.3
0.20
0.15
0.6
0.10
0.9
0.05
1.2
0 P−valueKS = 5.24e-01
0.3 Late type galaxies
0.30
0.0
0.25
0.3
0.20
0.15
0.6
0.10
0.9
0.05
1.2
0 0.50 0.250.00 0.25 0.50
9.0 9.5 10.0 10.5 11.0
Proportion
Proportion
Proportion
Proportion

[Z/H]

[Z/H]

12 +log(O/H)

12 +log(O/H)

9.2 Early type galaxies

log(M/M ¯ )

Residuals

Figure 2.6: The top four panels show the results for the metallicity of the
gas of early and late type galaxies. Left panels show the metallicity of barred
(red) and unbarred (black) galaxies versus stellar mass. The green dashed
lines show a polynomial fit to all points, while the blue dashed lines show
the MZ relationship found by Kewley and Ellison (2008). Right panels show
the histograms of the residuals of barred and unbarred galaxies respect to
the polynomial fit, with the P -value found after a comparison with KS tests.
Lower panels corresponde to the analysis of the stellar phase. Blue circles
in the left panels correspond to the MZ relation found by Vale Asari et al.
(2009) with the already mentioned shift of −0.025 dex.
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Figure 2.7: Mean metallicities per mass bin for early and late type galaxies.
Coding and symbols have the same meaning as in Fig. 2.5 but referred to
early (upper panel) and late (lower panel) type galaxies. The diﬀerences are
not statistically significant for any of the cases (with a significance level of
3σ.
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Figure 2.8: On the left, metallicities of gaseous and stellar phases versus the
stellar mass for unbarred, weakly barred, intermediate barred and strongly
barred galaxies (from top to bottom, in red). Black symbols represent the
whole sample. A polynomial fit (green dashed line) to the whole sample is
used as reference. On the right, we plot the histograms of the residuals of
the corresponding subsample (red) and the whole sample (black) respect to
the fit. On the top right corner of each panel, the mean value of the residuals
can be found for each subsample and the sample. In none of these cases the
diﬀerences are statistically significant (P -value > 0.05).
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llicities, as showed in Sec. 2.3. First panel in Fig. 2.10 shows a comparison
of the ionization parameter in barred and unbarred galaxies. As the P -value
shows (for a KS test) the distribution of log q is diﬀerent in both subsamples,
being slightly higher in the sample of barred galaxies.
The ionization parameter is linked to the star formation rate (Elmegreen,
1994; Knapen et al., 1995; Hunt et al., 1999; Jogee et al., 1999, 2005; Jogee,
2006). Second panel in Fig. 2.10 shows the distributions of the SFR for the
two samples of barred and unbarred galaxies. After a KS test, we can conclude
that barred and unbarred galaxies have the same SFR distribution.
We also compare the specific star formation rate (sSFR, or SFR per unit
stellar mass), which is shown in the bottom panel in Fig. 2.10. In this case,
a KS test shows that the sSFR is higher in barred galaxies, which is into
agreement with Hawarden et al. (1986) and Ho et al. (1997). At a face view,
this result is not expected, as we have shown that the distribution of masses
and SFRs is the same in barred and unbarred galaxies.
Figure.2.9 shows a comparison between the SFR in barred and in unbarred
galaxies. The SFR is not significantly, but sistematically larger in the barred
subsample. This explains the diﬀerences in the distribution of the sSFR,
despite the SFR and mass distributions are equivalent in both subsamples.
We conclude that barred galaxies, based on its higher log q and sSFR, form
stars more eﬃciently than unbarred galaxies. Bars are an eﬃcient mechanism
to funnel gas to the central regions, so a barred galaxy has more gas available
to form stars than an unbarred galaxy with the same mass. Because of this,
barred galaxies will form more high-mass stars than its unbarred counterpart,
leading to higher ionization parameters in the barred sample.

2.6.
2.6.1.

Comparison of stellar and gaseous parameters.
Comparison of ages and stellar mass

Figure 2.11 shows the age of the stellar populations in the centre of the
galaxies as a function of the stellar mass. Despite this is a comparison between local (age) and global (mass) parameters, there is a strong correlation
between them. This is independent of galaxies being barred or unbarred, as
proven by the small diﬀerences between the subsamples (shown in right panel
in Figure 2.11.
We do not find the same results as Coelho and Gadotti (2011), that
found that the distribution of ages in barred galaxies is bimodal, peaking at
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Figure 2.9: Comparison of the star formation rates in barred and unbarred
galaxies. Left panel shows the star formation rate of barred (red) and unbarred (black) galaxies at a given mass. The not binned results are represented
as light red and black points. The blue dashed line is a third order polynomial
fitting the binned points for unbarred galaxies. The right panel shows the residuals of the barred galaxies (binned in mass) respect to that polynomial.
The error bars represent the dispersion of the data in each bin
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Figure 2.10: From top to bottom, distributions of star formation rate, specific
star formation rate and ionization parameter for barred galaxies (in red) and
unbarred galaxies (in black). In the text boxes there are the P -values resulting
of testing the equivalence of the barred and unbarred distributions with KS
tests.
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Figure 2.11: Left panel: Small dots represent individual galaxies (red for barred, black for unbarred), and big points represent the mean ages and metallicities of the galaxies in each mass interval. The green line represents a
polynomial fit to unbarred galaxies. Error bars represent the uncertainties
in the mean. Right panel: Residuals of barred galaxies respect to the polynomial fitting the unbarred galaxies. None of the diﬀerences are statistically
significant.

4.7 y 10.4 Gyr, whilst in unbarred galaxies the distribution does not show
the younger peak. However, they only find this bimodality for very massive
galaxies (with Mbulge ≤ 10,1). Due to our sample selection, we do not have
enough massive galaxies for a deeper comparison.

2.6.2.

Comparison of metallicities with age

A comparison of the metallicities of the gas and the stars in barred and
unbarred galaxies may help to diﬀerentiate if the bar plays a determinant role
in the evolution of galaxies. Fig. 2.12 show this comparison for both metallicities. Whilst a little correlation exists between stellar age and metallicity
(with a large scatter), this does not happen for the gas, which supports the
conclusion that the chemical properties of gas is not coupled to the stellar
population parameters in the central regions of galaxies
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Figure 2.12: Gas-phase (left panel) and stellar (right panel) agains the stellar
age. Red points represent barred galaxies, and black points represent unbarred galaxies. Error bars show the typical uncertainties in the parameters.

2.6.3.

Comparison of gas and stellar metallicities

Figure 2.13 shows the gas-phase metallicity vs. the stellar metallicity for
barred and unbarred galaxies in our sample. It can be seen (and it is confirmed
by the Spearman’s correlation test) that no correlation exists between the
metallicities of gas and stars neither for barred nor for unbarred galaxies.
We checked if the metallicities calculated in a classical Hβ-Mgb diagram
(i.e. Trager et al., 2000) were better correlated with the gas-phase metallicity,
but this was not the case.
Lick/IDS Indices (Worthey et al., 1994) is a classical method for calculating stellar metallicities. It consists in comparing the flux in a defined region
of the spectrum with the continuum in that region. This continuum is estimated with the flux in two regions adjacent to that in which the absorption
wants to be measured. Depending on the chemical species contributing to
the absorption, a particular index traces (better or worse) the properties (in
particular age and/or metallicity) of the stellar populations contributing to
the spectrum. One of these indices is Mgb5177, focused on the magnesium
triplet near that wavelength. This index is strongly dependent of the metallicity, and depends very little on the age, so it is one of the indices which
best traces this parameter. The process of calculating metallicities through
indices is aﬀected by large uncertainties and an interpolation from points
on a grid is necessary. To ensure that the process of calculating metallici-
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ties is not aﬀecting the results, we also compared the gas-phase metallicity
with Mgb5177, but there is also no correlation. However, given the uncertainties in both metallicities, we are not able to detect correlation between
this parameters, even when it exists.

2.7.

Comparison with previous work

2.7.1.

Gas-phase metallicity

As we mentioned in the introduction, there is a lot of controversy in the
literature regarding the possible diﬀerences (or lack of) between the metallicity of barred and unbarred galaxies. In this section we will try to understand
the origin of these discrepancies.
rom the 90’s there are works in the literature comparing the metallicity
of the gas in barred and unbarred galaxies (Dutil and Roy, 1999; Considère
et al., 2000; Henry and Worthey, 1999), finding that metallicities are similar
or smaller in barred galaxies. However, and owing to technical limitations,
those results were obtained from small samples, biased to late-type galaxies.
The last work published before us, that by Ellison et al. (2011) (E11,
hereafter), used a large sample covering wide ranges of mass, inclination and
redshift. They found that central metallicities in barred galaxies are higher
(0.06 dex) than in unbarred galaxies of the same mass. This study, as our,
is using a large sample of galaxies from SDSS selected with similar criteria
as our sample. They also used the catalogue of Nair and Abraham (2010)
to separate barred and unbarred galaxies and, despite all that, is obtained
a much higher diﬀerence in metallicity and SFR than the present work. It
is worth exploring the origin of these diﬀerences which could also help to
understand the discrepancies between earlier studies.
The diﬀerences between E11 and our can be summarized in this points:
Our subsamples of barred and unbarred galaxies have the same distributions of age, inclination (axial ratio), and redshift, as in E11. The
only diﬀerence is that we took care of making our subsamples equivalent
in terms of mass, redshift, axial ratio and morphology.
We use the emission line fluxes from OSSY database, while E11 those
from MPA/JHU (whose diﬀerences were explained in Section 2.2).
Finally, we used a metallicity calibration based on R23 , while E11 chose
a calibration based on [NII]/[OII].

34

Chapter 2. Central metallicities in barred and unbarred galaxies

9.2

12 + log(O/H)

9.1

Solar values
Barred
Unbarred

9.0
8.9
8.8
8.7
8.6 1.2 1.0 0.8 0.6 0.4 0.2 0.0 0.2
[Z/H]Light

Figure 2.13: Comparison of the metallicities of gas and stars for barred (red)
and unbarred(black) galaxies. Dashed lines represent solar values and error
bars indicate the typical uncertainty of the parameters.
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We will explore how these diﬀerent choice might aﬀect the final result in
the following sections.
2.7.1.1.

Selection eﬀects

One of the diﬀerences in the sample selection is that in our sample, contrary to the sample in E11, the subsamples of barred and unbarred galaxies
have the same morphological distribution. In Section 2.5.2 we showed that
the diﬀerences in the central metallicity are higher for early-type galaxies.
Therefore, a sample biased towards these objects could enhance the diﬀerences. To check (and quantify) if this criterion aﬀects the results, we compare
the diﬀerences between barred and unbarred galaxies from two diﬀerent samples, of which one of them has similar morphology distributions for barred
and unabrred galaxies, while the other does not. First row in Figure 2.14
shows this comparison. Orange points represent the sample in which barred
and unbarred galaxies have similar morphologies, and purple points represent the sample with diﬀerent morphologies. On the right panel we plot the
diﬀerences between orange and purple points. On average, the diﬀerences
between considering or not equivalent morphological distributions increase
by 5 × 10−3 dex, much smaller than the uncertainties.
2.7.1.2.

Emission line fluxes

There are two eﬀects related to this point, and we will analyse them
independently. One of them is the diﬀerence in the S/N measured for each
spectrum. The other one is related with diﬀerent measurements of the flux,
depending on the methodology used in each database (OSSY in our case,
MPA/JHU in E11).
The S/N of the fluxes have a relevance in the sample selection because
of the cut we made to avoid very noisy measurements. E11 selected only
those galaxies with a S/N in [OII]λ3727, Hβ, [OIII]λ4959 and [NII]λ6584
above 5. Trying to reproduce their criteria we selected those galaxies with a
S/N in the same lines above 3. The reason for that is that the S/N of the
OSSY database is lower than in the MPA/JHU (with a correlation slope of
5/3). Fig. 2.14 shows the metallicity diﬀerences between barred and unbarred galaxies selected with a S/N≥3 and S/N≥5. It can be seen that purple
points (S/N≥5) are not significantly, but systematically, over orange points
(S/N≥5). On the right panel we can see that the diﬀerences between purple
and orange points are systematically positive.
Apart from the diﬀerent S/N, we already saw in Section 2.2 that significant diﬀerences exist in the ratio [OIII]/[OII]. This ratio is used to derive the
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ionization parameter, which takes part in the calculation of the metallicity
in most calibrations.
We calculated the diﬀerences in the metallicity using the fluxes of the
emission lines from both data bases (OSSY and MPA/JHU), which is shown
in the third row of Fig. 2.14. The diﬀerences in the results using OSSY or
MPA/JHU (black points on the right panel) are not significantly diﬀerent
from zero, and no trends can be seen.
2.7.1.3.

Metallicity calibrations

R23 is a widely used calibration, which can be used with the emission lines
in the wavelength range in our data. It can trace the metallicity of the ionized
gas in the whole range of metallicities. However it is bivaluated. Therefore,
we need another calibration to distinguish between high or low metallicity
regimes. We used [NII]/[OII], which is mostly independent of the ionization
parameter, but for low metallicities, the primary nitrogen is dominant, so the
metallicity obtained in this regime is not precise. Because of this E11 used
[NII]/[OII] if 12 + log(O/H) ≤8.5 and R23 if the opposite happens.
Figure 2.14 shows (in its fourth row) the diﬀerences owing to the use
of R23 (orange) or [NII]/[OII] (purple). Even when the diﬀerences between
calibrations are not significant, they are the largest of all the parameters
under analysis. Our explanation is that [NII]/[OII] is less sensitive to the
ionization parameter than R23 , and we saw (Fig. 2.10) that the ionization
parameter is larger in barred than in unbarred galaxies. These diﬀerences
imply that, with the same value of R23 the metallicity can vary up to 0.04 dex,
depending on the metallicity range.
2.7.1.4.

Combination of parameters

None of the parameters explains on its own the discrepancies between
E11 and our work. The eﬀect of each parameter is not significant. However, in Fig. 2.14 the purple points are sistematically over the orange points.
Therefore, we analyse the combined eﬀect of all criteria.
The bottom panels in Fig. 2.14 show this comparison. Left panel shows in
orange the diﬀerences in the metallicity between barred and unbarred galaxies
selected following our criteria, in purple the diﬀerences found by E11 and,
in green, the orange points with the diﬀerences in the four top right panels
added. Right panel shows the diﬀerences between purple and green points.
As can be seen, the discrepancies now are negligible, and we can reproduce
the results of E11.
This comparison should alert us about all the small choice we make when
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Figure 2.14: Eﬀects of the selection criteria on the results. Left panels show,
in orange, the diﬀerences in the metallicity between barred and unbarred galaxies found in this work and, in purple, the same diﬀerences when one of the
criteria is modified. Right panels show the discrepancies between orange and
purple points on left panels, except in the bottom panel, where the points
represent the diﬀerences between the purple and the green points. From top
to bottom, the four first panels refer to modifying the selection criterion
of morphology distribution, S/N, database and metallicity calibration, respectively. Lower panel shows in orange the diﬀerences between barred and
unabrred gaalxies found in our work, in purple the diﬀerences found by E11
and in green the orange points plus the diﬀerences found in the previous four
right panels. Bottom right panel shows the diﬀerences between purple and
green points. Error bars are compatible with the diﬀerences being negligible.
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we select our samples. Even with such an enormous samples as those in SDSS
we introduce selection biases by every little cut we apply to the sample. In
this case, the large diﬀerences found by E11 were not found in this study and
the reason is a combination of a diﬀerent metallicity indicator, flux database
and diﬀerent ways to make the samples equivalent or not in morphology.

2.7.2.

Stellar phase metallicity.

Regarding the stellar phase, there is much less previous work than for
the gaseous phase. Moorthy and Holtzman (2006) and Pérez and SánchezBlázquez (2011) found hints of stellar populations being more metal rich
in barred than in unbarred galaxies. Taking into account our sample size,
the uncertainties in the results and the confidence level, we could only be
able to consider significant diﬀerences those over ∆[Z/H] ≥ 0,022, which is
larger than those found by Moorthy and Holtzman (2006) and Pérez and
Sánchez-Blázquez (2011)
Our work expands the morphological range toward late-type galaxies. Our
results are into agreement with those of Coelho and Gadotti (2011), where
they did not find significant diﬀerences in the stellar metallicity of barred and
unbarred galaxies considering all morphological types. As mentioned before,
they also found a low age component (∼ 4,7 Ga) in the barred galaxy
subsample, which did not appear in the unbarred sample. We do not find
a bimodal distribution, but the galaxies in our sample as not as massive as
those in the sample of Coelho and Gadotti (2011).

2.8.

Mass as a reference variable

In this study we compare the properties of barred and unbarred galaxies
at a given mass. However, measuring the mass is not a simple task, and it
is always an indirect measurement which depends strongly on models, and
with large uncertainties (Magris C. et al., 2011; Roediger and Courteau,
2015). As a suggestion of the referee for Cacho et al. (2014) we repeated the
analysis using the luminosity instead of the mass as the independent variable,
obtaining exactly the same results.

2.9.

Summary and conclusions

In this chapter we obtain the metallicities of both ionized gas and stellar
populations (along with their ages) for a sample of almost 1600 galaxies (414
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barred and 1180 unbarred galaxies). We also compare stellar and gaseous
properties and conciliate the discrepancies between our results and those
claimed in previous work. In this section we compile and discuss the results
obtained in previous sections along with some important points which are
worth to discuss.

2.9.1.

Gas-phase metallicity in the centres of galaxies

We calculate the metallicities of the gas in galaxies using emission line
fluxes obtained from OSSY, measured in the spectrum from SDSS. For the
calculation of the metallicities we use a calibration based in the parameter
R23 described in Kewley and Dopita (2002). We compare these metallicities
between two subsamples of barred and unbarred galaxies from diﬀerent points
of view.
We find that, in most cases, these diﬀerences are not significant (using
a level of 3σ, associated to a P -value=0.0027). However, barred galaxies are
systematically more metal-rich than their unbarred counterparts, which is
clearer in early-type galaxies (S0-Sb). In this morphological range, diﬀerences
tend to decrease with mass. The trend is the opposite in late-type galaxies.
The lack of diﬀerences is into disagreement with what simulations predict;
e.g. the recent work by (Martel et al., 2013), which analyses the central
metallicities in barred galaxies, concludes bar enhances the metallicity in up
to ∆[O/H] ≃0.5 dex.
We compare our results with previous works, and we find discrepancies
among results. Some authors claim that barred galaxies are more metal-rich
than unbarred galaxies, whilst others claim the opposite, with some works
concluding that there are no diﬀerences in the metallicity of barred and
unbarred galaxies. We try to find the source of the discrepancies comparing
our results with a work in which the analysis is similar to ours, that performed
by E11. To do so, we isolated the eﬀect that each sample selection criterion
has on the metallicities. Most of the discrepancies arise from the metallicity
calibration (up to 0.02 dex between [NII]/[OII] and R23 based calibrations).
Whilst most of the criterion have non-significant eﬀects, they systematically
modify the diﬀerences in the same direction and, therefore, when all of them
are taken into account, the diﬀerences can be up to 0.04 dex, which means
to be the value of the discrepancies between E11 and our work.
We compare the star formation rate between both subsamples of galaxies
and, whilst the SFR is the same in barred and unbarred galaxies, the specific
star formation rate (SFR per unit mass) is larger in barred galaxies. This
means that barred galaxies are more eﬃcient forming stars than unbarred
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galaxies. This is because bars funnel gas from the outer regions to the central parts of the galaxy, which means more gas available to form stars and
more massive stars formed. this is into agreement with the higher ionization parameter found in barred galaxies. These massive stars could be the
responsible of the higher metallicity in barred galaxies.

2.9.2.

Stellar-phase metallicity in the centres of galaxies.

In the literature there are not many studies comparing the stellar metallicity of barred and unbarred galaxies. This comparison is not the final aim of
the analysis and, therefore, the samples are not selected on purpose for this
comparison. Both studies are biased towards early-type galaxies and contain
very low number of objects. In this work we compare the stellar population
properties in the centres of barred and unbarred galaxies with a larger sample
of galaxies than in previous work.
We calculate the stellar population properties with STECKMAP, a full spectral fitting software which allows to obtain the star formation history and
the age-metallicity relation from an integrated spectrum. Full spectral fitting
is a quite new technique, and there is still some scepticism about it. For this
reason we compare the results obtained with this technique with the results
obtained using the more traditional Lick/IDS indices (see Appendix B for
more information, where we conclude that both techniques are compatible,
but degeneracies are less problematic using spectral synthesis).
We analyse the stellar metallicity in parallel with the gaseous metallicity, and we obtain that stellar metallicities in barred and unbarred galaxies
are not significantly diﬀerent in any of the experiments. This result is into
agreement with Coelho and Gadotti (2011). Even more, Coelho and Gadotti
(2011) only covered early-type galaxies, while our study is extent to galaxies in the whole morphological range using, in addition, a larger sample
of galaxies. We have to remark that the diﬀerences found here are smaller
than those we can consider significant at a confidence level of 3σ, which is
0.022 dex.

2.9.3.

Comparison of gaseous and stellar parameters

One of the goals in this work is the comparison of the parametersa calculated for the gas, and the parameters of the stellar populations, which has
not been done before. We make the first comparison of the results obtained
through emission lines and the stellar populations in the central regions of
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galaxies.
We expected to find correlation between stellar and gaseous metallicities
but, at least for the redshift interval in which these galaxies lie (0.02≥ z ≥
0.1) this is not true. This may owe to a diﬀerent evolution for gas and stars
(at least in the central regions of galaxies) or a saturation in the metallicities,
this is gas and stars have had time to evolve to reach the higher possible metallicity. The comparison of the gaseous and stellar metallicities with the age
of the stellar populations show that no correlation exists between gas-phase
metallicity and the age of the stellar populations but it exists (weakly) in the
case of the stellar metallicity. This supports the results that the evolution of
the gas in the centre of a galaxy is decoupled of the evolution of the stars
in that region. The fact that we find this correlation confirms that spectral
synthesis is able of breaking degeneracies between age and metallicity; if the
degeneracy had not been broken, we would expect an anti-correlation.
Finally we analyse the age of the stellar populations with the mass of
the galaxy, comparing the barred and unbarred galaxies subsamples. A clear
correlatione xists between the age of the stellar populations and the galaxy
mass (as expected) which is not diﬀerent in barred and unbarred galaxies.

Chapter 3
Stellar populations in galactic
bulges
3.1.

Introduction

Although less common than in elliptical galaxies, studies of stellar population in bulges are common in the literature (Proctor and Sansom, 2002;
Prugniel and Soubiran, 2001; Trager et al., 2000; Ganda et al., 2007). Most
of these studies have been done using long slit spectroscopy, with samples
biased towards early type systems, due to the diﬃculty in removing emission
lines. The interpretation of these observations are diﬃcult due to the complexity of structures in the centre of spiral galaxies, where rings, bars, discs,
classical bulges, etc., can cohabit. The situation is improving with the arrival
of integral field spectrographs. Indeed, Peletier et al. (2012, checa esta referencia) showed that the presence of young populations is usually associated
with central discs or rings and that diﬀerent types of bulges can coexist in
the same galaxy.
They show in this article the importance of study bulges using these IFS in
order to quantify the stellar population properties of the diﬀerent components
and to associate them to the diﬀerent morphologies. Only in this way we will
be able to elucidate the physical processes responsible for their formation. In
this chapter we represent a pilot study devoted to understand, in a detailed
way, the stellar population properties of bulges.
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Sample and observations
The sample

Because this is a pilot study, we choose the sample to be diverse in its
morphological properties. We choose three galaxies in which we expect to find
diﬀerent combinations of stellar populations attending to their morphology,
especially in their central regions, as the integral field unit we use has a
field of view of only (38×25 arcsec2 ). These galaxies were selected from the
Carnegie-Irvine Galaxy Survey (Ho et al., 2011) and the catalogue of inner
discs and rings of Erwin and Sparke (2002). These galaxies have a bulgedisc decomposition performed by Li et al. (2011). The complexity of these
galaxies is evident from their images, but the use of unsharp masked images
(following Erwin, 2004; Lisker et al., 2006, see Fig. 3.1) reveals non-radial
small-scale structures hidden by the dominant structures in the galaxies. In
the following we present a short description of the three galaxies:
NGC5701 is a S0 galaxy with a round bulge and a prominent bar. It is
considered one of the best examples of a bar embedded in a strong lens (Buta
et al., 2002). In broad band filters it does not show absorption by dust, but it
shows some Hα emission in a nuclear spiral (Erwin and Sparke, 2002). This
galaxy has a very low surface brightness disc (Gadotti and de Souza, 2003;
Gadotti, 2008).
NGC6753 is an SAb galaxy with higher structural complexity than
NGC5701 and a very prominent star formation ring (Crocker et al., 1996).
Outside this ring a flocculent spiral structure can be found.
NGC7552 (SBab) is dominated by a morphologically complex, dusty bar
and a central starburst, showing a small bulge. This galaxy shows intense star
formation in the field of view of the instrument, taking place not only in a
nuclear ring, but also along the bar and the disc (Hameed and Devereux,
1999). This galaxy belongs to the Grus triplet, so it may have been aﬀected
by interactions; in fact, asymmetries in their arms can be seen.

3.2.2.

Observations

We observed these galaxies in July and September 2013 at the 2.3m telescope in Siding Spring Observatory (SSO, Australia). We used the Wide
Field Spectrograph (WiFeS) which provides a field of view of 38×25 arcsec2
with a spaxel size of 1×1 arcsec2 . This instrument allows to observe in two
diﬀerent regions of the spectrum with the same or diﬀerent spectral resolutions. We used two the highest spectral resolution grating for the blue region,
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Figure 3.1: HST (top) and unsharp mask (bottom) images of the three galaxies in the sample. The unsharp mask images are obtained by subtracting
a radial luminosity model which allows to subtract axysimmetric structures,
revealing hidden structures.
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called B7000. B7000 covers the spectral range from 4180 to 5580 Å with a
FWHM=43 km/s. The good spectral resolution of this instrument allows to
measure low velocity dispersion (hereafter, σ) while covering a wide wavelength range, which is also important for the spectral fitting. More details
about the instrument can be found in Dopita et al. (2007, 2010).
The data reduction was performed by means of the pipeline provided by
the observatory, pyWiFeS (Childress et al., 2014). It consists in a regular reduction process for IFU data including bias substraction, flat field correction
(using both, lamp and sky flats), distortions correction, wavelength calibration, sky lines removal, telluric lines removal (only for the red arm, using
observations of white dwarves), flux calibration and data cube generation.
The wavelength calibration for the pipeline was not finished when we reduced the data, and the lamp we used (NeAr) was still not included in the
pipeline in combination with the grating we used (B7000). We had to, therefore, create our reference files using the wavelengths in NIST webpage 1 .
The final accuracy in the wavelength calibration is ∆λ =0.1 Å.
The final data consists in two cubes, one spanning from 4100Å to 5500Å
and a spectral sampling of 0.347Å/pixel and a FWHM=1.0 Å and the other
covering the range from 6800Å to 8930 Å with a sampling of 0.567 Å/pixel
and a FWHM=1.6 Å.

3.3.

Analysis

In this section we extract the properties of the galaxies using Lick/IDS
indices and full spectral fitting, by means of pPXF (Cappellari and Emsellem,
2004), to calculate the kinematics and STECKMAP (Ocvirk et al., 2006a,b) to
estimate the age and the metallicity of the stellar populations.
We start by binning the data cubes in order to reach a minimum S/N. To
do so, we use a Voronoi binning scheme. (Cappellari and Copin, 2003). The
chosen S/N for NGC5701 and NGC7552 is 20 per resolution element, while
for NGC6753 (due to the large amount of time observing this galaxy) is 40.
In the binning, spaxels with S/N ≤ 3 were rejected.

3.3.1.

Calculation of kinematics

The kinematics is calculated using full spectral fitting, through the code
pPXF (Cappellari and Emsellem, 2004). As every full spectral fitting software, pPXF requires a stellar population library. In this case we use PEGASE-HR
1

http://www.nist.gov/pml/data/index.cfm
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with R=10000 Le Borgne et al. (2004) because it is the only stellar population library with larger wavelength coverage and resolution than our data.
pPXF also includes a set of gaussian synthetic emission lines to perform a
simultaneous fit of the emission lines by the ionized gas and the stellar continuum, deriving the kinematics of both of them. pPXF considers the velocity
distribution as a Gauss-Hermite parametrization, which consists in four parameters, v, the mean velocity of the distribution; σ, the velocity dispersion;
h3 , which is related to the skewness of a distribution; and h4 , is related to the
kurtosis. We calculate all these parameters for the stellar component while
a Gaussian distribution is assumed for the gas. pPXF is also a tool to remove
the gas emission from the spectrum.

3.3.2.

Stellar kinematics

Figure 3.2 shows the derived parameters of the kinematics for NGC5701.
One of the most obvious things is a clear misalignment between the bar and
the kinematic axis. The radial velocity reaches ∼40 km/s, and the σ profile
has a peak near the centre (the maximum is not reached exactly in the center
as this galaxy present a σ-drop) at 110 km/s and drops to the outer parts to
less than 100 km/s. The lack of anticorrelation between h3 with the velocity
is consistent with the high values of h4 in the centre and is compatible with a
region dominated by a bulge (as shown by the ratio between bulge and total
luminosity of the galaxy in Weinzirl et al., 2009). A nuclear spiral has also
been detected in this galaxy Erwin and Sparke (2002), which could explain
the deviation of the velocity distribution from a Gaussian curve, as indicated
by the high values of h3 and h4 .
Figure 3.3 represents the kinematics in NGC6753. What draw the attention is the large rotational velocity (∼150 km/s) and σ (215 km/s), mainly
if we consider the inclination of this galaxy (∼ 30◦ ) and that our FoV covers
only the very central region. This indicates a very hot component (bulge)
which dilutes rapidly in a colder component (disc). However, the inner ring
is not visible in the velocity or σ maps. In the h3 map an anticorrelation with
the radial velocity is evident, indicating the clear presence of a rotating disc.
In the h4 map, the star formation ring is visible as a region with the highest
values of h4 , suggesting diﬀerent kinematics of the stellar populations in the
ring.
The corresponding maps and radial profiles for the kinematics in NGC7552
is shown in Fig. 3.4. NGC7552 shows a similar rotation than NGC5701. We
clearly detect a ring-shaped region with high σ surrounding the inner spiral
seen in the unmasked sharp images.
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Figure 3.2: The top panels show, from left to right mean velocity, σ, h3 and
h4 for the stellar component in NGC5701. The scale of each parameter is
shown with a colour bar on the right of each panel. Black contours indicate
isophotes (spaced by 0.5 magnitudes), measured on the collapsed data cubes
The four bottom panels show the radial profiles (radial velocity, top left;
σ, top right; h3 , bottom left; and h4 , bottom right) obtained by averaging
the derived kinematical parameters in concentric semi-annuli. Positive radii
indicate positions where the radial velocity is positive. Error bars represent
the dispersion of the values in each semi-annulus.
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Figure 3.3: This figure show the maps and radial profiles for the velocity,
σ, h3 and h4 for NGC6753. Symbols and colours represent the same as in
Fig. 3.2
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These three galaxies show, as expected by their diﬀerent morphologies,
very diﬀerent kinematics. This is particularly true in the h3 and h4 maps, with
very diﬀerent behaviour in the three galaxies. In particular, in NGC6753 a
clear anticorrelation of h3 and the velocity field exists and h4 shows a diﬀerent
kinematics in the inner ring. The diﬀerent kinematics reflect the diﬀerences
in the subcomponents present in the three galaxies.

3.3.3.

Gas kinematics

Figs. 3.5, 3.6 and 3.7 show the maps and radial profiles of the velocity
and σ for the three galaxies, calculated using Hγ, Hβ, [OIII] and [NI]. In all
of them, the velocities are aligned to the stellar field, but the gas is clearly
dominated by rotation, with higher rotational velocities and/or lower σ than
the corresponding stellar kinematics.
In NGC5701 there is a correlation between the velocities of gas and stars.
Also the gas presents lower σ in the centre than in the outer parts of the
bulge, showing an anticorrelation between both phases.
In NGC6753, the gas traces almost exactly the radial velocity of the stars,
with the velocities being compatible in the two phases. σ is always larger for
the stars.
In NGC7552, the gas has larger radial velocities than the stars in the same
region. The σ of the gas shows similar values than the stars, also showing the
same ring-shaped region with higher σ. However, the ring is not complete,
having a shape closer to a hook, probably indicating that there gas feeding
the ring, which has not been able to complete a full loop around the galaxy.

3.3.4.

Stellar populations through indices

A classical approach to derive stellar populations parameters from integrated spectra is the use of absorption line indices (see, for example Morelli
et al., 2012; de Lorenzo-Cáceres et al., 2013; Chen et al., 2014). Among the
sets of indices, Lick/IDS are the most widely used to calculate ages, metallicities and abundance ratios. While a large number of indices is available
in the spectral range of our data, we only show the results obtained with
a few of them, as the other are redundant. Diﬀerent indices have diﬀerent
sensitivities to variations of age and metallicity (as well as to variations of
specific chemical species). A widely used combination of indices is Hβ and
MgbFe. We use indices derived from them, which are Hβ0 (which is more
insensitive
√ to the metallicity than Hβ Cervantes and Vazdekis, 2009) and
′
[MgFe] ( Mgb(0· 72 · Fe5270 + 0· 28 · Fe5335), Thomas et al., 2003, insensi-
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Figure 3.4: This figure show the maps and radial profiles for the velocity,
σ, h3 and h4 for NGC7552. Symbols and colours represent the same as in
Fig. 3.2
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Figure 3.5: Top panels show the maps for the velocity and σ for the gas
in NGC5701, calculated using the Hβ emission line (we checked that the
results are consistent using other emission lines). The bottom panels show the
radial profiles calculated by interpolating the values in the maps in semiannuli
separated by 2 arcsec. The errorbars represent the dispersion of the bins
covered by each semiannulus.
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Figure 3.6: Maps and radial profiles of the kinematics in NGC6753. Symbols
have the same meaning as in Fig. 3.5

54

Chapter 3. Stellar populations in galactic bulges

Figure 3.7: Maps and radial profiles of the kinematics in NGC7552. Symbols
have the same meaning as in Fig. 3.5
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tive to α/Fe variations). Once the indices are calculated, we represent one vs.
the other and overplot an age-metallicity grid using the predictions of MILES
stellar population models (Vazdekis et al., 2010) for single stellar populations
of diﬀerent ages and metallicities with a Kroupa IMF. By interpolating the
position of our data with respect to the grid, we can estimate the age and
metallicity of the region under analysis.
NGC5701 (Fig. 3.8) is the oldest of the three galaxies, with a mean age
of ∼10 Gyr, with ages spanning from 3 to 15 Gyr, very independent of the
radius. This scatter is larger than the error bars, but an overlapping (or
dominance of) diﬀerent structures in each bin may be responsible for these
variations. Although there is not a clear variation of age with radius (despite
the dispersion), a negative metallicity gradient is clearly seen, not only in the
index-index diagram, but also in the Mgb and Fe5270 maps.
In NGC6753 (Fig. 3.9) both, an age and metallicity gradient exist, with
the centre hosting older and more metal rich stars than the outskirts. The
stellar ring shows younger ages and lower metallicities, but the points corresponding to this region fall out of the index-index diagrams.
The centre of NGC7552 (Fig. 3.10) is dominated by young stars (lower
than 4 Gyr). At higher radius the age increases, reaching the oldest ages at
the distance of the ring and then decreasing again (but not reaching ages as
low as in the centre). In the Hβ0 map two regions can be distinguished with
very low values of this index. These regions are those in which the dust lanes
make contact with the inner ring. This low age of the stars in these regions
may be due to dust aﬀecting the results, but also to a depletion of the star
formation in the contact points, as observed by Böker et al. (2008).
The results obtained with indices correspond to a n equivalent SSP, which
has the properties of the problem spectrum. If the galaxy is dominated only
by one stellar population, the properties derived by the indices are close
to that of the galaxy. If the galaxy is more complex, as in NGC6753, and
there is not a dominant populations, some of the points derived by indices
may lie out of the model predictions.We build diﬀerent synthetic spectra
combining two stellar populations with diﬀerent contributions (in luminosity
and mass). We combine two old populations (∼12.5 Gyr, solar metallicity and
supersolar) with four diﬀerent young populations (resulting from combining
ages of 1 or 1.26Gyr and [Z/H]=0.0 or [Z/H]=0.022). We calculate the indices
of these spectra, and plot them on a grid build using MILES stellar population
models. As can be seen, the spectra with two diﬀerent populations explains
the points outside the grid in NGC6753. In the cases in which the galaxy may
present diﬀerent stellar populations, full spectral fitting gives better results.
Figure 3.12 shows the position of the points of these synthetic spectra
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Figure 3.8: Hβ0 , Mgb and Fe5270 index maps (top panels) and Hβ0 -[MgFe]′
diagrams (bottom panels) for NGC5701. The prediction by the Vazdekis et
al. 2010 models are showed in a grid for single stellar populations of constant
age (vertical lines) and constant metallicity (horizontal lines) as indicated by
the labels. In the bottom panels, the symbols are colour-coded,according to
the distance to the centre of the galaxy (shown in a box inside each panel).
The error bars show the mean uncertainty of the points.
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Figure 3.9: Hβ0 , Mgb and Fe5270 index maps (top panels) and Hβ0 -[MgFe]′
diagrams (bottom panels) for NGC6753. Same coding as in Fig. 3.8.
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Figure 3.10: Hβ0 , Mgb and Fe5270 index maps (top panels) and Hβ0 -[MgFe]′
diagrams (bottom panels) for NGC6753. Same coding as in Fig. 3.8.
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Figure 3.11: Hβ0 -[MgFe]′ diagram: colour lines show the measured indices in a
synthetic spectrum composed of an old population (12.5 Gyr with [Z/H]=0.0
on the left panel and [Z/H]=0.22 on the right panel) and a young one (1.26
Gyr in green and 1.00 Gyr in blue). The weight of the young component is
indicated in the figures. We also plot the values measured on NGC6753. As
can be seen, a combination of an old and young population can result on a
higher SSP-equivalent metallicity than those of the individual populations.

with respect to the predictions of the models. As can be seen, the points
in which the two populations have similar contribution to the spectrum are
farther away from the grid than those in which one population dominates
over the other. The points of NGC6753 out of the grid can be explained by
a combination of an old (∼80 % in luminosity), metal-rich stellar population
and a younger component.
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3.3.5.

Stellar populations through full spectral fitting

3.3.5.1.

Star Formation Histories

In this Setion we analyse the SFHs of the bulges as a whole. We first
collapse the spectra in the datacube (with a SNR >3) in a single spectrum,
for which we derive the SFH using STECKMAP, as in previous chapters. The
SFHs of the three bulges arw shown in Fig. 3.12.
All these bulges formed the 80 % of their mass before 8 Gyr. What is
unexpected is that, in NCG7552, (which is the latest-type galaxy in the
sample), the 80 % of the mass is formed by stars older than 12 Gyr. This
suggests a quenching of the star formation in this galaxy, which shows two
more epochs of star formation at 1 Gyr and in the present.
3.3.5.2.

Radial profiles

Here we use STECKMAP to calculate the SFHs and age-metallicity relations
of the stellar populations. With these values we can calculate mean ages and
metallicities (weighted by either luminosity or stellar mass) of the stellar
populations contributing to the spectrum. Fig. 3.13 shows a typical output
from STECKMAP In Section 3.3.4 we already study the distribution of the stellar
content. We analyse here the radial distribution of the stellar properties.
We perform a radial binning over annular regions separated 1 arcsec.
The age and metallicity at each radii is the median value of the age and
metallicity of the regions falling in each annulus obtained in Section 3.3.4.
Fig. 3.14 shows these radial profiles.
The luminosity-weighted values trace the stellar populations which contribute to the light of the galaxy, i. e., young stellar populations. Mass-weighted
values, on the contrary, trace the stellar population which contribute to the
mass of the galaxy, which are the evolved stellar populations.
NGC5701
In NGC5701 the age profile is very flat, showing old ages (>10 Gyr) and a
small gradient (but smaller than the uncertainties). However, the luminosityweighted metallicity decreases with the radius, showing solar metallicities in
the centre and subsolar ([Z/H]≃ −0.3) at 15 arcsec.
The mass-weighted metallicity profile in this galaxy is flatter than the
luminosity-weighted one.
The comparison of (mass- and luminosity- weighted) age profiles suggest
an uniform stellar distribution in the bulge, with low variations of age in the
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Figure 3.12: Star formation histories of the three bulges in the sample
(NGC5701, NGC6753 and NGC7552, from top to bottom) derived from the
integrated spectrum of the whole bulge. Black represents the SFH weighted
by the mass, while red is chosen for the luminosity-weighted SFH. Shadowed
regions indicate 1, 2 and 3σ deviations from the average distribution. Black
(red) solid lines represent the age at which each bulge reaches 50 % of its
final mass (luminosity).
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Figure 3.13: Typical output from STECKMAP. Top left: line-of-sight velocity
distribution (LOSVd), which represents the fraction of stars with a given
radial velocity. Top right: stellar age distribution (SAD), which is the contribution of the stellar populations at a given age. Bottom left: fraction of
mass of the stellar populations at a given age. Bottom right: age-metallicity
relation (AMR), which relates the age of the stellar populations with their
metallicity. All these values are weighted by luminosity.
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bulge region. Gradients in the luminosity-weighted metallicity are noticeable,
going from solar in the centre to subsolar in the outer regions, as expected
from the analysis with indices in Section 3.3.4. It is also remarkable that the
luminosity-weighted values are high (> 10 Gyr).
NGC6753
This galaxy is more complex than NGC5701. The age reaches its lower
values between 5 and 10 arcsec, which is the region dominated by the star formation ring. This metallicity gradient is flatter in this region than in the rest
of the bulge. The metallicity in the centre of the galaxy saturates, reaching
the highest value in the MILES templates ([Z/H]=0.22).
The mass-weighted metallicity profile in NGC6753 is similar to the luminosityweighted one (with the metallicity also saturating in the centre), with higher
values for radii larger than 5 arcsec. Between 5 and 9 arcsec there is a bump
in the mass-weighted age profile. This region corresponds to the region dominated by the star formation ring.
We know (from Hubble images) that this galaxy presents a star formation
ring between 5 and 10 arcsec. In this region the luminosity and mass weighted
age profiles have diﬀerent shapes (the mass-weighted profile is flatter). The
ring also aﬀects the metallicity. This indicates that in the ring, the stellar
populations are diﬀerent than in the rest of the bulge.
NGC7552
NGC7552 has a central starburst, reflected in the very young ages of
the stars in this region (with mass weighted ages lower than 5 Gyr and
luminosity weighted ages around 1 Gyr). The metallicity in the centre is high
([Z/H]∼ −0.2), and decrease with radius up to [Z/H]∼ −0.9 at 5 arcsec. At
larger radii the metallicity increases again.
The most remarkable feature in the mass-weighted profiles is a set of
points with higher ages and metallicities, represented with magenta points in
Fig. 3.14. These points correspond to the ring described in Section 3.3.2 with
higher σ than the rest of the galaxy. This structure is probably a classical
bulge which is been shielded by the central starburst.
This galaxy is even more complex than NGC6753, as proven by the cloud
of points with higher ages and metallicities (and also higher σ) which correspond to a diﬀerent population with diﬀerent age, metallicity and kinematics.

3.3.6.

Stellar populations of diﬀerent ages

So far we have compared only average values of age and metallicity.
STECKMAP returns age and velocity distributions and an age-metallicity rela-

64

Chapter 3. Stellar populations in galactic bulges

Figure 3.14: Radial distribution of mean age (first row) and metallicity (second row) obtained with STECKMAP for the three galaxies. Mass (purple) and
luminosity (green) weighted values are shown. The results corresponding
to individual unbinned spectra are shown in grey (darker for luminosityweighted values). Magenta asterisks represent points in the ring (see details
in text). Error bars represent the dispersion of the results after 25 Montecarlo
simulations.
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tion. Taking this advantage of STECKMAP we can study the contribution and
characteristics of the stellar components at diﬀerent ages.
We consider young those stellar populations with ages lower than 1.5
Gyr; intermediate, those populations with an age between 1.5 and 10 Gyr;
old those older than 10 Gyr; and very old those stars older than 12.1Gyr2 .Our
goal is to understand how the populations at these diﬀerent ages distribute
along the galactic bulge and how it was build from the diﬀerent epoch of
formations of the stellar populations in them.
3.3.6.1.

Surface brightness

We show 2-dimensional maps of the spatial distribution of stars in diﬀerent age ranges in Fig. 3.15:
NGC5701 is dominated by old and intermediate stars. The fraction of
young stars is very small except in the very central region where they contribute to 12 % of the light, which is compatible with the nuclear spiral observed
by Erwin and Sparke (2002).
NGC6753 is also dominated by intermediate and old stellar populations.
Young stars are distributed in a ring shape, which coincides with the star
formation ring in HST images.
NGC7552 is clearly dominated by young stellar populations, particularly
in the core, but also distributed along the bar, which suggests that gas is
been funnelled to the central region by the bar (which can also explain the
kinematics of the gas-phase in this bulge; see, for example, Martin and Friedli,
1997). The intermediate age population is still significant. The old population
is not negligible, being as important (in luminosity fraction) as the other two
at large radii.
3.3.6.2.

Stellar populations distribution

In the previous section we compared the distribution of the stellar populations attending to their surface brightness. Another way of comparing the
distributions of old, intermediate and young stellar populations is computing
radial profiles of their relative contribution to the luminosity in each spaxel.
In this Section we binned the spectra in ellipses (before running STECKMAP
to sample the same region of each galaxy.
Figure 3.16 shows the radial distributions of the stars in four diﬀerent
intervals of age (young stars, with ages lower than 1.5 Gyr; intermediate
2

This extra cut is motivated because the contribution of old stars is large, and a more
accurate analysis at these ages is needed.
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Figure 3.15: Spatial distribution of young (less than 1.5 Gyr, left column),
intermediate (from 1.5 to 10 Gyr, central column) and old (older than 10 Gyr,
right column) stellar populations for NGC5701, NGC6753, and NCG7552
(from top to bottom) in terms of the luminosity fraction.
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Figure 3.16: Radial profiles of the luminosity-weighted (upper row) and massweighted (lower row) age fraction for the young stars (blue circles), intermediate stars (green squares), old stars (red diamonds) and very old stars (red
triangles), as explained in Section 3.3.6.2.

stars, with ages between 1.5 and 10.3 Gyr; old stars, older than 10.3 Gyr;
and very old stars, those older than 12.0 Gyr).
We see in NGC5701 what we have been pointing out throughout this
Chapter, that is a galaxy dominated by old and intermediate stars (∼ 60 %
and 40 % in luminosity, respectively) with little contribution (and only in
luminosity) of young stars, probably tracing the nuclear spiral in the central
3 arcsec. This value is larger than the values found for other galaxies by MacArthur et al. (2009) at a distance of 1 eﬀective radius (which, for NGC5701,
is ∼ 11 arcsec). The mass-weighted distribution shows that more than 80 %
of the mass was already formed 10.4 Gyr ago not only in the centre, but
along the whole bulge. Even when the uncertainties are large, the fraction of
old stars is significantly higher than the fraction of intermediate stars.
In NGC6753 the diﬀerences between luminosity and mass weighted radial
profiles are very subtle. Old and intermediate stars have almost the same
contribution at all radii. In the region where the ring is we cannot detect
more than a small bump in the luminosity fraction profile of the youngest
component (in agreement with Li et al., 2011). This happens because, as
we show in Fig. 3.15 the light in this region comes form the intermediate
population. This means that the ring formed when the Universe had an age
between 1.5 and 10 Gyr, so it can be considered a fossil ring, like those
described in Erwin et al. (2001). Similarly to NGC5701, a large number
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(∼ 50 %) of old stars (≥ 10 Gyr) are present.
The luminosity of NGC7552 is dominated by the intermediate population
except in two regions. One of this region is the region between 6 and 10 arcsec,
which corresponds to the region with high σ. Old stars dominate this region.
The second one is the central region (<5 arcsec), which is dominated by
young stellar populations, related to the central starburst. The mass radial
profile shows the same results, but much less evident. There is an increase
of the contribution of the young stellar populations in the region with radius
lower than 5 arcsec, and a decrease of the intermediate stellar population
(increasing the contribution from old stars) between 6 and 10 arcsec.
We can compare the increase in stellar mass when the galaxies were 1 and
3 Gyr old as the diﬀerence in the dashed and solid red lines in top panels
of Fig. 3.16. This diﬀerence is rather constant with the radius for the three
galaxies, as both (solid and dashed) red lines have the same shape. This
indicates that the SFR is constant with the radius between these ages.
In NGC5701 and NGC7552 the maximum in the light contribution of
youngest stars are in the very inner regions, whilst in NGC6753 the maximum
is at ∼ 6 arcsec. NGC5701 and NGC7552 have a noticeable bar, which can
funnel enough amount of gas to enhance star formation in those regions (as
we explained in Chapter 2). Despite both galaxies, NGC5701 and NGC7552,
have a peak in the light distribution of young stars in the central regions,
the light distribution of the intermediate population is not so similar, with a
higher contribution (respect to that of the young population) in NGC5701.
The increase in the intermediate populations is higher (and less extended)
in NGC5701 than in NGC7552, which may indicate that secular processes
started earlier in this galaxy.

3.3.6.3.

Comparison with the Milky Way

The finding of an old stellar component (more than 10 Gyr) in the three
diﬀerent types of bulges is consistent with studies in our own Galaxy. Here,
colour-magnitude diagrams and spectroscopic studies can be done, and reveal
that the majority of stars are older than this age (e.g., Ortolani et al., 1995;
Zoccali et al., 2006; Clarkson et al., 2008). This kind of studies also reveal
a metal-rich component (Babusiaux et al., 2010; Johnson et al., 2011; Ness
et al., 2012) with spans a large range of ages (Bensby et al., 2013). Also,
this component has a kinematics very similar to that of a bar, and can be
associated with a bar formed by secular evolution in the Milky Way and the
younger components found in NGC5701 and NGC7552.
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Bulge evolution models

Our analysis (even with a low number of galaxies) can help to put some
constraints on theoretical models to try to understand how bulges form and
evolve. We have a sample of very diﬀerent galaxies form early to late type
spirals exhibiting typical characteristics (and therefore being representative)
of their morphologies. In addition, with these diﬀerent galaxies we find similarities and common results which point to a similar origin and/or evolution
processes, independent of the morphological type.
We find, for example, that in the three galaxies a significant fraction (in
luminosity, more than 50 % in every case, and reaching 80 % in NGC5701) of
the stars are older than 10.4 Gyr. Numerical models conclude that main drivers of the formation of the first stars are gravitational collapse (White and
Rees, 1978, in a ΛCDM Universe, ), mergers (Hernquist, 1992; Bournaud
et al., 2005; Hopkins et al., 2010), and high-z starbursts (Okamoto, 2013;
Finkelstein et al., 2013). No matter what model is used, the percentage of
stellar mass formed at redshift 2 is always lower than 50 %. To increase this
fraction, a second star formation episode between redshifts 1 and 2 is added
ad hoc to the models (Madau et al., 1996; Norman and Spaans, 1997; Spaans
and Carollo, 1997; Daddi et al., 2010). These processes still can be mergers,
collapse and starbursts in particular cases but, owing to the lower mass density because of the expansion of the Universe, it is more likely that the star
formation in this epoch obeys to internal processes. These predictions are
based on results concerning luminosity. Our luminosity-weighted results are
in agreement with these previous works. There is an expected disagreement
between our mass-weighted results with those found in the literature, as the
latter use light-weighted parameters, tracing diﬀerent stellar populations.
In the three galaxies we see some morphological features associated to an
increase in the contribution of young and intermediate stellar populations,
which reinforces the idea that these structures and stellar populations are
associated to internal processes. Also the environment can aﬀect the properties of the resulting bulge. Our sample is too small to study the eﬀect
of the environment on the bulges. However, NGC5701 is part of the Virgo
supercluster, as a member of the Virgo III Group. So it has higher probability of having suﬀered mergers in its early stages than the other two galaxies
(NGC7552 may have suﬀered interactions recently). This could explain the
higher contribution of old and intermediate stellar populations to the mass
of the galaxy at all radii.
We think that the three galaxies suﬀered an initial collapse in which they
formed most of their stellar mass. While NGC5701 suﬀered more mergers,
NGC6753 and NGC7552 formed in a more isolated environment, so they
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could retain more material to form stars in late stages. This scenario can explain that the bulge of NGC5701 is dominated by old stars, while the bulges
in NGC6753 and NGC7552 have a high contribution of young stars. Photometrically, the bulge in NGC5701 corresponds to a “classical bulge” while in
NGC6753 and NGC7552, the bulges can be considered as pseudobulges, in
agreement with Weinzirl et al. (2009).

3.4.

Summary and conclusions

This is a pilot study for a more complete analysis to understand the
stellar population of bulges and their relation to the diﬀerent structures using
integral field spectroscopy. We present the analysis of the kinematics and the
stellar population parameters of three diﬀerent galaxies hosting bulges with
increasing complexity. Our aim is to characterize and quantify the properties
and contribution of the distinct stellar populations in the diﬀerent types of
bulges to constrain the galaxy formation and evolution models. To achieve
our goals, we use Integral Field Spectroscopy data with high spatial (the
field of each spaxel is 1” ×11”) and spectral (FWHM ∼ 1 Å) in a wavelength
range from 3500 to 6000Å). This instrumental setup allows us to study the
inner regions in galaxies with high precision, and carry on an analysis from
diﬀerent points of view, like indices (see Section 3.3.4) or full spectral fitting
(Section 3.3.5).
We obtain 2D results in terms of diﬀerent stellar ages, establish their
contribution to the mass and light profiles of the galaxy, and measure the
epoch of formation of each stellar component, putting limits to the galaxy
formation models.
From the kinematics, ages and metallicities of the stellar populations, we
deduce diﬀerent formation scenarios for the three galaxies:
NGC5701 consists basically in one stellar population with roughly solar
(or slightly subsolar) metallicity. In this galaxy, up to 80 % of the mass
was formed before redshift 4, being uniformly distributed along all radii.
The nuclear spiral, despite it is a very weak feature, is detected by
means of the light contribution. The stellar bar does not appear as a
diﬀerent stellar population, probably because the bulge dominates the
spectra in the FoV of the instrument or because it is an old bar formed
by stellar populations similar to that in the bulge (Sánchez-Blázquez
et al., 2011).
In NGC6753 we find an old metal-rich centre, extremely high σ outside
the core and a significant proportion of intermediate-age stars. The
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stellar component of the inner ring is detected in the h4 map, and is
consistent with the detection of the emission lines from the ionized gas.
Nevertheless, the main stellar component in this galaxy is, again, old ,
with ages ≥10.4 Gyr.
NGC7552 presents three diﬀerent components: an inner starburst ring,
a high σ ring and a disc component. The inner ring is detected as a
large contribution of the young stellar populations in this region, which
present a wide range of metallicities, from solar to sub-solar. The inner
side of the ring is formed by an old, metal-poor component, followed
into a region where two components can be distinguished, one with
intermediate stars and solar metallicity and a young one with subsolar
metallicity, trend which continues at higher radii. As happened for the
other two galaxies, a significant fraction of the stellar mass comes from
very old stars.
We find that, for every morphological type, the stars are formed at the
very beginning of the life of the galaxy. This is particularly true for early type
galaxies. We find the importance of the bar in the evolution of these three
galaxies, as the two barred ones in the sample present a high contribution of
young stars in the central regions, which is not found in NGC6753.
We compare our results with the simulations. Our observations are compatible with a two stage scenario for the formation of the bulge, as predicted
by Obreja et al. (2013), which consists in a rapid formation of an old bulge
structure followed by a slower formation of a second bulge component. However we find a disagreement in the amount of mass formed. We find that
between 50 % (in late type galaxies) to 80 % (in early type galaxies) of the
mass is formed by stars older than 10 Gyr, while simulations predict less than
50 %. This suggests a higher eﬃciency in the star formation in the past, or
diﬀerent evolutionary paths.
We are aware of the low number of galaxies in our sample, so we do
not claim that our results are representative of all galaxies. However, all our
results point to the same conclusion, which is the high fraction of stars formed
in the early epochs of the Universe.

Chapter 4
Disentangling stellar populations
4.1.

Introduction

We show in Chapter 3 the importance of disentangling the stellar populations underlying the galactic bulges. There we characterized the bulges
of three galaxies of diﬀerent morphologies, from early to late type galaxies
(NGC5701, NGC6753 and NGC7552). This analysis reveals that bulges are
complex structures, and that the classification of bulges and pseudobulges
not only obeys to photometric reasons, but also to diﬀerent underlying components.
In Chapter 3 we separated old, intermediate and young stellar populations
by making cuts in the stellar age distribution at 1.5 and 10 Gyr. However, this
cuts do not attend to any physical reason, but the convenience of redshifts 0.1
and 21 , which are found very often in the literature. However, to understand
the physical processes leading to the formation of galactic bulges is necessary
to disentangle the stellar populations properties (age and metallicity) of all
the diﬀerent components that constitute this structure, diﬀerentiating them
through their kinematics and morphology. This is a very complicated task, as
the eﬀect that metallicity, age, and velocity dispersion have on the absorption
lines can be similar. Furthermore, recovering the star formation history of
several subcomponents from an integrated spectrum is an ill conditioned
problem (e.g. Moultaka and Pelat, 2000; Moultaka et al., 2004).
Studies focusing on decoupling the stellar populations are very recent.
Apart from Seidel et al. (2015) there are some previous works which are
1

with a ΛCDM cosmology with H0 =68.14 km/s/Mpc, and ΩM =0.30. However, the
conversion of ages to redshift is only approximate, as the stellar population ages span to
17.8 Gyr, which is much larger than the current estimates of the age of the Universe (13.4
Gyr).
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worth to summarize here. Coccato et al. (2011, 2013, 2014) disentangled the
populations kinematically by synthesising the spectrum using two components; but only for counter-rotating discs or polar rings which have diﬀerent
kinematics. Johnston et al. (2013) recovered the spectra of two components
by a bulge-disc photometric decomposition at each wavelength of the whole
spectrum for a sample of S0 galaxies; assuming that only this two components are present. Our starting point is more similar to Ocvirk et al. (2008),
in which the characterize the kinematics and age of the bulge and the disc in
NGC4030 using full spectral fitting with STECKMAP. Despite the kinematics
and ages are free parameters, they had to fix the metallicity, which can bias
the results because of the age-metallicity degeneracy.
In this Chapter we develop a new technique to disentangle stellar populations, which constitutes a step forward with respect to the methodology used
before. Now we are able to determine not only the ages of the stellar populations, but also their individual kinematics and metallicities without making
an a priori assumption about the number of stellar subcomponents. We only
make two hypothesis: 1) the star formation history of each component follows
a delayed τ -model and 2) the velocity of the individual components follows
a Gaussian distribution.

4.2.

Sample and observations

The data used here consists in the same three galaxies that we analysed
in Chapter 3. For more information about the sample and observations, see
Section 3.2

4.3.

A new method to disentangle stellar populations

The method we have developed has the following steps:
Run STECKMAP to recover the stellar age distribution (SAD), line-ofsight velocity distribution (LOSVd) and the age-metallicity relation
(AMR).
Calculate the mean velocity and the velocity dispersion (σ) from the
previous step and re-run STECKMAP fixing these parameters. With this
step, we minimize the eﬀect of age-σ and Z-σ degeneracies (Koleva et
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al., 2008b; Sánchez-Blázquez et al., 2011). This is explained in more
detail in Section 4.3.1.
Estimate the number of stellar populations in the galaxy from the age
and velocity distributions using Bayesian statistics (see 4.3.2 for details).
Fit the age distributions with delayed τ -models and the velocity distribution with Gaussian curves, with a number of distributions equal to
that estimated in the previous step (see 4.3.3). A delayed τ -model has
the following expression:

SF R = A · (t − t0 ) · e

t0 −t
τ

, for t < t0 , with t0 being the age at which the star formation begins, and τ the time scale of the starburst. We will consider the age of
the population, the age at which the maximum of the SFR is, which
corresponds to t0 − τ
Associate the parameters of the distribution. We will explain this step
in more detail in Section 4.3.4.

Before analysing the galaxies with this methodology, we run a series of
tests to check the reliability of the technique and to tune the parameters in
STECKMAP. These parameters consist in a set of smoothing values and operators (see Sect. 2.4 for more details), which are used to regularize the solution
given by STECKMAP. This regularization consists in penalizing sharp distributions, favouring smooth solutions. These tests are made using synthetic
spectra, resulting from a combination of stellar populations with diﬀerent
ages, metallicities, kinematics and contributions to the spectrum. Also, diﬀerent shapes for the SFH of the populations are considered. With these tests
we study how this methodology behaves in diﬀerent situations, specially how
it deals with degeneracies and its weak points in diﬃcult situations, where
the individual stellar populations have similar properties. The information
about the characteristics of the stellar populations included in each test is
summarized in Table 4.1.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
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Contribution
( %)
[0.5, 0.5]
[0.5, 0.5]
[0.5, 0.5]
[0.85, 0.15]
[0.85, 0.15]
[0.85, 0.15]
[0.15, 0.85]
[0.15, 0.85]
[0.15, 0.85]
[0.5, 0.5]
[0.5, 0.5]
[0.5, 0.5]
[0.85, 0.15]
[0.85, 0.15]
[0.85, 0.15]
[0.15, 0.85]
[0.15, 0.85]
[0.15, 0.85]
[0.5, 0.5]
[0.5, 0.5]
[0.5, 0.5]
[0.85, 0.15]
[0.85, 0.15]
[0.85, 0.15]
[0.15, 0.85]
[0.15, 0.85]
[0.15, 0.85]
[0.5, 0.5]
[0.5, 0.5]
[0.5, 0.5]
[0.85, 0.15]
[0.85, 0.15]
[0.85, 0.15]
[0.15, 0.85]
[0.15, 0.85]
[0.15, 0.85]
[0.25]
[0.16, 0.84]
[0.16, 0.84]
[0.33, 0.66]
[0.09, 0.91]
[0.77, 0.08, 0.15]
[0.44, 0.56]
[0.82, 0.18]
[0.64, 0.36]
[0.38, 0.62]
[0.60, 0.27, 0.13]

Velocities
(km/s)
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0, 0]
[0, 100]
[0, 100]
[0]
[300, 10]
[250, 5]
[200, 5]
[100, 200]
[250, 100, 5]
[100, 300]
[200, 50]
[350, 50]
[100, 400]
[50, 200, 50]

σ
Age
[Z/H]
(km/s)
(log yr)
[100, 100]
[10, 1]
[0.0, -0.4]
[100, 100]
[10, 1]
[0.0, -0.4]
[100, 50]
[10, 1]
[0.0, -0.4]
[100, 100]
[10, 1]
[0.0, -0.4]
[100, 100]
[10, 1]
[0.0, -0.4]
[100, 50]
[10, 1]
[0.0, -0.4]
[100, 100]
[10, 1]
[0.0, -0.4]
[100, 100]
[10, 1]
[0.0, -0.4]
[100, 50]
[10, 1]
[0.0, -0.4]
[100, 100]
[10, 1]
[-0.4, 0.0]
[100, 100]
[10, 1]
[-0.4, 0.0]
[100, 50]
[10, 1]
[-0.4, 0.0]
[100, 100]
[10, 1]
[-0.4, 0.0]
[100, 100]
[10, 1]
[-0.4, 0.0]
[100, 50]
[10, 1]
[-0.4, 0.0]
[100, 100]
[10, 1]
[-0.4, 0.0]
[100, 100]
[10, 1]
[-0.4, 0.0]
[100, 50]
[10, 1]
[-0.4, 0.0]
[100, 100]
[5, 5]
[0.0, -0.4]
[100, 100]
[5, 5]
[0.0, -0.4]
[100, 50]
[5, 5]
[0.0, -0.4]
[100, 100]
[5, 5]
[0.0, -0.4]
[100, 100]
[5, 5]
[0.0, -0.4]
[100, 50]
[5, 5]
[0.0, -0.4]
[100, 100]
[5, 5]
[0.0, -0.4]
[100, 100]
[5, 5]
[0.0, -0.4]
[100, 50]
[5, 5]
[0.0, -0.4]
[100, 100]
[10, 1]
[-0.4, -0.4]
[100, 100]
[10, 1]
[-0.4, -0.4]
[100, 50]
[10, 1]
[-0.4, -0.4]
[100, 100]
[10, 1]
[-0.4, -0.4]
[100, 100]
[10, 1]
[-0.4, -0.4]
[100, 50]
[10, 1]
[-0.4, -0.4]
[100, 100]
[10, 1]
[-0.4, -0.4]
[100, 100]
[10, 1]
[-0.4, -0.4]
[100, 50]
[10, 1]
[-0.4, -0.4]
[100]
[1, 10, 1, 10]
[0.0, 0.0, -0.7, -0.7]
[100, 300]
[8.8, 10.1]
[0.40, 0.13]
[50, 200]
[8.8, 10.1]
[0.49, 0.46]
[50, 350]
[9.6, 9.6]
[0.46, 0.34]
[200, 400]
[8.1, 9.5]
[0.28, 0.21]
[50, 50, 200] [8.7, 8.9, 10.1] [0.49, 0.20, 0.11]
[300, 10]
[9.6, 59]
[0.00, 0.18]
[5, 250]
[9, 10.1]
[0.00, -0.70]
[5, 200]
[9.7, 10.1]
[-0.30, 0.0]
[200, 200]
[10.1, 8.13]
[0.28, 0.21]
[250, 5, 100] [8.9, 9.5, 10.1] [0.40, 0.00, -0.30]

SFHs
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delta
Delayed
Delayed
Delayed
Delayed
Delayed
Delayed
Delayed
Delayed
Delayed
Delayed

τ
τ
τ
τ
τ
τ
τ
τ
τ
τ

Table 4.1: Parameters of the tests. From left to right: test number, contribution to the flux of the spectrum of the diﬀerent subcomponents, mean
velocity, velocity dispersion, mean age, mean metallicity and star formation
history of the stellar populations inclueed in each spectrum.
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To illustrate the methodology in the following sections we use the test
number 47 (see Table 4.1 for more info) because it is the most complex of
all of them. The conclusions concerning the rest of test cases can be found
in Section 4.3.6.

4.3.1.

Free vs. fixed kinematics

We run STECKMAP (masking the emission lines in a region as narrow as
possible) for each individual spectrum. with Pegase-HR models (Le Borgne
et al., 2004; Prugniel et al., 2007) as basis.
The analysis of stellar populations through full spectral fitting is aﬀected
by several physical degeneracies, in particular the age-metallicity and the
metallicity-sigma degeneracies. The first one is greatly reduced when a full
spectral fitting is performed (as opposed to a Lick-indices analysis Conroy,
2013; MacArthur et al., 2009; Sánchez-Blázquez et al., 2011) while the second
can be greatly reduced by fixing one of the two parameters (sigma or metallicity Chilingarian, 2006; Koleva et al., 2008a). We first calculate the LOSVd2
and then recalculate the SAD fixing the velocity and the velocity dispersion
as mean and the standard deviation of the LOSVd. Using Montecarlo (MC)
simulations, uncertainties can be estimated for each distribution.
Figure 4.1 shows a comparison between the results obtained with free and
fixed kinematics. As can be seen SAD and AMR are diﬀerent with free and
fixed kinematics. The choices which best replicated the input in the tests
resulted from taking the SAD and the AMR when the kinematics is fixed.

4.3.2.

Estimating the number of stellar populations

Estimating the age, metallicity, radial velocity and velocity dispersion for
an undetermined number of stellar populations from a single spectrum is an
ill-conditioned problem with too many parameters. One way to reduce the
number of parameters is to assume the shape of some of the distributions. In
particular, we consider that the star formation history can be described by
a delayed τ -model and that the line-of-sight velocity distribution is shaped
as a Gaussian.
A key step of the procedure is the derivation of the number of stellar
populations in a particular region. As we are using parametric models, we
can minimize a statistical indicator of the fit to the global distribution using
a number of individual distributions. χ2 is a widely used estimator, but it
has the issue that it tends to decrease with the number of parameters (the
2

We calculated it using GANDALF.
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Figure 4.1: Comparison of the stellar age distribution (top panel) and agemetallicity relation (middle panel) with free (black), fixed (red) kinematics
and for the synthetic spectrum (blue). Bottom panel shows a comparison
between the calculated velocity distribution (black) and a Gaussian curve
with the same mean and standard deviation. The diﬀerent intensities (from
dark to light) in the colour indicate 1, 2 and 3σ deviations from the calculated
value at each point.
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number of diﬀerent stellar subcomponents, in our case; see, e.g. Mighell, 1999,
2000).
To decide how many diﬀerent components are contributing to the integrated spectrum we have decided to use the Bayesian Information Criterion
(BIC, Schwarz, 1978). This criterion basically consists in adding a penalization to the estimator of the quality of the fit when the number of populations
is increased. A revision of the results is made to ensure that the number of
populations and their characteristics are reasonable.
We start by fitting the SAD and LOSVd with a number of components
that can vary from 1 to 6. For each number of components we run 500 MC
simulations. In each MC simulation we choose diﬀerent initial fitting values
(age and velocity) of each component in a random way, following a probability
distribution equal to the SAD or LOSVd. We choose the solution with the
lowest BIC of the 500 MC simulations.
Figure 4.2 shows the estimation of the number of stellar populations based
on BIC and χ2 for the test case used as example. As can be seen, χ2 decreases
monotonically with the number of populations, whilst the BIC reaches a
minimum when the number of populations is 3. In the bottom panels, we
plot the fits which the estimators suggest.
A closer look to the fits shows that one of the three populations has a
contribution compatible with zero, and age and kinematics similar to one of
the other populations, so we consider those two populations as just one SSP.
In the next section (4.3.3) this is explained with more detail.

4.3.3.

Fitting the distributions

In the previous section we fit the distributions modifying only the initial
conditions. Now, to derive uncertainties, we keep fixed the initial conditions
and modify the points to be fitted. We run 500 MC simulations in which we
take, at each age or velocity, a random value from a Gaussian distribution
centred on the mean value and a width equal to the dispersion of the values
given by STECKMAP. The “initial conditions” for the fit are the same in each
MC simulation and are those obtained in the previous step. In total we derive
eight parameters for each stellar population, which are: wage,i , the contribution (measured as a luminosity fraction) to the stellar age distribution; A0,i ,
the age of the first stars of each stellar population; τi , the time between A0,i
and the maximum of each distribution; wvel,i , the contribution (in luminosity,
again) to the velocity distribution; vi , the mean velocity of the stellar population; σi , its velocity dispersion; Zi , the mean metallicity calculated as the
weighted average of the AMR with the age distribution of each population;
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Figure 4.2: Estimation of the number of populations. Using the stellar ages
distribution (SAD, on the left) and the line of sight velocity distribution
(LOSVd, on the right), both in grey lines, derived from STECKMAP. Top panels
show the variation of BIC and χ2 values, normalized for better comparison.
Bottom panels show the distributions and the fits which minimize BIC and
χ2 .
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and σZ,i , which is the weighted standard deviation of the metallicity.
Usually the results are given in the form “mean ± uncertainty”. This
assumes that the uncertainties follow a Gaussian distribution, which may not
be true. Instead of this, we give the uncertainties as a density function built
with the results of the MC simulations described in the previous paragraph.
These density functions give the probability that a parameter takes a given
value. Figure 4.3 shows the density functions of the parameters calculated
for the three populations in this test.
Figure 4.4 shows the fits for the SAD and the LOSVd using the three
populations, considering the values which best fit these distributions using
three diﬀerent stellar components.

4.3.4.

Associating parameters

Up to now we have disentangled the kinematics and the age distribution
of the stellar population separately, but we have not related one with the
other yet.
STECKMAP returns an AMR relation, which gives the metallicity of the
stars at a given age. It also returns the SAD, which gives the flux fraction as
a function of the age of each population. The luminosity-weighted value of
the metallicity of each stellar population is calculated simply as the average
of the AMR weighted with the SAD of each individual stellar population.
To relate ages and kinematics, we first thought about using the contribution of the SSPs to the SAD and the LOSVd. However, they are not necessary
the same. This makes necessary an assumption, which is to consider that older populations have larger velocity dispersion. This assumption is based on
observational evidence in the Milky Way of an age-sigma relation (Nordström
et al., 2004; Holmberg et al., 2007) and on observations of bulges with integral
field units, suggesting that young populations, when present, are associated
to colder kinematics, which still preserve their initial angular momentum.
For a better visualization of the results, we designed age-metallicitykinematics (AMK) diagrams, based on the age-kinematics diagrams in Ocvirk
et al. (2008), but including the metallicity. In the AMK diagrams, the age,
metallicity and kinematics of each individual stellar population can be seen
at first sight. The diagram for the testcase used is shown in Fig. 4.5, which
will be explained in detail in the next section.
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Figure 4.3: Density functions of the eight values calculated for the testcase
serving as example (see details in text).
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Figure 4.5: Age-metallicity-kinematics diagram for the test case number 47.
On the left, a representation of the age vs. the velocity is displayed. On the
right, the age vs. the metallicity. The intensity of the shadow is proportional
to the flux fraction of stars at that given age, metallicity and kinematics.
Red, green and blue dots represent the maximum of the age and velocity
distributions and the error bars indicate the recovered velocity dispersion
of each population. Solid lines represent the values of the age, metallicity
and kinematics chosen for the synthetic spectrum. Dashed red and black
vertical lines represent the velocity dispersion of the populations from which
the spectrum was built.
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Input vs. output

For this test case we recover two stellar populations, which are very easily
seen in Fig. 4.5. In the diagrams shown in this figure, if this methodology
worked perfectly, the dots should fall exactly on the intersections of the solid
lines, and the error bars should extend up to the dashed vertical lines. This
happens for the kinematics and ages, where all the parameters are compatible
with the input (given the uncertainties in the parameters). For the metallicities, there is less agreement, but the uncertainties in these parameters are
larger than in the kinematics.
In the next table we summarize the results obtained for this particular
test case and the input values used to produce the synthetic spectrum.
Parameter
W eight
log(Age (Gyr))
v (km/s)
σ (km/s)
Z

Input 1
0.77
8.71
-250
50
0.069

Recovered 1
0.03
7.66
-257
57
0.062

Input 2
0.076
8.89
-100
50
0.032

Recovered 2
0.67
9.42
-105
55
0.005

Input 3
0.15
10.1
-5
200
0.026

Recovered 3
0.30
10.1
-66
143
0.004

Table 4.2: Comparison of the recovered values and the input values.

4.3.6.

A big set of tests

We chose one of the tests (test number 47) to illustrate how the methodology works. Apart from that, we ran a large series of tests, combining a
diﬀerent number of stellar populations, with diﬀerent kinematics, ages, metallicities and star formation histories. In total, more than 40 diﬀerent combinations were tested, with the same spectral resolution, wavelength range
and similar SNR than the spectra of the galaxies in the sample. The combinations were chosen to cover a lot of points in the parameters space, putting
especial attention on the degeneracies.
The main conclusion is that the combination of STECKMAP and the decomposition works well in most of the cases, always recovering at least the age
and kinematics with small errors. The metallicity values are more diﬃcult to
recover, but we can always stablish an approximate age-metallicity relation
(i.e., the method works at establishing if the younger population is also more
metal rich or the other way around). However, there are some issues we had
to learn to deal with:
In some cases the SAD shows a contribution of an extremely young
stellar population. We know that this population is spurious because
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we observed it using synthetic spectra, in which we know the age distribution. Moreover, if we modify the age limits in which the SFH is
calculated, this young population always appears at the lower limit.
With the expertise in our group using STECKMAP we know that the solution is to increase the precision in the calculation of the SNR. After
calculating the SNR with several algorithms, the option which estimates the SNR with higher accuracy is the algorithm DER_SNR (Stoehr
et al., 2008, recommended by the International Virtual Observatory
Allianz3 ). This method consists in comparing the median signal with
the median noise to estimate the SNR of the whole spectrum. When
a reliable estimator of the SNR is included in STECKMAP, the spurious
young population disappear from the solution.
For some tests only one Gaussian curve is necessary to fit the LOSVd,
but more than one delayed τ -models are necessary to fit the SAD.
In these cases we assume that both populations have the same kinematics, and we split that Gaussian curve in two (Gaussian) velocity
distributions with the same mean velocity and velocity dispersion and
a contribution to the total LOSVd equal to the contribution to the SAD
If the spectrum is dominated by old stars, it is more diﬃcult to recover the young populations when separating the age distributions.
For instance, in “test case 4” we recovered only a 5 % of young stellar
populations, whilst the input was 15 %. However, if the spectrum is
dominated by young stars, the scenario is the best possible one.
We test also what happens if there are two stellar populations with the
same or similar ages. In this case, STECKMAP cannot recover properly
the SAD, because it works with mean properties at a given age. What
happens here is that the SAD is spread. However, we still can recover
the stellar populations, but at a cost of a large spread in the metallicity
distribution.
When a spectrum is composed by four diﬀerent stellar populations (in
our particular case, resulting of the combination of two ages (1 and 10
Gyr) and two metallicities (0.02 and 0.004), each of them with the same
contribution to the total luminosity and kinematics, which makes it
highly degenerated) the methodology recovers two stellar populations
with ages very similar to that of the input. The kinematics can be
fit with only one Gaussian curve centred on zero and a width close
3

http://www.ivoa.net/documents/latest/SpectrumDM.html
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to the input velocity dispersion. Therefore, even when the case is as
degenerated as possible, we can still estimate the stellar populations
contributing to the spectrum.
Metallicity is the most aﬀected parameter by degeneracies, especially
when several stellar populations are combined. The uncertainties in
the metallicity are large, and sometimes absolute values of the metallicity are not reliable. Moreover, STECKMAP does not return metallicity
distributions (as it does for the age and the velocity), but the mean
metallicity of the stars at a given age. However, even in cases in which
absolute values are not good, we can still conclude if a stellar population
is more or less metal-rich than other.
It is worth mentioning that we have built synthetic star formation histories to test the method and, in some cases, we have thought of those scenarios
that are more diﬃcult to recover. For example, sometimes we have assumed
that the properties of the diﬀerent subcomponents are very similar (and,
therefore, diﬃcult to disentangle with STECKMAP. We have also tested the
method with star formation histories consisting in instantaneous bursts with
diﬀerent metallicities. this type of scenario is very diﬃcult to recover with
STECKMAP, as this code favours those solutions where the fluxes and metallicities change smoothly with time. Star formation histories in observed galaxies
should be easier to recover with our method.

4.3.7.

The methodology on real data

Now it is time to move to the real galaxies, in which the process is almost
exactly the same as for the test cases, but needs some adjustments.
First of all we have to reach enough SNR to obtain reliable results. Our
aim when planning the observations was SN R ≥ 100 in the inner regions,
as suggested by Ocvirk et al. (2008). However, owing to bad weather, this is
not possible. For this reason we have to bin the data. We binned the galaxies
in three regions, one of them covering the central parts of the bulge, and the
other two symmetric respect to the kinematical axis found in Section 3.3.2.
Fig. 4.6 shows the three regions overprinted on an image built by collapsing
the data cube.
STECKMAP does not impose a priori conditions, except positive and smooth
solutions. The smoothness can be controlled by means of a series of parameters which can be tuned in STECKMAP. We used the test cases to adjust the
smoothing parameters, but some fine tuning is still necessary, as the smoothing parameters not only depend on the instrumental setup, but also on the
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Figure 4.6: Binning of the spectra in the three galaxies of the sample. The
images are built by collapsing the data cube along the spectral direction. The
overprinted contours indicate the regions from which the spectra are binned.
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particular spectrum.
When estimating the number of components, we run a large number of
simulations with random initial conditions, trying to find the best possible fit
in terms of BIC. However, “large” does not necessarily mean “large enough”,
especially when the distributions are not smooth. In some cases a visual
inspection of the fit reveals that it is not good enough (even when it has a
good BIC). For example, in NGC5701 (see Fig. 4.7), there is a population of
young stars (log Age ≃ 7.2) which is not included in the best fit considering
BIC. We think that this population is real, as the contribution is compatible
with being larger than zero, and it appears in the two outer regions. In
these cases we have to disobey the statistics, and stablish by hand the initial
conditions or the number of components, always from a conservative point of
view, trying not to include spurious populations, and checking that the BIC
is similar to the best one obtained with the random initial conditions.
Figures 4.7, 4.8 and 4.9 show the estimation of the number of stellar
populations for the three galaxies in our sample. We proceed to analyse the
three galaxies separately.
After this step for the three galaxies, we end up with three populations
for NGC5701 and NGC6753, and four populations for NGC7552. Their properties are discussed in the next Section.

4.4.

Results

We have decomposed the stellar populations in the three bulges. Figs.
4.10, 4.11 and 4.12 show the AMK diagrams for all of them.

4.4.1.

NGC5701

Figure 4.10 shows the AMK diagrams for NGC5701, in which we find
three diﬀerent components.
We find two very old components (> 10 Gyr) with a low rotational velociy
and a large velocity dispersion. The metallicity of these old stellar populations
is subsolar in the central bin, but supersolar in the outer regions. However,
the uncertainties in the metallicity are too large to extract any conclusions
about gradients in metallicity. The two old populations are similar in age,
but the diﬀerences in the metallicity are significant. Although the two populations appear to have similar velocities, they show apparent diﬀerences in
the velocity dispersion.
We also find a young population (log Age ≃ 7.2) with the same stellar
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Figure 4.7: Estimation of the number of populations for the three regions in
NGC5701. This figure is similar to Fig 4.2, using the same colour coding.
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Figure 4.8: Estimation of the number of populations for the three regions in
NGC6753.
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Figure 4.9: Estimation of the number of populations for the three regions in
NGC7552.

4.4. Results

93

properties in the two outer regions. Its radial velocity is around 200 km/s,
and its velocity dispersion is very low, around 15 km/s. Its metallicity is
subsolar (Z=0.01). The properties of this population are compatible with a
disc or an inner spiral. The contribution of this population is very low (∼ 3 %
in light). As the disc in this galaxy is too faint to be detected (Gadotti and
de Souza, 2003; Gadotti, 2008) and the inner spiral detected by Erwin and
Sparke (2002) is big enough to contribute to these bins (r≃ 10′′ ), we conclude
that this young contribution is the stellar component of the inner spiral.
We can compare our results obtained with the mean values of the parameters obtained without decomposing diﬀerent stellar populations. We calculate
the average properties of our results, and compare with the values calculated
with the techniques described in Chapter 3. The mean ages and kinematics
are in very good agreement. The metallicity is not in that good agreement.
The diﬀerent stellar population models used (with diﬀerent ranges of age and
metallicity) can explain these discrepancies. Here we use Pegase-HR, whilst
in Chapter 3 we use MILES. Using MILES implies that the spectra have to
be degraded to match the resolution of the stellar population models (2.51Å
Falcón-Barroso et al., 2011). However, despite all these caveats and given the
uncertainty in the derivation of the metallicities, the resultsare compatible
with those obtained in the previous Chapter.

4.4.2.

NGC6753

We decompose this galaxy in three diﬀerent populations, shown in the
AMK diagram in Fig 4.11
As in NGC5701, we find a double component (red and green symbols)
in the bulge characterized by broad velocity distributions peaking near 0
km/s.These two populations have diﬀerent properties, with one having larger
velocity dispersion and metallicity than the other.
The star formation ring in this galaxy (see Crocker et al., 1996, and
Chapter 3) is detected as a very young population (blue symbols), with a clear
rotational kinematics (high rotational velocity and low velocity dispersion)
and solar metallicity. The mean velocities, velocity dispersions mean ages
and metallicities are compatible with those derived in Chapter 3.

4.4.3.

NGC7552

Figure 4.12 shows the diagrams for the three regions of NGC7552. We
find four diﬀerent stellar components in the bulge of this galaxy.
The population of stars older than 10 Gyr, in this case, can be charac-
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Figure 4.10: Age-metallicity-kinematics diagrams for NGC5701. These diagrams relate the age (vertical axis) with the velocity (horizontal axis in the
left panels) and the metallicity (right panels). The diagrams for the three
regions in the galaxy are represented from top to bottom. The dots represent the maximum of the contribution for each population in age, metallicity
and velocity. The velocity dispersion of each population is represented by
the errorbars. The horizontal projection of these panels is the SAD, the vertical projection of the left panel is the LOSVd of the synthetic spectrum.
The AMR can be reconstructed from the right panel. The SAD, AMR and
LOSVd of this synthetic spectrum are plotted in Fig. 4.1.
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Figure 4.11: Age-metallicity-kinematics diagrams for NGC6753. Symbols represent the same as in Fig. 4.10
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terized by just one component (black symbol) which, in this case, has lower
metallicity in the outer regions (the opposite as happened in NGC5701 and
NGC6753), showing super solar metallicity in the centre, and not showing in
the outer regions.
The intermediate age component is characterized by one stellar populations. It does not show a clear rotation (≤ 40 km/s), probably due to the
inclination of the galaxy, which is almost face on. This population has roughly
solar metallicity in the three regions.
Again, the star formation is revealed through the recently formed stars
(black and blue symbols in the outer regions). In NGC7552 the young stars
have very low metallicities, that can be explained by constant primordial (or,
at least, very little evolved) gas flows.
The evolution of this galaxy is very diﬀerent from the other two, having a
larger contribution of young stars. The kinematics and the metallicity of the
bulge are not very diﬀerent to that of the disc, which makes it compatible
with a pseudobulge.

4.5.

Discussion and conclusions

We develop a new technique to disentangle the diﬀerent stellar components that form the bulges of galaxies. We test this methodology with synthetic spectra, and establish its limitations and weak points, concluding that,
in real galaxies, the conditions are good enough to properly disentangle the
stellar populations.
We are able, for the first time, of recovering the whole set of parameters
(velocity, velocity dispersion, age and metallicity) of each component in the
bulge. We applied this technique to the three galaxies observed with WiFeS
(see Section 3.2 for more information) that we already analysed in Chapter
3. Comparing the results obtained with the decomposition with those obtained by averaging the distributions given by STECKMAP, we see that both are
compatible.
We find that NGC5701 has a bulge formed by a 99 % of stars with ages
higher than 5 Gyr. Indicating that the bulge formed in early processes. However we find three diﬀerent populations in our decomposition of kinematics
and ages:
a population with a luminosity weighted age of 204 Gyr, a null rotational velocity, a velocity dispersion of 125 km/s and contributing a
4

This age is larger than the current estimate for the age of the Universe (13.7 Gyr),
but the stellar evolution models need this age to fulfil the observations.
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Figure 4.12: Age-metallicity-kinematics diagrams for NGC7552. Symbols represent the same as in Figs. 4.10 and 4.11
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51 % in luminosity and .... % in mass. This population has a metallicity
Z=0.016, compatible with its velocity dispersion (Thomas et al., 2005).
a second population with a luminosity weighted age of 10 Gyr, rotating at 50 km/s and a velocity dispersion of 85 km/s. This population
contributes a 46 % in luminosity and .... % in mass. The metallicity of
this population is Z=0.01, which is also compatible with its velocity
dispersion.
a third population rotating with a velocity of 150 km/s and a very low
velocity dispersion (15 km/s) and a metal content of 1 %. This galaxy
contributes a 3 % (which is a negligible contribution in mass) and only
in the two outer regions.

This young population is probably due to the nuclear spiral (Erwin and
Sparke, 2002). This galaxy lacks of gas, except for this inner spiral, which discards gas inflows from the intergalactic medium in this galaxy. The other two
populations are old and a kinematics not very diﬀerent. However the results
are consistent in the three regions (which are analysed in an independent
way), which makes us more confident about them. These two populations
could indicate that the bulge form in two diﬀerent stages, as some simulations predict (i.e. Obreja et al., 2013). However, these simulations predict
that the epoch of formation of bulges is between redshifts 1 and 3 (corresponding to ages of the Universe of 2 and 5), which is later than the epoch of
formation of the stars in the bulge of this galaxy.
We find that the bulge in NGC6753 is formed also by a large fraction (60 %
in luminosity) of stars with ages higher than 8 Gyr. We find the following
populations in this galaxy:
a population with 20 Gyr, supported by velocity dispersion (vrot =4
km/s, σ=210 km/s), and supersolar metallicity (Z=0.032).
a younger population, with a mean age of 3 Gyr, rotating at 75 km/s
and with a velocity dispersion of 40 km/s. This population is less metalrich than the previous one, with a metallicity of Z=0.0075.
the third population is the youngest (20 Myr) in this galaxy. This population also is the one which is rotating faster (vrot =200 km/s, σ=45
km/s) and roughly solar metallicity.
The two older populations show similar properties to that in NGC5701,
also being compatible with the double-stage formation scenario for this bulge.
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Again the ages of the stellar populations in the bulge is larger than those
predicted by the galaxy formation models. The young population traces the
star formation ring which is present in this galaxy. As can be seen in Fig.4.6
his ring is only covered by the bins of the two outer regions. However, the
young population is also present in the inner region, which could indicates
that stars are being transported to the inner region from the ring.
We find that NGC7552 is dominated by young stars. However, there is a
large contribution of old stars (around 40 % in luminosity). We decompose
this bulge in three diﬀerent stellar populations:
the oldest stellar population (16 Gyr) has a velocity dispersion of 124
km/s, with a very low rotational velocity (15 km/s). Its metallicity is
roughly solar (Z=0.02).
a stellar population with a mean age of 1 Gyr, with a rotation of 40
km/s and a velocity dispersion of 75 km/s. It also has a metal content
compatible with solar metallicity.
The fourth population is the youngest (2 Myr), and it is rotationally
supported (vrot =30 km/s, and σ=8km/s). The metallicity of this population is the lowest in this galaxy, with Z=0.006.
NGC7552 does not show a double component compatible with a classical bulge, suggesting a diﬀerent evolutionary scenario than in NGC5701
and NGC6753. In mean, it is the youngest galaxy of the three, with less
contribution of old stars than in the other two. The properties of the stellar populations in this galaxy (supported by rotation and with low velocity
dispersion) makes it compatible with a discy pseudobulge.

Chapter 5
MILES stellar library extension
5.1.

Introduction

A significant fraction of the observing time in large telescopes is dedicated
to studies aiming at understanding the stellar content of galaxies at high and
low redshift. In the last decade stellar populations studies provided among
the most severe restrictions to our current view of how galaxies form and
evolve (e.g. Kauﬀmann et al., 2003b). Such studies require to compare spectroscopic and photometric data with predictions of stellar population synthesis models, which are fed by either theoretical or empirical stellar spectral
libraries. Most accurate studies requiring the analysis of line-strength indices
have been made with the aid of models based on the Lick/IDS stellar library
(Worthey et al., 1994). However the quality of the spectra of this library
is not very good as the observations were performed at the end of the 70ś
using a non-linear detector. The low resolution of this system (FWHM >8.4
Å ) and its variation with wavelength, make the stellar population analysis
diﬃcult and uncertain (Worthey and Ottaviani, 1997).
Furthermore since the Lick spectra have not been flux-calibrated it is not
possible to compute models predicting full SEDs. This limits the analysis
to a number of indices, which prevents us to exploit the full potential of
current observing facilities. In the last years we have published a new library,
called MILES, observed at the INT with the IDS (Sánchez-Blázquez et al.,
2006b). The library consists of 985 stars spanning an unprecedented range
in atmospheric parameters (Cenarro et al., 2007). The spectra cover the full
optical range at constant spectral resolution 2.5 Å FWHM.
MILES is regarded nowadays as the standard library in the field as
its spectral resolution, spectral-type coverage, flux-calibration accuracy and
number of stars represent a substantial improvement over previous libraries.
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The MILES project was completed with a new generation of models that
synthesize spectra of stellar populations based on this library. These models allowed us to safely extend our optical predictions from intermediateto very-old-age regimes and the metallicity coverage from super-solar to
[M/H]= −2.3.
Despite the good metallicity coverage of MILES, these stars are imprinted with the chemical composition of the solar neighbourhood, which results
from the Star Formation History experienced in this region of the Galaxy.
Following this pattern Oxygen (and Magnesium) is enhanced with respect
to Iron for [Fe/H] <−1 decaying to reach zero at solar metallicity (e.g. Edvardsson et al., 1993a,b). Thus models based on MILES (as well as any other
empirical library) are not fully appropriate for massive galaxies, which show
[Mg/Fe] >0 and high metallicity, most likely, as a result of a rapid formation
of the bulk of their stellar populations. A number of eﬀorts have been made
to build models with varying abundance ratios with the aid of theoretical
atmospheres (e.g. Thomas et al., 2003; Coelho et al., 2007). Such models are
however in their infancy and, more importantly, need to be calibrated.
As in MILES the metallicity is traced by the [Fe/H] abundance, i.e. ignoring the varying chemical abundance patterns present in individual stars,
we have recently made an eﬀort to determine the Mg/Fe abundance ratio of
almost 80 % of the stars of MILES (Milone et al., 2011). For this purpose
we have combined the abundance ratio determinations from high resolution
spectra from the literature (e.g. Borkova and Marsakov, 2005) with our own
determinations through a robust spectroscopic analysis using the MILES
spectra, all carefully calibrated to a single uniform scale. In Fig. 2 we plot
the abundance ratio of the MILES stars as a function of [Fe/H]. Note however that for a given [Fe/H] there is a significant scatter in the [Mg/Fe] values.
We are in position to confirm that this scatter allows us to select appropriate subsamples of stars, mainly around solar metallicity, to construct reliable
stellar population models with varying [Mg/Fe] ratios. A preliminary set of
such models has been computed following this approach.

5.2.

Sample Selection and Observations

The stars in each run are observed with the Intermediate Dispersion Spectrograph (IDS, with the EEV10 CCD) with three diﬀerent instrumental setups :
Red setup: using the R632V grating, which allows a 0.9Å per pixel and
a spectral coverage of 5450-7500Å. The slit in this configuration covers
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Figure 5.1: [Mg/Fe] against [Fe/H] for dwarfs (top panel) and giant
stars(bottom panel) in the MILES library Black points represent the stars of
the first MILES version while coloured points represent the new stars observed in this work. Green and red colours indicate stars observed in the first
and second run, respectively.
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0.7 arcsec on the sky.
Blue setup: using the same R632V grating and slit width, but covering
from 3500-5550Å. To minimize the second order contribution, a filter
was set in the optical path.
Wide setup: using the R300V grating (which allows us to cover the
combined wavelength range of red and blue setup). This setup is designed to measure the flux of the star for calibration purposes so, in
order to not to lose any light from the star, the slit projects 6 arcsec
onto the sky. Also, a filter was introduces in the optical path to avoid
second spectral order contamination. This filter was diﬀerent in both
runs, which will be discussed in Section 5.3.11.

5.3.

Data Reduction

The data reduction process is similar to that in Sanchez-Blazquez (2004)
and Sánchez-Blázquez et al. (2006b) for the MILES library. We use the pac1
kage REDuc
m E (Cardiel, 1999) in most of the steps, but we use Python to do
the renormalization of the spectra and the comparison of the new stars with
similar stars in the library, which will be explained in Sec. 5.3.9. The main
advantage of REDuc
m E is that it allows a proper estimation of the uncertainties by pixel with a parallel processing of data and error frames. All spectra
here, as happens with the original library, have an associated uncertainties
spectrum.

5.3.1.

Cosmic rays deletion

REDuc
m E includes two diﬀerent modules to clean the frames of cosmic
rays, autocos and cleanest. The first one compares similar images to detect variations among them. Variations over a given σ (10σ in our case) are
considered as cosmic rays. This method is useful when a large number of
similar images is available, for example bias, flats and calibration frames in
general. The second one compares the signal in one pixel with the surrounding pixels. If the value exceeds a number of times the standard deviation of
the counts in the near pixels, it is considered as a cosmic ray. This second
method is preferred for the object frames.
1

http://www.python.org
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Figure 5.2: Comparison of a random sample of 20 bias frames (grey) with
the master bias (dashed black line). We are comparing the average along
the spectral (left panel) and spatial (right panel) directions. For the rest of
nights, the shape of the bias frames varies, but the bias are stable each night.

5.3.2.

Bias subtraction

We took at least 50 bias frames at the beginning and the end of each
night. Comparing them we deduced that the bias signal is very stable during
the night. Fig. 5.2 shows this stability for one of the night with a the Blue
configuration.
For each night we calculated an average bias with all bias frames in each
night. In the second run the readout of the CCD was configured with an
overscan region which allows to calculate the bias constant. We fit a smooth
surface to the average bias, obtaining the master bias. With the residuals to
the master bias, we can calculate the readout noise. The constant and the
master bias are subtracted from all frames in the corresponding night.
For the first run, no overscan region was configured, so the master bias
frame includes both the bias constant and the shape of the bias.

5.3.3.

Flat field correction

The flat field correction is done with two diﬀerent types of frames: lamp
flats, to remove high-frequency (pixel to pixel) diﬀerences in the detector
sensitivity; and sky flats, to remove low frequency diﬀerences owing to the
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diﬀerent optical paths of the light from the lamps and the stars. In both
cases, we remove the cosmic rays and the bias signal.
We first calculate an average frame using the lamp flats. This average frame is normalized by dividing it by its mean shape along the spatial direction.
In the case of the sky flats, REDuc
m E includes a routine (nortwi) devoted to
the treatment of these observations2 .
Finally we end up with a master flat field and a master sky flat field.

5.3.4.

Wavelength calibration

We took calibration frames (CuAr + CuNe lamps) at the beginning, the
end and during every night with two diﬀerent exposure times, in order to
detect the faintest lines. The lines in the calibration frames are compared
with the atlas of lines provided by the observatory to relate the position of
the pixel with the wavelength using findmax and findarc. These data are
fitted with fitlin to a 4-order polynomial. This is done for one reference
arc frame of each instrumental setup (the lamps are stable during and along
the nights, not in the intensity of the lines, but in their wavelength).
During the night we took arc frames after observing some of the stars;
therefore, we have stars with an associated arc and stars without it. For the
stars with an associated arc frame, we use the arc closest to the star and the
reference arc frame.
For those stars without an associated arc frame, we calculate the oﬀset
respect to stars of similar spectral type and temperature which do have an
associated arc frame. With this oﬀsets we can calculate a polynomial for each
star which relates the position of the pixel with its central wavelength. Using
these polynomials we can calibrate the wavelength in each frame.
Stars are not still, but moving with respect to the observer. We looked for
the velocity of each star in SIMBAD database and corrected for a little shift
in the wavelength due to this radial velocity. In SIMBAD the radial velocity
is expressed respect to the Sun, not respect to the Earth. Moreover, SIMBAD database is not homogeneus, with radial velocities taken from diﬀerent
sources and, therefore, with diﬀerent accuracies. The correction from these
combined eﬀects is small, but noticeable, so we cross-correlate the spectra of
the stars with a high resolution spectrum of the Sun (0.002 Å /pixel), taken
from the database BASS 20003 . A comparison revealed that the wavelength
calibration is, at least, as good as it is for the stars already in the library.
2

nortwi first corrects from C-distortion, but, as discussed in Sec. 5.3.5, this is not
necessary.
3
http://bass2000.obspm.fr
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Geometric corrections

There are two geometric distortions aﬀecting the frames, called C and S
distortions.
The C-distortion consists in a shift in the central wavelength of the pixels along the spatial direction of the detector. The eﬀect on the spectrum
is that, when collapsing the spectra along the spatial direction, the wavelengths of each scan do not match, and the measured properties of the star
will be incorrect. Arc calibration frames are the best frames to detect and
characterize this distortion. After a careful analysis of the emission lines in
the arc frames, we concluded that no C-distortion was aﬀecting our data, as
the peak of each emission line along the spatial direction had the same pixel
position (see Fig. 5.3). We do not have to correct from this eﬀect.
The S-distortion consists in the spectrum being bent in the spectral direction. If S-distortion is present, more spectra have to be selected, and some
of the pixels included will not have any information, so the signal-to-noise
ratio will decrease. The best way to correct from S-distortion is to calculate
the position of the peak along the spectral direction at each wavelength, and
fit a polynomial to rectify the spectrum. This is done as an iterative process
in order not to use very high order polynomials.

5.3.6.

Atmospheric extinction correction and sky subtraction

We use the routine corrext for correct for the reddening eﬀect of the
atmospheric extinction. This routine uses an extinction curve provided by
the observatory (La Palma, in this case).
We also subtract the sky brightness by fitting a polynomial to the pixels
outside the spectrum of the star at each wavelength. This polynomials allow a
proper subtraction of the sky while preserves the flux of the star and does not
decrease the SNR. The task skysubm in REDuc
m E automatizes this process.

5.3.7.

Flux calibration

All the former processes have been performed in parallel on the Red, Blue
and Wide frames, adapting each point to the particular features of the frame.
For every night we observed flux standard stars, because the MILES library
is flux calibrated.
Due to the instrumental setup, the observed spectra may be aﬀected by
second order contamination (starting from 6700 Å). We use two standard
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Figure 5.3: Emission lines from an arc frame. These lines are in the far end
of the spectrum, where C-distortion is more noticeable. Blue, cyan and pink
lines represent the profile of the lines at diﬀerent scans. As can be seen, the
maximum of the line is at the same channel for every scan, so we do not need
to correct from C-distortion.
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stars to correct for this eﬀect.
Let Sa , Sb be the observed flux of two diﬀerent standard stars, and Ta ,
Tb their tabulated flux. With the second spectral order contribution, these
parameters are related as follows:
Sa = C1 Ta + C2 T2a
Sb = C1 Tb + C2 T2b
where C1 and C2 are the response curves for the first and second spectral orders, and T2a , T2b are Ta and Tb resampled to double the resolution
and shifted 3350 Å to mimic the second order contribution. This system of
equations can be solved to obtain the following expressions for the response
curves:
C1 =

Sa −C2 T2a
Ta

and C2 =

Ta Sb −Tb Sa
T2b Ta −T2a Tb

The flux of a star from 3350 to 6700 Å is:
Sc′ =

Sc
C1

which can be resampled and shifted to calculate its contribution to the
′
second spectral order, S2c
.
Finally, the calibrated flux of a star, Sc′ is:
Sc′ =

′
Sc −C2 S2c
C1

This is the calibrated flux for the low resolution setup. To transfer this
to the high resolution frames, we first lower the resolution of the Blue and
Red frames to match he resolution of the White frames. The next step is
to divide the White spectrum of each star by its corresponding Blue and
Red spectra, so we obtain a calibration curve for each star observed in both
configurations. The calibrated Blue and Red spectra result from multiplying
the uncalibrated spectra by these calibration curves.

5.3.8.

Combination of red and blue frames

Blue and Red frames overlap from 5450 to 5550 Å. We normalize both
spectra attending to the flux in this region and combine them as an average,
weighted by the inverse of the uncertainties in each pixel. Fig. 5.4 shows an
example of the Red and Blue spectra after weighting and before adding them
to obtain the full spectrum.
After this step we end up with a reduced spectrum of the stars, from 3350
to 7500 Å, with a dispersion of 0.9Å/pixel, and a FWHM of 2.51Å, as in the
MILES library.
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Figure 5.4: Addition of the Red and Blue frames for one star in the sample
(Red and Blue lines) weighted by the inverse of their uncertainties at each
wavelength. This addition results in the Wide spectrum (white line).
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Quality check

The MILES library has been tested since the beginning. In SanchezBlazquez (2004); Sánchez-Blázquez et al. (2006b) a detailed explanation of
the quality control can be found. Testing the new stars is necessary, but we
make it in a diﬀerent way, comparing the new stars with similar stars already in MILES, which have already been tested. As there are new stars in
regions uncovered by the stars in MILES, this comparison is not possible for
all the new stars. However, the number of stars with similar counterparts is
high enough to discard systematic eﬀects in the stars that cannot be compared. As future work, a better comparison (using colours and indices) will be
performed.
Figure 5.5 shows a comparison between two stars, HD005494 (spectral
type F8V, Tef f =6083K, log g=4.00, [Fe/H]=-0.15; in the sample of new
observed stars) and HD035296 (F8V, Tef f =6091K, log g=4.25, [Fe/H]=0.04;
in the MILES library) as an example. The shape of the spectrum is similar
(taking into account that the stars are slightly diﬀerent), and the central
pixel of the lines are on the same position for both stars. This is true for all
the stars in both observing runs.

5.3.10.

Telluric lines removal

One of the problems of observing the red region of the spectrum is the
presence of telluric lines. These lines are due to the absorption of the O2 and
H2 O molecules in the Earth atmosphere, and are usually removed by means
of hot stars. We did not observe hot stars during the runs and, therefore, we
use an alternative technique.
We use an algorithm that recovers the spectrum of a star with a given set
of atmospheric parameters (Tef f , log g and [Fe/H]) using the rest of the stars
in the library (see Appendix B in Vazdekis et al., 2003, for details). We can
replace the region aﬀected by telluric lines with the result of interpolating
the stars in the library with the stellar parameters calculated for each star.

5.3.11.

Blue region

As explained in Section 5.2, the filters used to remove the second order
contribution are diﬀerent in the two observing runs, GG385 in the first one
and WG360 in the second one. As a result, the cut introduced to avoid the
second order in the first run did not allow the light below 4000Å to pass (see
Fig.5.6). This region is important to estimate the abundances of Ca, CN and
other chemical species, and some indices also lie in this region. This issue
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Figure 5.5: Comparison of two similar stars in the existing MILES library
(red spectrum) and in the sample of new stars (white spectrum). As can
be seen, the shape of the spectrum is similar, and the lines are in the same
position, so the new stars are as good as the stars in the public library.
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Figure 5.6: Comparison of the blue region for a star in the first (red spectrum)
and second (black) observing runs. As can be seen, below 3800Å the flux of
the spectrum in the run A is zero.
only aﬀects to the frames with the Wide configuration, and only the flux
calibration is compromised, as the spectral features are observed in the Blue
configuration.
To solve this problem we will make use of the interpolator again. In this
case, the interpolator will only be used to reconstruct the correct shape of
the spectrum below 4000Å, using the rest of the spectrum as a constraint.

5.4.

Conclusions

We have observed and reduced 250 new stars to be included in the MILES
library. This means an increase of around 25 % over the whole MILES sample
(985 stars).
A comparison of the new stars with MILES reveals that the quality of
the new stars is, at least, as good as those in the original library, but the
coverage of the [Mg/Fe]-[Fe/H] diagram improves significantly.
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We face some problems during the reduction process, owing to diﬀerent
epochs of observations, diﬀerent observers and the availability of the filters at
each moment. However, these problems are successfully solved and the new
stars can be included in the MILES library, after calculating their stellar
parameters.

Chapter 6
Conclusions and future work
6.1.

Conclusions

In this work we make a contribution to improve our knowledge about the
bulges of disc galaies. We tackle the problem from diﬀerent perspectives and
using diﬀerent datasets. The main results can be summarized as follows:
1. We constrain the role of the bars to the build up of bulges. We demonstrate that bars increase the flow of matter (gas and stars) to the
central regions of galaxies, increasing the eﬃciency of the star formation processes, as indicated by the higher specific star formation rates
and ionization parameters in barred galaxies.
2. This higher eﬃciency in barred galaxies is not enough to increase significantly the metallicity of the gas and the stars respect to that in
unbarred galaxies.
3. We find diﬀerences in the ages of the stellar populations in the centres of galaxies. We do not find diﬀerences in the mean age at a given
mass, but the mean age of stellar population in strongly1 barred galaxies shows a bimodal (with peaks at ∼4.7 and ∼10 Gyr) distribution.
The distributions of the unbarred subsample and the whole barred subsample do not show this bimodality (showing a peak at ∼10 Gyr)
4. As part of that analysis, we make a comparison between previous work
and ours, and realize that there is much controversy on the results. A
deeper comparison with the latest work before ours revealed a possible
1

As defined by Nair and Abraham (2010), i. e., in terms of the contribution of the bar
to the total luminosity of the galaxy.
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origin of the discrepancies in the analysis of the gaseous phase in the
central regions of galaxies.

5. We analyse the subcomponents underlying galactic bulges, concluding
that at least 50 % of the stellar mass in galaxies is formed 10 Gyr
ago, although the sample is small. This result is in agreement with the
results obtained by MacArthur et al. (2009) and Sánchez-Blázquez et
al. (2011).
6. We develope a new technique to disentangle the stellar components
of bulges. This technique allows us to relate the age, metallicity and
kinematics of these populations individually, for the first time.
7. We used this technique in the bulges of three galaxies. We confirm the
double stage formation of bulges predicted by simulations (Obreja et
al., 2013), but only in two of the three galaxies in the sample. As these
two galaxies are the earlier-type galaxies, the “double-bulge” formation
may depend on the morphology.
8. We contribute to the extension of the MILES stellar library, increasing
its size ∼25 %. These stars will be included in the library when their
stellar parameters are obtained and will be used in a new version of the
MILES stellar populations models.

6.2.

Future Work
Determination of the survivability of bars.

We said in Chapter 2 that knowing the timescale of bars is crucial to determine if their eﬀect in galaxy evolution is as strong as predicted by simulations.
Based on Gadotti and de Souza (2005), we want to estimate this timescale
in a sample of face on galaxies from the CALIFA project (García-Benito et
al., 2015; Sánchez et al., 2012; Walcher et al., 2014). We build two pseudoslits, along the bar and along its perpendicular direction. By comparing the
vertical velocity dispersion in these two pseudoslits we can estimate the age
of the bar.
Population decomposition in the CALIFA sample.
We made some tests about the reliability of this technique in the galaxies
observed in CALIFA. To perform this tests, we take the same synthetic spectra as in Chapter 4, but adapted to the resolution (R∼1700) and wavelength
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range (3700-4200Å) of the high resolution data in CALIFA. Also, tests using
the WiFeS data are carried to test for systematic eﬀects arising from the
construction of the synthetic models.
Figure 6.1 shows a representative example of these tests between the
WiFeS data and the WiFeS data modified to fit the CALIFA specifications.
We compare the LOSVd, SAD and AMR given by STECKMAP with the two
configurations using KS tests. As can be seen in the figure, the LOSVd and
SAD are compatible between both spectral setups, but not the AMR. This is
true for seven of the nine spectra that we compare, so we can say that both
kinematic and age decomposition are possible with CALIFA data.

WiFeS
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Figure 6.1: Comparison of the LOSVd (left panel), SAD (central panel) and
AMR (righ panel) for the spectrum in the central region of NGC5701, as a
representative example of the tests comparing the results obtained for the
galaxies observed with WiFeS in its original version (black) and the results
obtained with the spectra modified to match CALIFA spectral resolution
and wavelength coverage (red). The mean distribution is represented by dashed lines, and 1 two and three sigma deviations are indicated by shadowed
regions.
Population decomposition with MUSE data.
MUSE (Multi Unit Spectroscopic Explorer Bacon et al., 2010) is a last
generation integral field spectrograph in the VLT-UT3 unit in Paranal Observatory in Chile. In its wide field mode (1×1 arcmin) it combines a good
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spatial (FWHM≃0.35 arcsec) and spectral (R≃2000 at 4650Å, R≃4000 at
9300Å) resolutions with a large wavelength range (4650 to 9300Å).
These features make MUSE the best instrument to apply our decomposition technique (described in Chapter 4). We will make some tests with
real and synthetic spectra at the resolution and wavelength range of MUSE
to study how eﬃcient is our decomposition with this kind of spectra. The
combination of the knowledge of the diﬀerent stellar populations with their
position in the galaxy will mean a big step forward in our understanding of
how bulges form.

Appendix A
STECKMAP
A.1.

Introduction

Full spectral fitting is a quite recent technique used to derive the properties of the stellar populations from an integrated spectrum. This technique
consists in reconstructing the problem spectrum using a set of templates
with known properties. There is a bunch of codes solving this problem from
diﬀerent approaches, like STARLIGHT (Cid Fernandes et al., 2005), PPxF or
STECKMAP (Ocvirk et al., 2006a,b). The mathematics underlying these process is diﬀerent in every code, but the basics are the same: to assign weights
to stellar populations with a given age and metallicity. Most of the codes
are also able to obtain the global kinematics of the stellar populations, by
shifting and widening the template spectra.
Along this Thesis, STECKMAP has been widely used with most of the results
coming from the use of STECKMAP in diﬀerent ways. This full spectral fitting
code is not very well known, and its use is not very straightforward. In these
Appendix we show how we used STECKMAP and show the reader some hints
and solutions to the issues we had with STECKMAP

A.2.

Degeneracies

The calculation of the stellar population parameters is aﬀected by several degeneracies. The most important (an known) degeneracy is the one
existing between age and metallicity. This degeneracy has the eﬀect that old
metal-poor populations produce similar spectra than young metal-rich stellar
populations. Full spectral fitting has proven to be very eﬀective dealing with
this degeneracy.
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A less known degeneracy is that between metallicity and velocity dispersion. This happens because both metallicity and velocity dispersion increase
the width of the absorption lines. This degeneracy is more evident when both
parameters are calculated at the same time, but is easily removed when they
are derived one at a time. We first calculate the velocity distribution and
then we fix the kinematics to calculate the metallicity.

A.3.

STECKMAP

One important diﬀerence among codes is how the solution is considered
as a valid solution with physical sense. Usually the best solution is the linear
combination of templates which minimize a given parameter (for instance,
χ2 ). However, due to degeneracies in the parameters, this criterion may not
always be valid as there are many solutions which give similar good fits. Due
to this, it is convenient to regularize the solution (Pichon et al., 2002). In the
case of STECKMAP this regularization is done by means of Bayesian statistics
and giving more probability to those solutions which change smoothly with
age, penalising highly oscilating solutions. Another diﬀerence among codes
are the assumptions that each one makes about the parameters. Most spectral
fitting codes assume Gaussian velocity distributions. STECKMAP only imposes
positivity, continuity and smoothness of the solution.
The following code is an example of how we use STECKMAP:
dlambda=1.7; // sampling of the basis.
kin=1; // kin=0 -> no kinematics, kin=1 -> LOSVD search
epar=3; // with continuum matching (to deal with flux calibration errors)
nde=30; // number of control points for continuum matching
vlim=[-1000.,1000.]; // wavelength domain for the LOSVD
meval=500; // maximum number of evalutations during the optimisation
muv=0.1; // smoothing parameter for the LOSVD
mux=10; // smoothing parameter for the stellar age distribution
muz=100; // smoothing parameter for the age-Z relation
L1="D2"; // smoothing kernel for stellar age distribution (here D2, i.e. square Laplacian)
L3="D1"; // smoothing kernel for age-metallicity relation (here D1, i.e. square gradient)
L2="D1"; // smoothing kernel for the losvd (here D1, i.e. square gradient)
//L4="D2"; // smoothing kernel for the non parametric flux recalibration (here D1, i.e. square gradient)
// File to fit
fV="example.fits";
// Generating basis of models
b=bRbasis3(ages,wavel=wavel, basisfile=basisfile,nbins=nbins,dlambda=dlambda); // generate basis
ws;plb,b.flux,b.wave;
// plots the basis
// Parameters
z0=0.00475;
nMC=50
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SNR0=8.58068647458;
RMASK=[[3000, 3300], [3702.,3735.],[3886.,3890.],[3967.,3973.],[4098.,4105.],[4336.,4346.],[4830.,4845],[4855.,4870.],[495
// Converting to STECKMAP format
a=convert_all(fV,log=0, SNR0=SNR0, z0=z0);
// Fitting
x=sfit(a,b,kin=kin,epar=epar,noskip=1,vlim=vlim,meval=meval,nde=nde,RMASK=RMASK,\\
mux=mux,muv=muv,muz=muz,L2=L2,L4=L4,L3=L3,L1=L1,sav=1, nMC=nMC,\\
dMC="data",fg="flat",MC_noise="yes");

In these lines of codes, some parameters can be modified to adapt the
code to our data. The most important are the following:
basisfile: indicates which stellar population models are being used to fit
the input spectrum. STECKMAP allows natively to choose among MILES,
Pegase-HR or Bruzual and Charlot (2003).
wavel : marks the wavelength range to perform the spectral fitting.
ages: limits the age range of the stellar populations. This range should
be smaller or equal to the range covered by the stellar population models.
kin: enables or disables the calculation of the kinematics. The possible
values of this tag are: 0, in which the kinematics can be fixed (by
including the mean radial velocity in the redshift and widening the basis
spectra using the tag FWHMpix ); 1, in which the velocity distribution is
calculated within the limits set by vlim; or 2, in which a decomposition
of stellar populations is performed (see the pilot study on NGC4030 by
Ocvirk et al., 2008).
epar : enables the extinction correction. It can be disabled (epar =0), or
diﬀerent models for the extinction correction can be used. The default
value, epar =3, considers a non-parametric extinction curve which also
corrects for incorrect flux calibrations.
muv, mux, muz, mue: are smoothing parameters for the velocity distribution, age distribution, metallicity distribution and extinction curve, respectively. STECKMAP regularizes the solution imposing positivity
and smoothness. STECKMAP tries to minimize the objective function
Qµ (x) = χ2 (x) + µP (x), which penalizes χ2 , for each distribution. The
penalization can be modified with muv, mux, mux and mue (corresponding to the µ in the former equation).
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L1, L2, L3, L4 : are the smoothing kernels, which correspond to the
P (x) in the equation in the previous item. P (x) means xT · LT · L · x,
where L can be a first (gradient), second (Laplacian) or third order
operator. The operator is chosen by setting L1, L2, L3 and L4 to
D1 (gradient), D2 (Laplacian, which is the default) or D3 (third order
operator).
SNR_0 : represents the signal-to-noise ratio of the input spectrum. If a
noise spectrum is available, it can be supplied with errorfile= instead
than the SNR. This is a critical parameter, as an incorrect determination of the SNR leads to wrong age (and therefore, metallicity) distributions. We find that the best results are obtained with the der_SNR
algorithm.
nMC : indicates the number of Montecarlo simulations performed with
every spectrum. In each MC experiment, the mock spectrum can be
build using the data (with the tag dMC =“data”) or with the first best
fit to the problem spectrum (dMC =“bestmodel”). Also noise can be
added or not using MC_noise=“yes” or MC_noise=“no”.

A.4.
A.4.1.

Outputs
Quality of the fit

During the execution, STECKMAP prints some messages on the console.
When the fit has finished, the following information appears on the screen.
The most relevant parameters here is the final value of FUNC. It represents the optimization parameter and behaves similarly to a reduced χ2 , this
is, the fit is better when this parameter is close to 1. This parameter does
not guarantee that the fit is good, but a good fit always has F U N C ≃ 1.

A.4.2.

Velocity distribution

The line-of-sight velocity distribution (LOSVd) is, in fact, a broadening
function including kinematics and instrumental eﬀects. The instrumental effects can be avoided if the stellar population models are broadened with the
PSF of the instrument.
This distribution is non-parametric and represents the fraction of stars
(normalized to unity) with a given rotational velocity.

A.4. Outputs

A.4.3.
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Stellar age distribution

The stellar age distribution (SAD) represents the contribution in flux
to the total spectrum by the stars at a given age, normalized to sum 1.
Again, this distribution is not parametric. The SAD is the basic distribution
STECKMAP works with.

A.4.4.

Age-Metallicity relation

The AMR gives the mean metallicity of the stars at a given age. The
metallicity is expressed as Z, i. e. the fraction of elements heavier than He.
The models included in STECKMAP are calibrated to have Z⊙ =0.02.

A.4.5.

Mass

In this file we can find the mass of the stars at a given age. This mass has
to be interpreted as the mass that the stars at this age had at the beginning,
without taking into account any loss of mass. The mass distribution can be
related with the SAD with the following equation:
Mi =

SADi
,
M/Li

where Mi is the mass of the stellar population with age i, SADi is the
fraction of flux in the spectrum due to these stars and M/Li is the massto-luminosity ratio of the stellar population i. With this equation we can
transform luminosity-weighted values into mass-weighted values.
In principle the mass distribution is given in solar masses, taking into
account that the SAD is normalized to unity. More correct would be to say
that the units are M⊙ /L⊙ . In any case, the relative masses are correct.

A.4.6.

Star Formation Rate

The SFR is obtained by dividing the mass in the interval i by the length
of the time interval. It is normalized arbitrarily, as it depends on the normalization of the mass. As in the mass distribution, the relative values of SFR
between time intervals is correct, but not the absolute values. In fact, the
profile given by the SFR can be considered as a sort of SFH.

A.4.7.

MC simulations

As mentioned in Section A.3, STECKMAP is designed to perform MC simulations, each of them resulting in a diﬀerent LOSVd, SAD, AMR, Mass
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distribution and SFH. This is very useful to estimate the uncertainties of the
parameters.

A.5.
A.5.1.

Calculating stellar parameters
Kinematics

The kinematics of the stellar populations are usually given assuming that
it follows a Gaussian distribution. In the case of STECKMAP, the distribution is
not even parametric, so a Gaussian (or a more complex Gauss-Hermite) curve
may not describe it properly. We decided to calculate the mean rotational
velocity and velocity dispersion as the weighted average and the weighted
standard deviation of the distribution, this is:
v̄ =

ΣN
i=1 wi vi
;
ΣN
i=1 wi

√

σ=

2
ΣN
i=1 wi (vi −v̄)
,
M −1 N
Σi=1 wi
M

where N is the number of points in the distribution, M is the number
of nonzero weights, wi are the weights, vi is the velocity and v̄ is the mean
velocity. The mean velocity and the velocity dispersion are more correct
calculated in this way than simpli fitting a Gaussian or a Gaus-Hermite
curve to the LOSVd.

A.5.2.

Age

The mean age of the stellar populations contributing to the spectrum can
be obtained as the weighted average of the SAD, with the following equation:
¯ =
Age

ΣN
i=1 wi Agei
,
ΣN
i=1 wi

which is the same as the equation in the previous section but changing the
velocity by the age. It has to be taken into account that the age is expressed
in a logarithmic way so, to avoid mistakes, we first convert it to a linear
scale, calculate the weighted average of the distribution and finally calculate
its decimal logarithm.

A.5.3.

Metallicity

We do not have a distribution of the metallicity, but the metallicity of the
stars at a given age.that age. From the SAD we have the fraction of stars at
that age. We can calculate the mean metallicity as the average of the AMR
weighted by the SAD:

A.5. Calculating stellar parameters
Z̄ =

A.5.4.
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ΣN
i=1 w(Agei )Z(Agei )
,
ΣN
i=1 w(Agei )

Mass weighted parameters

We calculate luminosity-weighted values with the previous equations,
which trace young stars. However, we may be interested in the old stars
populations, which are better traced by the mass. So, we have to derive
mass-weighted values. STECKMAP returns the mass of the stars at a given
age. In all previous equations, replacing the weights by the mass allows to
calculate mass-weighted values.

A.5.5.

Uncertainties

We run, at least, 30 MC simulations in every run of STECKMAP. With each
run we have a diﬀerent distribution of each parameter. With this simulations
we can calculate the dispersion of the values for each point in the distribution
aound the value obtained in the first run (with the original spectrum). With
this dispersion we can generate an infinite number of distributions which we
can use to derive the uncertainties.

Appendix B
Comparison between spectral
synthesis and Lick/IDS indices
Abstract:
Along this thesis we used in many ocasions the spectral synthesis
to infer results about the properties of the stellar populations, and as
a way to remove the stellar continuum for a correct measurment of the
flux in the emission lines. This technique is in use for a relatively short
time, and some scepticism still exists about its performance. In this
appendix we compare the results obtained using spectral synthesis with
those obtained using a more accepted technique like Lick/IDS indices.
The conclusions are that spectral synthesis surpasses indices, as it
allows to obtain more parameters simultaneously, and allows a more
precise information about the stellar populations, not only average
values.

B.1.

Introduction

In this thesis we based much of our work on the full spectral fitting technique, in particular, with STECKMAP (Ocvirk et al., 2006a,b), which is a software
which recovers a spectrum from a library of stellar populations models (in our
case, Sánchez-Blázquez et al., 2006b; Vazdekis et al., 2010, with a Kroupa
universal initial mass function, Kroupa 2001). This code allows us to calculate the properties of the stellar populations underlying the observed spectrum.
To not to leave this comparison in hands of only one spectral synthesis code, we also calculate the parameters using STARLIGHT (Cid Fernandes et al.,
2005), which also fits the spectrum but in a diﬀerent way as STECKMAP does.
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A very often used technique is Lick/IDS indices (Worthey et al., 1994).
An index consists in three bands on the spectrum, of which two of them are
used to estimate the flux of the stellar continuum and the one in the middle
is used to estimate the absorption of the spectral features. After the indices
are measured, index-index diagrams can be build in which, ideally, one of the
indices is only sensitive to the stellar age and the other is sensitive only to
the metallicity. In practice, indices are dependent of both age and metallicity
(and some of them are sensitive to abundances of individual elements). Using
models a grid can be built and, with the position of the galaxy in the grid,
the age and metallicity can be estimated by interpolation of the grid. This
technique also requires the use of stellar population libraries. In this work
we use the diagram Hβ-Mgb and MILES stellar population library (SánchezBlázquez et al., 2006b; Vazdekis et al., 2010).
None of the techniques are exempt of issues, not owing to the technique
itself, but to the lack of knowledge about several parameters related to stellar
populations, like the initial mass function (IMF), star formation models,
chemical evolution models, etc. Moreover, degeneracies exist between age
and metallicity, or velocity dispersion and metallicity, for instance. We make
the comparison between spectral synthesis and indices with the sample of
galaxies used in Chapter 2.

B.2.

STARLIGHT vs. STECKMAP

We compare here the results obtained by the two codes searching for
diﬀerences between them, in order to have a higher capacity of decision in
choosing one or another and to be able to enable comparisons with other
authors.
Figure B.1 compares the mean ages and metallicities (weighted with both,
mass and luminosity) obtained with STARLIGHT and STECKMAP. It can be seen
that the values obtained for the ages with both codes are well correlated. However, the correlation is far from the equivalence. This has the consequence
that, even when absolute values ages cannot be considered reliable, relative
comparisons can be done. However, in the case of luminosity-weighted metallicities, the correlation is high (with a large scatter, but within uncertainties),
and very close to equivalence between codes. In the case of mass-weighted
values, the discrepancies are not negligible. STARLIGHT tends to return higher metallicites, saturating at [Z/H]∼0.02. This eﬀect is coupled to the lower
ages returned by STARLIGHT
Because of the saturation in the metallicities of STARLIGHT and that it
tends to return too low ages, we will use STECKMAP as spectral fitting software.

B.3. Spectral synthesis vs. Lick/IDS Indices
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Figure B.1: Comparison of the values returned by STARLIGHT (horizontal
axis) and STECKMAP (vertical axis). Red points show mas weighted values,
while luminosity weighted values are plotted in black.

B.3.

Spectral synthesis vs. Lick/IDS Indices

Finally we compare the results obtained using spectral synthesis with
the results given by Indices. It has to be taken into account that the results represent diﬀerent parameters: with indices, we calculate single-stellar
population equivalent parameters, which are not exactly the same as the
luminosity-weighted values obtained with spectral fitting (Serra and Trager,
2007); spectral synthesis calculates the mean age and metallicity of the stellar
populations contributing to the observed galaxy spectrum.
The comparison between these methods is shown in Fig. B.2. Right panel
shows that, for the metallicities, the correlation between spectral synthesis
and indices is high, being almost equivalent, and independent of the synthesis
code used. For the ages the correlation is worse, but it exists (attending to the
Spearman correlation coeﬃcients, shown in Table B.1), so we can establish
the following relation between ages and metallicities obtained in diﬀerent
ways:
AgeSTARLIGHT = 2· 90 × Ageindices − 1· 7e9
AgeSTECKMAP = 2· 87 × Ageindices + 1· 7e9
[Z/H]STARLIGHT =
0· 031 × [Z/H]3indices + 0· 24 × [Z/H]2indices + 0· 63 × [Z/H]indices − 0· 17
[Z/H]STECKMAP =
0· 017 × [Z/H]3indices + 0· 14 × [Z/H]2indices + 0· 44 × [Z/H]indices − 0· 13

Appendix B. Comparison between spectral synthesis and Lick/IDS indices
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Indices
STARLIGHT
STECKMAP

Indices
—
0.66
(10−147 )
0.45
(10−57 )

STARLIGHT
0.66
(10−147 )
—
0.54
(10−90 )

STECKMAP
0.45
(10−57 )
0.54
(10−90 )
—

Table B.1: Spearman correlation coeﬃcients for the ages appearing in this
paper. The closer the coeﬃcient is to 1, the stronger the correlation is. Below
each value, in brackets the P -alue can be found, which is the probability of
finding the Spearman coeﬃcient if the subsamples are not correlated.

B.4.

Conclusions

In this Appendix we prove thar spectral synthesis is a very useful tool
for the analysis of non resolved stellar populations in galaxies. Not only the
results are compatible with those obtained using Lick/IDS indices, but also
give more and better information (like kinematics), as it deals better with
degeneracies in the determination of metallicities and ages.
We also confirm that, considering spectral synthesis, luminosity-weighted
values are more robust than mass weighted values, as their dependence on the
code is much smaller in the former than in the latter. This happens because
low mass stars do not contribute much to the spectrum, and a large variation
in their properties barely modifies the spectrum. Unless the opposite is said,
we use luminosity weighted values.
Thanks to the spectral synthesis through STECKMAP we have been able
to develop a technique (described in Chapter 3 which allows us to decouple
the underlying stellar populations in galaxies obtaining, simultaneously, the
kinematics, ages and metallicities of each of them with high precision.

B.4. Conclusions
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Figure B.2: Comparison of the ages (left panel) and metallicities (right panel)
obtained by means of indices and full spectral fitting with both STARLIGHT
(red points) and STECKMAP (black points). The green dashed lines represents
the equivalence between indices and full spectral fitting, while the blue dashed
lines represent the fit (linear for the ages, and a third order polynomial for
the metallicities) The errorbars indicate the typical uncertainty of the derived
ages and metallicities.
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Appendix C
Robustness of results with
redshift and inclination
Abstract:
In Chapter 2 we use redshift and inclination of galaxies as sample
selection criteria, but they are not physical parameters, but they are
determined by the position of the observer. This parameter, while have
no eﬀect on the evolution of galaxies, may alter the results. In this
appendix we check that results do not depend on these parameters.

C.1.

Redshift eﬀects

When comparing the age of the two samples, as we did in Chapter 2, it
is importatn that the redshift range distribution is similar. In our case the
redshift range is not very large (0.02≤ z ≤ 0.1), however, we have considered
cautious and convenient to check if results are independent of redshift. To do
so, we separate the galaxies in the sample in redshift intervals and compare
the metallicities of barred and unbarred galaxies in each one of those intervals.
Figure C.1 shows the mass-metallicity relations (separately for barred
and unbarred galaxies) in each redshift interval, comapring them with the
relations for the whole subsample. The first thing to be noticed is that mass
grows with redshift. This happens because less massive galaxies are also less
luminous, so they are more diﬃcult to be detected at higher redshifts. We
calculate the residuals of galaxies in each interval respect to a third order
polynomial fit to the whole subsample of barred or unbarred galaxies (as
appropriate) and compare them with the residuals of the subsample to the
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Figure C.1: Mass-metallicity relatiosn for barred (red) and unbarred (black)
galaxies in diﬀerent redshift intervals (shown in top left corner of each panel).
Green dashed lines represent a polynomial fit to the barred or unbarred
subsample (light points). On the top right corner, the P -value of the KS test
comparing the residuals of the subsamples in the redshift interval is shown.
The two columns on the left refer to gas-phase metallicity, while the two
columns on the right refer to te stellar metallicity.

same fit using a KS test (3σ, P -value=0.0027). The distribution residuals
have the same behaviour than the corresponding subsample in every case.
We just showed that the metallicity of galaxies has the same behaviour,
however, this does not mean that the diﬀerences between them behave the
same at diﬀerent redshifts. To check this, we repeat the same analysis than
that in Section 2.5.1 for each redshift interval, i.e. we compare the residuals
of barred and unbarred galaxies from a polynomial fit to unbarred galaxies
using a KS test. Fig. C.2 shows these diﬀerences along the P -values for the
KS tests. In every case, the probability that the results owe to random eﬀects
is lower than the significance level, so we can conclude that our results are
robust in terms of redshift.
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Figure C.2: Diﬀerences in the metallicity between barred and unbarred galaxies (red and black, respectively) in the redshift intervals described in the
text and shown in top left corner of each panel. Columns 1 and 3 represent
gaseous and stellar metallicities as a function of the stellar mass. Green dashed lines represent the polynomial fit to the shole sample points. Columns 2
and 4 represent the distributions of the residuals respect that polynomial fit
of for barred and unbarred galaxies and the P -value of the KS test comparing
the two distributions.
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C.2.

Inclination eﬀects

Inclination is also a non-physical magnitude which can aﬀect the results,
as the disc contribution to the spectrum depends on the inclination of the
galaxy. The inclination is a parameter which can be diﬃcult to determine,
owing to particular morphologies in galaxies. Usually the inclination (Nair
and Abraham, 2010) is measured considering that the disc is completely flat
and null ellipticity (which may not be always true), fitting elliptical isophotes
and calculating the axial ratio, b/a, which is related to the inclination of the
galaxy. We use this axial ratio as a proxy for the inclination, so we will use
indiﬀerently one or the other.
In the source catalogue of our sample (Nair and Abraham, 2010) a lower
limit for this ratio is established, so the authors can rely on their determination of the morphology of the galaxies. We take the same lower limit for our
sample, but we also check that this limit is valid and the results are robust
and independent of the inclination in a similar way as we did for the redshift
in Section C.1.
Figure C.3 shows the metallicity as a function of the stellar mass (for
both gas and stars) in barred and unbarred galaxies binned according to
their inclination. We compare the residuals of the galaxies in each inclination
interval respect to a polynomial fit to the whole sample of galaxies. Only in
one of the intervals (0.4≤ b/a <0.5) the unbarred galaxies have a diﬀerent
behaviour (P -value= 1,47 × 10−4 ) than the whole sample, so we have to pay
special attention to the diﬀerences in this interval.
Following the same procedure as in Section C.1 (and more justified here,
because of the diﬀerent behaviour of unbarred galaxies found before), we
analyse the diﬀerences in the metallicity in the same inclination intervals.
We find that the diﬀerences in the metallicity are statistically significant
only for galaxies with 0.5≤ b/a < 0.6 (P -value = 1.046×10−3 ). In order
to check if these galaxies are biasing our results, we repeated the whole
analysis considering only galaxies with 0.6≤ b/a, and the results do not vary
significantly, so we keep the initial selection, using all galaxies with b/a ≥
0.4.
In this appendix we conclude that in Chapter 2, the selection criteria concerning redshift and inclination are not biasing our results. However, we think
it is convenient to notice that both of them can play a role (but spurious) in
the results, so it may be worth investing time in a safety check.
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Figure C.3: Mass-metallicity relations for barred (red) and unbarred (black)
galaxies for diﬀerent inclination intervals (shown in the top left corner of each
panel). Colours and coding are the same as in Fig. C.1
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Figure C.4: Diﬀerences in the metallicity between barred and unbarred galaxies in each axial ratio interval. Symbols and colors have the same meaning
as in Figure C.2
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