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Abstract
Our current working theory of the Universe explains galaxy evolution in
the context of hierarchical structure formation. However, the details underpinning galaxy assembly times, star formation, and chemical enrichment remain to be understood. There is currently a hot debate on the universality
of the stellar initial mass function (IMF) in galaxies. The IMF is a crucial
player in galaxy evolution, and it strongly influences feedback and chemical
enrichment in galaxies.
Using data from the integral field unit survey Mapping Nearby Galaxies
at Apache Point Observatory, part of the Sloan Digital Sky Survey, we investigate the IMF and chemical abundances as a function of galaxy mass, type,
and radius, for the largest sample of galaxies to-date. Spectra are stacked
in elliptical annuli in order to increase the signal-to-noise ratio and mitigate
problems due to sky residuals. A range of absorption features in the optical
and near-infrared are used to break degeneracies between stellar population
parameters.
We derive radial gradients out to the half-light radius of 366 early-type
galaxies with masses 9.9 − 10.8 log M/M . They display flat gradients in
age and negative gradients in metallicity, consistent with the literature. We
find that C, Mg, and Ti trace each other both as a function of galaxy radius
and galaxy mass, and obtain shallow radial gradients. Conversely, N and Ca
are generally offset to lower abundances. The under-abundance of Ca compared to Mg implies delayed enrichment of Ca through Type Ia supernovae,
whereas the correlated behaviour of Ti and the lighter α elements, C and
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Mg, suggest contributions to Ti from Type II supernovae. Furthermore, we
measure strong negative radial gradients for [N/Fe] and [Na/Fe], of up to
−0.25 ± 0.05 and −0.29 ± 0.02 dex/Re respectively. These gradients become
shallower with decreasing galaxy mass. These are strongly correlated with
the total metallicity, suggesting metallicity-dependent Na enrichment, and
secondary N production in higher mass early-type galaxies.
We find a gradient in the IMF slope, with a bottom-heavy IMF in the
centre (typical mass excess factor of 1.5) and a Milky Way-type IMF at
the half-light radius. This pattern is mass-dependent with the lowest mass
galaxies in our sample featuring only a shallow gradient around a Milky
Way IMF. Our results imply that the local IMF-σ relation within galaxies is
steeper than the global relation, and hint towards the local metallicity being
the dominating factor behind the IMF variations. We also employ different
stellar population models in our analysis and show that a radial IMF gradient
is found independently of the stellar population model used.
We then extend our analysis in mass and morphology with an increased
sample size of 1900 galaxies, spanning 8.6 − 11.3 log M/M . We find negative age and metallicity gradients for late-type galaxies, and the age gradients
steepen with increasing galaxy mass. The abundances of elements show similar gradients with the local velocity dispersion, independent of morphology,
hence these relations appears to be driven by galaxy mass or velocity dispersion rather than galaxy type. Additionally, we compare IMF-sensitive indices
such as NaI and TiO, to provide clues as to how the IMF might behave in
galaxies of different types.
Differences in the stellar population gradients for early- and late-type
galaxies provide clues regarding their formation scenarios and our results
place stringent constraints on future models of galaxy formation and chemical
evolution.
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Chapter 1
Introduction
1.1

The Big Bang and Cosmic Inflation

When an expansion theory of the Universe was first proposed by Friedmann
and Lemaı̂tre, as an alternative to Hoyle’s Steady State Universe, it was
this opposition that mocked the theory and coined the term “Big Bang”.
Observations show that spectral lines from galaxies are Doppler-shifted to
redder wavelengths; galaxies appear to be moving away from us. In 1929,
Hubble examined the redshift data and came to a surprising conclusion: the
distance of a galaxy from us is proportional to its recessional velocity. This
is known as Hubble’s Law and is denoted by the equation, v = H0 D, where
v is the velocity, D is the distance, and H0 is the Hubble constant. At some
point, the galaxies must have been close together in a tight spot, suggesting
that the Universe had a beginning.
In case of such an “explosion”, it was predicted that a luminous echo
would have been left behind in the form of Cosmic Microwave Background
(CMB) radiation (Lemaı̂tre, 1931; Gamow, 1946). Approximately 380,000
years after the Big Bang, the Universe would have cooled down enough to
allow atoms to form. The remaining light, unchanged as it had nothing to
interact with, is estimated to have had a wavelength of ∼ 0.001 mm. The
Universe has expanded up to a thousand times since, so the wavelength of
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the early light would have increased to ∼ 1 mm, which is a form of radio
waves in the electromagnetic spectrum called microwaves (an extreme form
of redshift).
This CMB radiation previously predicted, was accidentally discovered in
the 1960s (Penzias & Wilson, 1965). While using a radio telescope to make a
standard sky survey, they discovered a continuous, unexpected level of noise
from all directions, which was later confirmed to be the CMB. This radiation, preserving an image of the Universe from 380,000 years after the Big
Bang, explained the relative abundances of hydrogen and helium observed
in the Universe, with the heavier elements formed via nuclear fusion in stars
(Gamow, 1946). The rate of helium production in stars from fusion is too
slow to have created the amount present in our Sun; it would have taken
27 billion years whereas our Sun is thought to have formed 5 billion years
ago. Using the temperature and density conditions present just moments
after the Big Bang, the process of nuclear reactions that would have taken
place lead to relative abundances that match current observations (Alpher
et al., 1948). Hence the Big Bang theory provided the only mechanism for
why these elements exist in the amounts that they do.
Measurements of the CMB show genuine temperature variations at 1
part per 100,000. This is regarded as one of the most significant discoveries
of all time. These density variations would have grown over time leading to
structure formation. By 1992, we had a tried and tested cosmological model
of the Universe which stood by observations and had substantial evidence
supporting it.
Assuming standard expansion, the variations at the instant of the Big
Bang were too insignificant to have led to the fluctuations observed in the
CMB radiation, and to explain the formation of galaxies and other structures.
A timeline has been established from the moment of the Big Bang to the
present day which outlines the main cosmic events. At one point just after
this moment, the four fundamental forces of nature: electromagnetic, strong
nuclear, weak nuclear, and gravity, were coupled. Subsequently, the Universe
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underwent rapid, exponential expansion of a factor of 1026 in about 10−32
seconds. This rapid expansion is known as inflation (Guth, 1981; Linde,
1982). It would have greatly increased the variations in density from early
on to be enough to have seeded the formation of galaxies, since more matter in
one place than other would result in a gravitational collapse causing structure
formation. When cosmic inflation is incorporated with the Big Bang, it
potentially solves the problems facing the latter.

1.2

Structure Formation

Perturbations in the CMB provided the seeds for structure formation, and the
Universe has been expanding ever since, leading to the galaxies we see today.
Data collected from Type Ia supernovae led to an extension of Hubble’s
distance-velocity graph. It revealed that the expansion of the universe is
speeding up. This is said to be caused by a mysterious vacuum energy known
as dark energy, which is a repulsive force that pushes space itself apart as
gravity is making matter clump together (Riess et al., 1998; Perlmutter et al.,
1999). Ordinary matter clumps around the underlying structure formed of
dark matter, leading to galaxies. Dark matter was theorised by Fritz Zwicky
in 1934 to explain the inconsistencies between the calculated and observed
masses of the universe; the former was found to be ∼ 5 times greater than the
latter. For a cluster of galaxies, the calculated mass comes from studying the
cluster’s X-ray temperature and gas profile; the observed mass is the mass
made by measurements of luminous ordinary matter.
Plenty of indirect evidence for dark matter has been found so far. Measurements show that the geometry of our Universe is flat (Planck Collaboration et al., 2016) which implies that the total mass of the Universe has to
be equal to a critical density. The gravitational pull due to ordinary matter
is not enough to explain the rotational velocities of stars in galaxies. Dark
matter is the missing mass which provides extra gravity, as recognised in
the pioneering works by Vera Rubin and others in the 1970s (Rubin & Ford,
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1970). The simplest cosmological model that conforms to all observations is
called ΛCDM, where Λ representing a cosmological constant for dark energy,
and CDM stands for cold dark matter. This gives us a working theory for the
formation and evolution of galaxies. One of the key predictions of this model
is hierarchical structure formation, i.e. small regions collapse into dark matter haloes, which merge together to form larger ones (White & Rees, 1978).
ΛCDM takes into account and explains the following phenomena:
• CMB radiation
• The structure of the universe
• Distribution of hydrogen, helium, lithium and oxygen
• The accelerated expansion of the universe
Fig. 1.1 shows a schematic of the evolutionary history of the universe.
The left-hand side shows the earliest time that we can probe, moving on to a
gradual decrease in the expansion as gravity pulled matter together to form
structure, until the expansion sped up again due to dark energy. However,
the details of the physical processes driving galaxy evolution remain to be
understood, including the interplay between gas accretion, star formation,
chemical enrichment, and processes which suppress star formation.

1.3

Galaxy Evolution

It is assumed that baryons follow dark matter (Kauffmann et al., 1993).
Hence galaxies grow via hierarchical merging, like the underlying dark matter distribution, such that small objects collapse first and massive clusters
form late. Contrary to this, observational evidence based on [α/Fe] suggests
that stars in the most massive galaxies seem to have formed earliest. The
ratio between α-elements, like O, Mg, Si, and Fe-peak elements, constrains
star formation timescales in galaxies because of the delayed enrichment of
iron from Type Ia supernovae (Matteucci, 1986; Matteucci & Greggio, 1986;
4

Figure 1.1: A schematic showing the evolutionary history of the Universe,
from the big bang, through inflation, structure formation, and dark energy,
to the stars and galaxies we observe today. Credit: NASA / WMAP Science
Team

5

Thomas et al., 1999). Fig. 1.2 shows the specific star formation rate for
galaxies in different mass bins against look-back time. In this work, ages,
metallicities, and abundances were derived using stellar population modelling of SDSS early-type galaxies, and massive galaxies were found to have
increased [α/Fe] ratios. This is known as ‘downsizing’ and is in conflict with
the simple hierarchical formation scenario. This can be re-conciled by separately considering the formation and assembly times of stars i.e. the stellar
populations in the most massive galaxies formed the earliest in small clusters,
which later merged together without ongoing star formation.
As well as mass, galaxy morphology is an important parameter in determining evolution. Observations have shown us that two main classes of
galaxies exist: old quiescent galaxies referred to as early-types, and active
star-forming ones called late-type galaxies. The former consist of ellipticals and lenticulars, and the latter contain spirals. Elliptical galaxies have
a smooth light distribution while lenticulars are disk-shaped but with little gas and dust, and they are not star forming. Stellar population studies
suggest that low mass lenticulars may have resulted from gas stripping of
spiral galaxies, while high mass ones formed via mergers of spirals (FraserMcKelvie et al., 2018). Spiral galaxies host ongoing star formation, especially
in their spiral arms. Most of the light comes from a disk, which is rotation
dominated. The central bulge is dispersion dominated, like ellipticals, and
sometimes contains a bar.
These morphological classifications are visual or photometric, since earlytype galaxies tend to be redder, and late-types appear blue due to ongoing
star formation. A colour-mass diagram for galaxies looks like Fig. 1.3, where
early-types occupy the red sequence, late-types are in the blue cloud, and the
green valley is a transition region. It is thought that late-type galaxies merge
to form passive early-types, and the density-morphology relation is consistent
with this. A challenging view on the formation of elliptical galaxies via a fast
clumpy collapse is presented in Thomas et al. (1999), which is required to
explain observed α-enhancement and super-solar metallicities. They find
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Figure 1.2: The specific star formation rate is shown for four stellar mass
bins as a function of look-back time and redshift. The most massive galaxies
appear to have formed the earliest and quickest. From Thomas et al. (2010).
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Figure 1.3: The colour-mass relation showing distinct regions occupied by
red sequence, blue could, and green valley galaxies. From Schawinski et al.
(2014).
that the spiral scenario, meanwhile, is only achieved if significant variation
in the local initial mass function (IMF) is allowed.
There is a shift to a dynamical classification of early-type galaxies into
fast and slow rotators, using a parameter based on the angular momentum
(Emsellem et al., 2007). Fast rotators are rotationally supported, and slow
rotators are thought to have undergone major mergers.
The present day properties of galaxies offer clues to their past evolution,
and stars hold a fossil record of the enrichment history of a galaxy. Hence the
study of nearby galaxies via stellar population models offers an archeological
approach to understanding the formation and evolution of galaxies. Stellar
population gradients can provide insights into the merger histories of galaxies and hence provide possible mechanisms of how galaxies might evolve in
the colour-mass diagram. For example, metallicity gradients within galaxies
point to growth through mergers. The next three sections provide an expla-
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nation of stellar population parameters, including the initial mass function
and chemical abundances, and a brief literature review of related studies.

1.4

The Stellar Initial Mass Function

The stellar initial mass function (IMF) is the distribution of masses of stars at
the birth of a stellar population. It is key in characterising stellar populations,
with implications for a wide range of problems in astrophysics, from star
formation and stellar evolution, to galaxy formation and evolution. Salpeter
(1955) first proposed a single power law for the IMF with a slope of 2.35. The
universality of the IMF has been controversially discussed in the literature
ever since. For a single power law IMF,
dN
∝ m−x ,
(1.1)
dm
where m is the mass of a star and N is the number of stars. A Milky Way-like
Φ(m) =

IMF, instead, has a turnover to flatter slopes at low masses (0.5 M ), as in
Kroupa (2001) and Chabrier (2003). A Kroupa IMF is defined by,
α = 0.3 for m < 0.08
α = 1.3 for 0.08 < m < 0.5

(1.2)

α = 2.3 for m > 0.5
Fig. 1.4 shows the Salpeter and Kroupa IMFs, with a lower mass cut-off
of 0.1 M . Studies of resolved stellar populations in different environments
within our own Galaxy find little or no deviation from this universal IMF
(Scalo, 1986; Kroupa, 2001; Bastian et al., 2010; Kroupa et al., 2013). These
are currently the only measurements we have with direct stellar counts. Difficulties in making these measurements include various selection effects and
biases. Complicated correction factors need to be applied to observed luminosity functions for binary stars and stellar evolution. Additionally, dynamical evolution needs to be accounted for in globular cluster environments,
which preferentially lose low-mass stars. In particular, probing the low-mass
9

Figure 1.4: A Salpeter IMF has a slope of 2.35 whereas a Kroupa IMF has
a similar slope of 2.3 above 0.5 M and a shallower slope of 1.3 for lower
stellar masses. The IMFs have been normalised to have the same mass.
end of the IMF is further limited to nearby environments due to the stars
being faint.

1.4.1

The IMF in unresolved stellar populations

An alternative to this approach is to constrain the IMF in unresolved stellar
populations through either, a combination of stellar population modelling
with dynamical mass measurements or, stellar populations modelling alone
using gravity-sensitive absorption features in the spectrum. The obvious advantage is the extension to other galaxies and stellar systems allowing a statistical assessment of possible variations of the IMF with galaxy properties.
The downside is that the measurement is challenging and hugely dependent
on analysis methods.
Rapid advances have been made in this regard in recent years. Some
consensus appears to be emerging in the recent literature from various dif10

ferent methods that the IMF is not universal with higher fractions of lowmass dwarf stars being detected in more massive galaxies (Treu et al., 2010;
Thomas et al., 2011c; Conroy & van Dokkum, 2012b; Cappellari et al., 2012;
Spiniello et al., 2012; Ferreras et al., 2013; La Barbera et al., 2013; Lyubenova et al., 2016). However, this conclusion remains controversial. Smith &
Lucey (2013) and Smith et al. (2015a) present a handful of nearby strongly
lensed massive galaxies with particularly accurate mass determinations that
contain Milky Way-type IMFs and hence do not fit into this trend. Fig. 1.5
summarises some of these results showing the mass excess factor α versus
velocity dispersion, σ. α is defined as the ratio between the observed M/L,
and the reference M/L based on a Kroupa IMF.
Moreover, there appears to be no correlation between the various IMF
slope variations inferred from different approaches on a galaxy-by-galaxy basis (Smith, 2014). It should be noted though that this analysis made use
of different data taken over different apertures, and others have found consistency between stellar population and dynamics (Lyubenova et al., 2016)
and stellar population and lensing (e.g. Spiniello et al., 2012). Still, the issue
highlighted by (Smith, 2014) casts doubts on the robustness of the evidence
for a non-universality of the IMF.
The NaI doublet (8183, 8195 Å) and the FeH Wing-Ford band (9916
Å) are dominantly present in the spectra of low mass dwarf stars. The
CaII triplet (8498, 8542, 8662 Å) is strongly present in giant stars. Hence a
galaxy with a bottom-heavy IMF would be expected to have stronger NaI and
Wing-Ford absorption, and weaker Ca II absorption (Couture & Hardy, 1993;
Saglia et al., 2002; Cenarro et al., 2003). These indices were used by Conroy
& van Dokkum (2012b) to suggest that massive galaxies have bottom-heavy
IMFs. The TiO1 and TiO2 indices were used by Ferreras et al. (2013) along
with the Na I doublet to show the same trend of a varying IMF. By using a
combination of indices, the degeneracy with element abundances and other
parameters can be somewhat lifted. For example, the NaD doublet in the
optical region, which is sensitive to sodium abundance but not to the IMF,
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Figure 1.5: Mass excess factor, defined as the ratio between the observed and
a reference (Kroupa) M/L, as a function of velocity dispersion from various
methods. From Smith et al. (2015a).

12

can be used to remove the effect of the former from the NaI doublet (e.g.
Smith et al. 2015b).
Progress in all aspects of the analysis, from data quality to modelling
techniques, is required to resolve this controversy. One way of shedding
more light on the issue is to expand the experiment and to study possible
variations of the IMF within galaxies. Radial gradients will allow us to investigate whether any IMF variations are driven by local or global properties of
galaxies. The possible presence of a gradient in the IMF would also have implications for galaxy formation models, setting further constraints on galaxy
growth and outside-in vs inside-out formation mechanisms. In addition, dynamical mass estimates are rather sensitive to IMF gradients, so quantifying
gradients is a crucial step in quantifying the stellar mass density (Bernardi
et al., 2018).
Spatially resolved measurements of the IMF in galaxies based on stellar population indicators have only just started appearing in the literature.
It is time-consuming and expensive to reach the necessary data quality at
significant radii and so far, no consensus has been reached. Some studies
show the presence of a radial gradient with strongly bottom-heavy IMFs
in the centres (Martı́n-Navarro et al., 2015a; La Barbera et al., 2016, 2017;
van Dokkum et al., 2017; Conroy et al., 2017), while other studies find no
compelling evidence for radial gradients in the IMF (Vaughan et al., 2018;
Zieleniewski et al., 2015, 2017; Alton et al., 2017). The next section explores
IMF variations based on theory and simulations.

1.4.2

Origin of IMF variations

An important consideration is the physical origin of any potential IMF variations, based on theory and simulations, i.e. do we expect to see variations in
the IMF depending on initial conditions? Gravity causes molecular clouds to
collapse to form stars. In order for this to occur, gravity must overcome the
thermal pressure of the gas. The Jeans criterion states that collapse occurs
for clouds with mass greater than the Jeans Mass, MJ ,
13


MJ ∝

T3
ρ

1/2
,

(1.3)

where T is temperature and ρ is the density of the cloud. Cooling during
collapse leads to the critical mass becoming smaller, causing substructures
to collapse within the collapsing cloud. Gravitational fragmentation alone is
thought to account for the shape of the IMF at intermediate mass regimes,
while number densities of lower and higher mass stars are thought to be a
result of different processes. The higher mass IMF results from continued
accretion after fragmentation. Meanwhile low mass stars would need to stop
accreting and hence are thought to be ejected from a clustered environment
(Bonnell et al., 2007). Hence, we would expect that depending on the initial
conditions in a collapsing cloud, the mass distribution of the resulting stellar
population would vary.
Advances in computational power and capabilities have allowed detailed
numerical simulations of galaxy formation and evolution. Different physical
processes can be included in the simulations, to test their effects on various
observables, including the IMF. These results can then be compared directly
with observations. Fig. 1.6 shows stills from a hydrodynamical simulation of
a 500M cloud, collapsing and fragmenting to form stars, produced by Bate
(2009). The upper-left image shows the cloud, which is 0.8 pc in diameter,
has an initial temperature of 10 K, and mean molecular weight of 2.46. This
corresponds to a Jeans mass of 1M

and free-fall time of 190,000 years.

Turbulent motions are present in the cloud, which result in shock waves
leading to damping of the motions, as seen in the upper-right panel. The
bottom-left image is taken at 190,000 years, as stars begin to form in dense
cores where gravity has been pulling the gas together. Finally, the bottomright panel shows the cluster at the end of the simulation, when many stars
and brown dwarfs have been formed, and some have been ejected to large
distances.
Using such simulations, studies have shown that at low metallicities, high
temperatures lead to a delay in the onset of star formation. However the
14

Figure 1.6: Simulation of a large star cluster formation by Matthew Bate.
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effect of this on the IMF is very weak (Bate, 2019). In fact the IMF has been
found to not vary with several properties including metallicity, magnetic
fields, temperature, pressure. Simulations have improved dramatically in
quality, but they are computationally very expensive and assumptions have
to be made.

1.5

Chemical Evolution

In addition to the stellar population age, metallicity, and IMF, the abundances of chemical elements can be studied. The chemical compositions
of stellar atmospheres are tracers of element abundances of the parent gas
clouds forming stars throughout the formation history of a galaxy, providing
a powerful tool for extracting information on galaxy formation and evolution
as well as the chemical enrichment history of the Universe (e.g. Freeman &
Bland-Hawthorn, 2002). The most prominent example is the [α/Fe] ratio
constrains star formation timescales in galaxies, as discussed briefly in Section 1.3. The notation [X/Y] refers to number densities N relative to the
solar value,
[X/Y] ≡ log (NX /NY ) − log (NX /NY ) .

(1.4)

Type II supernovae, otherwise known as core-collapse supernovae, result
from massive stars (M∗ >8 M ) with depleted fuel that can therefore no
longer continue nuclear fusion. The evolutionary time of these massive stars
is of the order of Myrs (Greggio & Renzini, 1983). This creates α as well as
Fe-peak elements, which are then expelled into the ISM (Woosley & Weaver,
1995). Type Ia supernovae, arise from a white dwarf in a binary system with
another star, which accretes material until it reaches the Chandrashekhar
limit, causing a runaway reaction. The binary system can consist of two
white dwarfs or a white dwarf and another star (see Maoz et al., 2014, for
a review). Since the low-mass, long-living, white dwarf must evolve off the
main sequence and accrete enough mass, this results in an evolution time of
16

the order of Gyrs.
As [α/Fe] increases with increasing galaxy mass for early-type galaxies
(e.g. Trager et al., 2000; Thomas et al., 2005; Thomas et al., 2010; Bernardi
et al., 2006; Clemens et al., 2006), massive galaxies are expected to have
formed on shorter timescales than low-mass ones (Matteucci, 1994; Thomas
et al., 2005; Thomas et al., 2010). Alternative explanations for this trend
could include a top-heavy IMF or selective galactic winds (Thomas et al.,
1999), although evidence for this has not been found.
Individual element abundance ratios, in addition to [α/Fe], can further
disentangle the formation of different stellar populations. As an example,
the balance between the elements carbon and magnesium sets a lower limit
on the star formation time-scale, as star formation must continue over long
enough periods to allow for the contribution of C from both massive and
intermediate-mass stars (Johansson et al., 2012, J12). The element nitrogen,
mostly produced in intermediate-mass stars, provides further constraints on
formation timescales, but also primordial gas inflow (because of primary vs
secondary N production) (J12). However, we are far from a comprehensive
understanding of these processes; for instance, chemical enrichment models
struggle to explain C and N abundances in early-type galaxies (Pipino et al.,
2009).
Other elements such as Na, Ca, Ti are produced in a variety of processes
at different timescales during the chemical evolution of a galaxy such as AGB
star winds, Type Ia and Type II supernovae (Conroy et al., 2014) and can
therefore be used to further constrain the physics of galaxy formation and
evolution, including unique constraints on the star formation history. In
some cases the nucleosynthesis origins also need to be understood better.
Most work in the literature so far has focused on central, integrated properties (e.g. Thomas et al., 2005; Schiavon, 2007a; Graves et al., 2007; Smith
et al., 2009; Thomas et al., 2010; Johansson et al., 2012; Conroy et al., 2014).
A summary plot from Conroy et al. (2014) is shown in Fig. 1.7, showing
[X/Fe] as a function of atomic number, with velocity dispersion bins in dif-
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Figure 1.7: [X/Fe] shown for various elements as a function of atomic number,
where each colour is a different velocity dispersion bin. From Conroy et al.
(2014).
ferent colours. There exist only a handful of spatially resolved studies in
the most recent literature (Greene et al., 2015; van Dokkum et al., 2017; Alton et al., 2018). The largest spatially resolved sample for which individual
element abundances are determined is the study of 100 early-type galaxies
by Greene et al. (2015), for a limited set of elements (C, N, Mg, Ca) and
focusing on massive galaxies.
Recent advances in spatially resolved spectroscopy have paved the way to
carry out such studies for a more representative set of the local galaxy population. It is important to understand whether global trends found among
galaxy populations also hold locally within galaxies. Such a comparison provides fundamental clues for galaxy evolution as well as the origin of chemical
element production. Abundance gradients within galaxies provide additional
information on the processes which regulate the growth and assembly of
galaxies. Through this we can learn about quenching, mergers, and insideout or outside-in formation. Stellar yields outline the amount of each element
produced by stars of different masses, and is a basic parameter for chemical
evolution models which can be compared to observations in order to place
constraints. Gradients also provide information on internal processes such
18

as stellar migration, inflow of pristine gas into galaxies, outflows of enriched
material via supernovae and stellar winds into the ISM.
The next section sets out the motivation for my work, highlighting the
unique aspects of it, and provides an outline for the rest of the thesis.

1.6

Aims and Outline

The aim of this work is to make use of high resolution spatially resolved spectroscopy from the MaNGA IFU survey to measure detailed stellar population
properties in nearby galaxies. Utilising what is currently the largest available
IFS galaxy sample, we will carry out studies as a function of radius, galaxy
mass, and galaxy type. We aim to constrain the low mass end of the IMF, as
well as obtain abundances of individual elements. Prior to this work, radial
measurements of the IMF only existed for a handful of galaxies. Another
novel part of this work is to attempt to measure detailed stellar populations
in late-type galaxies. These are studied to a lesser extent in literature due to
their complicated star formation histories, and complications due to dust and
geometry. Our sample allows us to conduct an investigation into the differences in stellar population parameters, with an emphasis on local (i.e. radial)
and global properties, offering insights into galaxy formation and evolution,
and chemical enrichment processes.
The structure of this thesis is as follows:
Chapter 2: This chapter describes the tools for deriving parameters from
galaxy spectra including the ingredients which feed into evolutionary synthesis models to produce simple stellar populations. Details are provided about
all the stellar population models used, and the procedure for measuring absorption indices and calculating velocity dispersion corrections is explained.
This is followed by a study of index responses to various model parameters,
which sets out how different features can be used to break degeneracies.
Chapter 3: I present the main observational data used throughout my
PhD from the SDSS-IV MaNGA survey. The survey target selection, instru-
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mentation and the data reduction and analysis pipelines are described, with
references to the technical papers for details. The final galaxy sample used in
Chapters 4 & 5 is presented here, along with the stacking code and analysis
pipeline I developed, and the various comparisons and tests carried out to
finalise the procedure. Lastly, I provide a description of my contributions
to the Value Added Catalog developed at Portsmouth, published with SDSS
data releases for the use of the scientific community.
Chapter 4: Results from Parikh et al. (2018) are presented here, which
are the measurements of the IMF for 366 early-type galaxies. This uses the
analysis tools described in Chapter 2, and the data described in Chapter 3
to model the NaI and FeH features in the near-infrared. A comprehensive
discussion on the physical implications of the results, and possible sources of
uncertainties is provided.
Chapter 5: Here, the chemical abundances are presented from Parikh
et al. (2019) for the same sample of galaxies. This involves using a stepby-step approach with the models described in Chapter 2 to reproduce the
various features which are associated with different chemical elements. The
results are studied in detail to interpret the implications for chemical evolution and nucleosynthesis production pathways of elements.
Chapter 6: This chapter shifts the focus to late-type galaxies, measuring
features for these objects, and comparing to an increased sample size of earlytypes. Chemical abundances are derived for all the elements from Chapter
5 with an improved method. IMF-sensitive indices are measured and an
empirical discussion of the IMF is provided. A discussion follows on the
dominant property which determines a galaxy’s stellar population properties
i.e. whether it is galaxy mass or morphology.
Chapter 7: Finally, the main conclusions of my work are presented
and their importance is highlighted in the context of galaxy formation and
evolution. The outlook for future work is discussed, including with MaNGA
data as well as other/future surveys and experiments.
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Chapter 2
Stellar Population Synthesis
Having provided a background and literature review of the main concepts
relevant to my research area, and a summary of the challenges currently facing this field, I move on to describe the tools used to extract information
from spectroscopic observations of galaxies. The key components of evolutionary population synthesis and associated uncertainties are discussed and
the various stellar population models used in the subsequent chapters are
described. The procedure to measure absorption line indices from spectra is
outlined, including calculating Monte Carlo-based errors and accounting for
velocity dispersion broadening of these lines. I also present the effect of IMF
and abundance variations on these features in two different stellar population
models to show how degeneracies can be broken by using features over a wide
wavelength range in the optical and near-infrared region.

2.1

Simple Stellar Populations

The spectral energy distribution (SED) of an unresolved stellar population
encodes information about the star formation history (SFH), metallicity,
abundances, stellar mass, gas, and dust (e.g. Tinsley, 1968; Bruzual A. &
Charlot, 1993; Worthey et al., 1994; Maraston, 1998). The simplest evolution in time of an SED is a simple stellar population (SSP), which consists
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of a coeval population of stars sharing the same chemical composition. This
requires three inputs: a theory of stellar evolution, a stellar library to provide stellar atmospheres, and the IMF (see Conroy, 2013, for a review). The
integrated flux, which is a function of wavelength λ, can be given by,
Z

mu (t)

s(λ, m) Φ(m) dm,

F (λ) =

(2.1)

ml (t)

where s is the spectrum of a single star, Φ is the IMF, and ml and mu
are lower and upper limits on mass. The hydrogen burning limit sets ml ,
usually 0.08 or 0.1 M , and mu is the maximum stellar mass dependent on
stellar evolution, ≈ 100 M . The flux for a stellar population of a given age
and metallicity is governed by the relation between the stellar parameters:
effective temperature Tef f , metallicity Z, and surface gravity log g. This relation is determined by a stellar evolutionary theory in the form of isochrones.
Isochrones dictate the location of a star with a given age and metallicity in
the Hertzsprung-Russell diagram, and can be calculated by constructing a
line that connects stars of the same age and initial chemical composition at
different stellar masses.
The next step is to associate each star with a theoretical or empirical spectrum from a stellar library. Empirical libraries do not suffer from modelling
uncertainties since they are based on actual observations of stars. However
observational issues due to our atmosphere and difficulties in flux calibration
exist. Furthermore, the wavelength range and spectral resolution are limited by the instrument, and the parameter space covered is incomplete. It is
also not trivial to assign stellar parameters to a spectrum. While theoretical
libraries are not subject to observational constraints and can have an arbitrarily high spectral resolution, wavelength and parameter coverage, they
are dependent on modelling assumptions including the atomic and molecular parameters involved. Empirical libraries include ELODIE (Prugniel &
Soubiran, 2001), STELIB (Le Borgne et al., 2003), MILES (Sánchez-Blázquez
et al., 2006), IRTF (Rayner et al., 2009), and examples of theoretical libraries
are Munari et al. (2005), MARCS (Gustafsson et al., 2008). Maraston &
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Strömbäck (2011) contains a detailed discussion about the effect of the input
stellar library on the results, and uses the MARCS library to add missing
cool dwarfs to other libraries.
In stellar population models, the effect of changing the IMF can be seen
in different ways. It determines the mass-to-light ratio, M/L and causes the
SED to be flux-enhanced in the NIR for a bottom-heavy IMF (Maraston,
1998). Stellar population models are used as input in spectral fitting codes
such as pPXF (Cappellari & Emsellem, 2004), STARLIGHT (Cid Fernandas
et al., 2005), ULySS (Koleva et al., 2009) and FIREFLY (Wilkinson et al.,
2017). These combine models using iterative best-fit processes to achieve
convergence. I describe FIREFLY in more detail in Chapter 4 and B, with
the results published in Wilkinson et al. (2017); Parikh et al. (2018).

2.2

Absorption Line Indices

The index definitions of 25 important absorption features in the optical spectrum (4000 − 6500 Å), known as the Lick indices, are strongly present in the
spectra of evolved stellar populations (Burstein et al., 1984; Faber et al.,
1985). An absorption index is determined by defining two pseudo-continuum
bandpasses on either side of a spectral feature, which is contained within
the index bandpass. Indices are measured according to the calculations in
Worthey et al. (1994). The flux in a bandpass is given by,
Z

λ2

Fλ dλ/ (λ2 − λ1 ) .

FP =

(2.2)

λ1

Broad molecular features are measured in units of magnitude,

Mag = −2.5 log

1
λ2 − λ1

Z

λ2

λ1


FIλ
dλ ,
FCλ

(2.3)

and atomic lines are measured as equivalent widths in units of Angstroms,
Z

λ2

EW =
λ1



FIλ
1−
dλ.
FCλ
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(2.4)

Modelling of absorption line indices can be done via measuring the equivalent widths directly on the SED from stellar population models and comparing to data. An alternative is to use fitting functions, which involve empirical
calibrations of absorption indices with stellar parameters. The calibrations
are calculated by fitting polynomials, which depend on the reliability of the
index measurements and stellar parameter coverage. Each index has an optimised individual fitting function that reproduces its behaviour across different regions of stellar parameter space. Another advantage of using fitting
functions is the ability to interpolate between well-sampled regions of stellar parameter space to cover areas that are sparsely populated by empirical
stellar libraries (Worthey et al., 1994; Johansson et al., 2010).
The spectral resolution, R, is given by
λ
c
=
,
(2.5)
∆λ
sσ
√
since the FWHM, ∆λ = s σ, where s = 2 2 ln 2. Spectra must be corrected
R=

for instrumental effects and line-of-sight velocity dispersion broadening. For
an observed spectrum, the two effects combine together to give a Gaussian
with standard deviation,
σobs

q
2
2
= σlsf
+ σlosvd
,

(2.6)

where σlsf and σlosvd are the broadenings due to the line spread function and
the line-of-sight velocity dispersion, respectively.
Index values measured on the observed galaxy spectrum are corrected to a
common velocity dispersion in order to make a comparison with models. Here
we correct to the resolution of the stellar population models in the following
way (see also Johansson et al., 2012): For each spectrum we take the model
templates from an initial full spectral fit and measure the index strength two
times. First at the spectral resolution of the data from the best fit model
directly convolved with the derived velocity dispersion. Then we generate
the same model template from the model library at the resolution that we
want to correct to. The ratio between these measurements is the correction
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factor, which is multiplied by the index measurements from the data to give
the corrected index. I created tables of velocity dispersion correction factors
for each index as a function of σ, age, and metallicity for our analysis and
also for a Value Added Catalog. The latter is described in Section 3.4 and
some example correction factor curves are shown.
We then calculate Monte-Carlo based errors for our indices. To do so, we
perturb the flux at each wavelength with a number randomly drawn from
a Gaussian which has a standard deviation equal to the error in the flux at
each pixel. The indices are measured on perturbed spectra from 100 such
realisations and the error is measured as the standard deviation of these
√
measurements, divided by 2. This factor is due to perturbing spectra that
already have an error and since variance of the sum of two Gaussians is sum
of the two variances.
Covariance between spatially adjacent spaxels can lead to noise being underestimated when they are binned together. In our radial binning scheme,
the number of adjacent spaxels being combined is very small. Also, the
MaNGA reconstructed point-spread function, and hence the correlation matrix, is only a weak function of wavelength (Law et al., 2016). Therefore
we use individual, pixel-based errors to perturb the spectra because we do
not expect strong correlations of uncertainties in the wavelength or spatial
directions.
Stellar population parameters are derived through fitting stellar population models to spectra. This can be done either through fitting the full
spectrum (e.g., Cid Fernandes et al., 2005; Ocvirk et al., 2006; Koleva et al.,
2009; Conroy et al., 2014; Cappellari, 2017; Goddard et al., 2017; Conroy
et al., 2018a; Wilkinson et al., 2017) or selected absorption line features (e.g.,
Trager et al., 2000; Proctor & Sansom, 2002; Thomas et al., 2005; Schiavon,
2007b; Thomas et al., 2010; Johansson et al., 2012). Most IMF studies in the
recent literature use gravity-sensitive spectroscopic features directly (e.g. van
Dokkum & Conroy, 2012; Martı́n-Navarro et al., 2015a; La Barbera et al.,
2017; Alton et al., 2017). My work also focusses on using absorption features
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instead of full spectrum fitting.

2.3

Models

The analysis of galaxy spectra is naturally sensitive to the stellar population
model used. Kuntschner (2004) and Conroy et al. (2018a) compare models
by Thomas et al. (2003a); Thomas et al. (2011a), Schiavon (2007a), and
Conroy et al. (2018a) and find encouraging agreement for optical absorption
features. Modelling of near-IR features including the IMF-sensitive indices,
instead, is more challenging (Lyubenova et al., 2010, 2012; Spiniello et al.,
2014; Baldwin et al., 2018). We therefore use a combination of different
model sets in our analysis as outlined below.

2.3.1

TMJ

We use the Thomas et al. (2011a, hereafter TMJ) stellar population models of
the optical Lick absorption indices in our analysis. In brief, the TMJ models
are an update and extension of the earlier models by Thomas et al. (2003a);
Thomas et al. (2004) and based on the Maraston (1998, 2005) evolutionary
synthesis code. The update uses new empirical calibrations by Johansson
et al. (2010) based on the MILES stellar library (Sánchez-Blázquez et al.,
2006). Element response functions from Korn et al. (2005) are adopted. The
models are carefully calibrated with galactic globular clusters and reproduce
the observations well for the spectral features used in this study (Thomas
et al., 2011b). The models are available for different ages, metallicities, variable element abundance ratios, and a Salpeter IMF. Element variation are
calculated at constant total metallicity, hence the TMJ models enhance the
α-elements and suppress the Fe-peak elements according to Equations 1-3 in
Thomas et al. (2003a). The models are provided for Lick and MILES spectral
resolution. We use the latter in the present work, because its resolution of
2.54 Å(Beifiori et al., 2011; Falcón-Barroso et al., 2011; Prugniel et al., 2011)
is well matched to the MaNGA resolution over the relevant wavelength range.
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2.3.2

M11

In combination with these, we use the Maraston & Strömbäck (2011, M11)
models based on the theoretical MARCS (Gustafsson et al., 2008) library.
The theoretical library MARCS allows us to extend our analysis to NaI and
to FeH without loss of stellar parameter coverage. These models are available
for Kroupa and Salpeter IMFs. Using the power law form φ ∝ M −x , a
Salpeter IMF refers to a single power-law with x = 2.35 and a Kroupa IMF
refers to a double-power law with x = 1.3 between 0.1 − 0.5 M (shallower
than Salpeter) and x = 2.3 between 0.5−100 M . We note that the turnover
to a shallower slope at low stellar masses is also present in other versions of
the IMF like Chabrier (2003) or the recently widely discussed integrated
galactic IMF Kroupa & Weidner (2003); Weidner & Kroupa (2005); Kroupa
et al. (2013); De Masi et al. (2017). We use the M11-MARCS models to
calculate the TMJ models for a Kroupa IMF, and the VCJ response functions
(described below) to calculate element abundance variation for M11-MARCS
models.

2.3.3

VCJ

We also make use of the stellar population models (Conroy et al., 2018b)
based on the extended IRTF stellar library by Villaume et al. (2017, hereafter VCJ). The library, complemented with M-dwarf stars from Mann et al.
(2015), consists of stars present in the MILES library (Sánchez-Blázquez
et al., 2006), giving continuous coverage for each star across the MaNGA
wavelength range. Due to the different instrumental resolutions of the MILES
and IRTF libraries, the models are smoothed to a common dispersion of
100km/s. Note that the dwarf stars from Mann et al. (2015) are at a lower
spectral resolution than both MILES and IRTF libraries, and these spectra were de-convolved in VCJ. The empirical SSPs are available for a range
of triple-power law IMFs. The low mass cut-off is 0.08M

and the slope

above 1 M is fixed at the Salpeter slope. The slopes for 0.08 − 0.5 M and
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0.5 − 1 M can be varied from 0.5 to 3.5. Hence we can obtain models for
the Kroupa and Salpeter IMFs mentioned above.
We multiply the theoretical response functions for element abundance
variation (Conroy et al., 2018a) to whichever base models (M11-MARCS or
VCJ) we use in the analysis. These functions are available for individual
elements spanning a range in age and metallicity. We individually vary the
elements Na and Fe as well as the α and other light elements (N, O, Ne, S,
Mg, Ca, Na, Si, Ti). We calculate an α-enhanced model following the same
procedure as the TMJ models, for a consistent comparison.
I collaborated with a project on deriving parameters for high-redshift
galaxies (Lonoce et al., submitted). A brief description of my contributions
and the results are given in Appendix C. I am also involved with ongoing
testing of new stellar population models led by Prof. Claudia Maraston.
Some example results are shown in Appendix D.

2.4

Element abundance variations and the IMF

In addition to the Lick indices, we are interested in IMF-sensitive features,
particularly the NaI doublet in the near-infrared. Several different index definitions exist for this absorption feature. Shown in Fig. 2.1 are three examples
to illustrate the complexity in choosing the locations of the central (grey) and
pseudo-continuum (blue and red) bandpasses. The left-hand panel is the definition from Spiniello et al. (2012), which places a wide bandpass over the
NaI feature and also a TiO feature at 8220 Å. In order to avoid contamination from TiO, Conroy & van Dokkum (2012a) modified this definition
by making the feature window narrower, covering just NaI, and placed the
pseudo-continuum bandpasses on either side of the feature. However, this led
to the index being affected by TiO because the red continuum level changed
depending on the contribution from this feature. Hence, La Barbera et al.
(2016) combined the two approaches to give a narrow central bandpass, and
pseudo-continua slightly further away to avoid any features. The choice of
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Figure 2.1: The NaI index definitions given in Spiniello et al. (2012); Conroy & van Dokkum (2012a); La Barbera et al. (2016). Plotted is the M11MARCS model at 10Gyrs and solar metallicity with a Kroupa IMF, smoothed
to 100km/s. The feature bandpass is shown in grey while the pseudo-continua
are shown in blue and red. The right-most panel provides the cleanest definition with no TiO contamination.
index definition strongly affects the measurement as radial gradients in NaI
can be washed out due to contamination from other features.
In order to understand the effect on indices of various parameters, I calculated the ratios for changes in abundance and IMF variations for different
stellar population models. Fig. 2.2 shows the optical NaD and the nearinfrared NaI index ratios, with a Na enhancement of twice solar (orange),
and a change in IMF between Salpeter and Kroupa (green). Both models
show a roughly 30% increase in NaD when [Na/Fe] is enhanced, and a negligible change when the IMF is made bottom-heavy. The NaI index shows
a roughly 30% change for both abundance and IMF variations for the M11MARCS models, whereas very interestingly, the VCJ models show only a
10% change in index due to IMF variation.
Fig. 2.3 illustrates the necessity of using Fe4531 to constrain [Ti/Fe] rather
than the TiO indices. TiO1 and TiO2 show complex responses to both Ti
abundance and IMF variations; the TMJ model shows a greater IMF response
than the abundance while the converse is true for VCJ models. The Fe4531
index meanwhile shows no response to change in IMF and can therefore be
used to measure Ti abundance independently.
As a final example, the optical Ca4227 index and the giant-sensitive Ca
29

Figure 2.2: NaD and NaI responses to [Na/Fe] enhancement and change in
IMF, for TMJ + M11-MARCS models (left) and VCJ models (right).
triplet ratios are shown in Fig. 2.4. Both models show that the former is far
more sensitive to Ca abundance than the latter. However, since the difference
between a Kroupa and a Salpeter IMF is only at the low-mass end, the Ca
triplet cannot be used to constrain this section of the IMF, as it shows a very
small difference in ratio for both models.
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Figure 2.3: Same as Fig. 2.2 for Fe4531 and TiO indices.

Figure 2.4: Same as Fig. 2.2 for Ca4227 and CaT indices.
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Chapter 3
SDSS-IV MaNGA Data and
Analysis
We make use of the ideally suited MaNGA survey (Bundy et al., 2015) for
this work due to its large sample size, high resolution spatially resolved spectroscopy across a long wavelength range. This chapter describes the survey’s
target selection and observation regimes, and subsequently our various criteria giving the sample of galaxies used in Chapters 4 & 5. Our motivation for
stacking spectra is given, and my code to produce the averaged flux and other
quantities in annular bins while accounting for kinematics and error propagation is described in detail. We compare the S/N and quality of spectra for
an individual galaxy to our final stack containing over a hundred galaxies.
In addition to the published work in Parikh et al. (2018), I also show here
tests carried out along the way to optimise the stacking procedure.

3.1

The MaNGA Survey

MaNGA, part of the Sloan Digital Sky Survey IV (Blanton et al., 2017),
aims to obtain spatially resolved spectroscopy for 10,000 nearby galaxies at
a spectral resolution of R ∼ 2000 in the wavelength range 3, 600 − 10, 300 Å,
upon completion in 2020. It makes use of integral-field units (IFUs) to col-
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Figure 3.1: Observed MaNGA footprint from DR15 (purple) plotted over all
possible MaNGA plates. From Aguado et al. (2019).
lect this information, with 17 simultaneous observations of galaxies from the
output of independent fibre-bundles (Drory et al., 2015). These fibres are
fed into the BOSS spectrographs (Smee et al., 2013) on the Sloan 2.5 m
telescope (Gunn et al., 2006). Such high precision spectroscopy for different regions of a galaxy and for such a large sample has never been provided
before. MaNGA targets are chosen from the NASA Sloan Atlas catalogue
(NSA, Blanton et al., 2005) such that there is a uniform distribution in log
mass (Wake et al., 2017). This allows mass-dependent studies with sufficient numbers of high mass galaxies compared to low mass galaxies which
are more numerous, resulting in a mass-dependent redshift limit such that a
larger volume is sampled for high mass systems. This means that the sample
is not volume limited, and for studies as a function of properties other than
stellar mass (or equivalent), volume weights must be applied to galaxies. The
current observed footprint for MaNGA in the latest data release is shown in
Fig. 3.1.
At the redshift of a galaxy, optical fibre bundles of different sizes are
chosen to ensure the galaxy is covered out to at least 1.5Re for the ‘Primary’
and ‘Color-enhanced’ samples, and to 2.5Re for the ‘Secondary’ sample (Wake
et al., 2017). Sampling galaxies in multiples of Re helps achieve uniform
radial coverage, in order to sample the same relative extent of the declining
surface brightness profile. The primary and secondary sample boundaries
are shown in Fig. 3.2. The Color-enhanced sample supplements colour space
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Figure 3.2: The primary and secondary sample boundaries for the full
MaNGA survey. The remaining 16% is taken up by the color-enhanced sample. Credit: SDSS-IV / MaNGA.
that is otherwise under-represented relative to the overall galaxy population
such as high mass blue galaxies and low mass red galaxies, and makes up
16% of the MaNGA sample. Bundle sizes vary in size between 19 - 127
fibers, while several mini-bundles of 7 fibers are pointed at standard stars for
calibration. The spatial resolution is 1 − 2 kpc at the median redshift of the
survey (z ∼ 0.03), and the r-band S/N is 4 − 8 Å−1 , for each 200 fibre, at the
outskirts of MaNGA galaxies.
The combination of a large sample size, uniform radial coverage, and an
even sampling in stellar mass gives a sample representative of the local galaxy
population. See Law et al. (2015) for MaNGA’s observing strategy, to Yan
et al. (2016a) for the spectrophotometry calibration, to Wake et al. (2017)
for the survey design, and to Yan et al. (2016b) for the initial performance.
Recent IFU surveys include the DiskMass Survey (Bershady et al., 2010),
ATLAS3D (Cappellari et al., 2011), CALIFA (Sánchez et al., 2012), and
SAMI (Croom et al., 2012). The SAMI survey is closely comparable to
MaNGA, with similar spatial resolution, relatively high spectral resolution
of ∼ 7000, and targeting 3,400 galaxies. Though it offers a higher spectral
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resolution than MaNGA, and thus allows studies out to larger radii, SAMI’s
wavelength coverage goes up to 7430 Å which does not cover important IMFsensitive features in the near-infrared.

3.1.1

Data reduction and analysis pipelines

The Data Reduction Pipeline (DRP, Law et al., 2016) processes all exposures
taken for each galaxy into data-cubes. This involves spectral extraction, flux
calibration, subtracting sky lines and continuum from the raw observed spectra and using astrometric information to resample each wavelength channel
into a full datacube. The resulting datacube records information as a function of wavelength at each on-sky sample, hence it is composed of spatial
pixels (spaxels). From the DRP we use the LOGCUBE files, in which the
wavelength vector has been logarithmically binned (Law et al., 2016, see Appendix B for data model). The files provide flux, noise, bitmasks and spectral
resolution as a function of x, y, and λ.
MaNGA’s Data Analysis Pipeline (DAP Westfall et al., 2019) fits the
stellar continuum and nebular emission lines of each spectrum, providing the
kinematics of both components, as well as emission-line fluxes and equivalent
widths. This analysis is carried out for different binning schemes within
galaxies as well as for each individual spaxel. We use the stellar velocities
and velocity dispersions from the DAP for each spectrum in our analysis.
The next few sections describe the stacked spectra sample used in Chapters
4 and 5.

3.2

Stacking spectra

There are many challenges involved in probing the low mass end of the IMF
(see Section 1.4). Dwarf stars are the most abundant but they only contribute 5-10% to the integrated light of a stellar population. Hence a 30%
feature in the spectrum of a dwarf star drops to just a few percent (Conroy & van Dokkum, 2012a). In order to achieve the high S/N necessary
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for stellar population studies based on absorption features, we stack similar
galaxies together. Although in galaxy centres the signal is strong enough,
with increasing radius stacking becomes necessary. Assuming random noise,
spectral indices measured on averaged spectra should be the same as the average of measurements on individual spectra. However in regions of emission
lines, sky residuals and tellurics, stacking helps remove systematic sources of
error. This is because emission line subtraction on stacked spectra is more
accurate due to the higher S/N. Sky residuals disappear when stacking due
to the different redshifts of galaxies, leading to the lines which are observed
at the same wavelengths to become shifted to different wavelengths before
averaging. The combination of high S/N and absorption features across a
large wavelength range give us confidence in using key indices.
We make use of data taken during the first two years of survey operations,
equivalent to SDSS’s fourteenth data release (Abolfathi et al., 2017, DR14)
containing 2812 datacubes. The galaxy masses range from ∼ 109 − 1011 M .
The Primary and Color-enhanced samples of MaNGA, together known as the
Primary+ sample, contains 1700 galaxies, out of which 970 are early-type.
These were selected using Galaxy Zoo (Lintott et al., 2011; Willett et al.,
2013) morphologies and visually inspected when necessary (Goddard et al.,
2017).
In order to convert from RA and DEC to semi-major axis polar coordinates on the IFU we use the r-band isophotal ellipticity and position angle
from the NSA catalogue. The latter consists of galaxy images and astrometric and photometric parameters. We also adopt the galaxy mass (based on
a Chabrier IMF, Chabrier, 2003) and half-light radius from this catalogue,
always using Elliptical Petrosian quantities.
The typical r-band S/N of 4 − 8 Å−1 in individual 200 fibre toward the
outer radii is too small for reliable kinematic or stellar population analyses.
The necessary S/N is generally obtained through combining the spaxels of
individual galaxies in e.g. Voronoi cells or radially in annuli.
However, the resulting S/N is not sufficiently high for IMF studies requir-
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ing S/N ratios of at least 100 Å−1 (Ferreras et al., 2013). This is because
dwarf stars only contribute little to the integrated light of stellar populations
owing to their high M/L ratios (Maraston, 1998, 2005). Hence the IMFsensitive features, which generally are strong in the spectra of dwarf stars,
drop to the level of a few percent in the integrated light of a stellar population (Conroy & van Dokkum, 2012a). We therefore need very high S/N
to make measurements which are precise enough to detect small changes in
these features. This can be achieved by stacking spectra of several galaxies.
On top of this, the majority of IMF sensitive features are found in the
near-infrared (NIR) region of the spectrum, which suffers from contamination
by sky lines. As we will show, the technique of stacking galaxies mitigates
this problem successfully.

3.2.1

S/N cut

Before stacking, wavelengths are converted to rest-frame for each spectrum
using the equation,
λrest =

λobs
,
(1 + z) 1 + vc

(3.1)

where z is the galaxy’s NSA redshift and v is the internal stellar velocity
for each spectrum as measured by the DAP. The chosen threshold for the
accuracy in the measurement of v is critical for the success of this stacking
procedure. We carefully analysed the data and decided that a conservative
value of an S/N of 7 pixel−1 provides the optimal balance between accuracy
in v and data volume.
We illustrate this with Fig. 3.3 where we plot the stellar velocity map
of a galaxy with an overlay of S/N contours of 5, 7, 10, 15 pixel−1 . Here,
the measurements come from the DAP where each spaxel has been analysed
independently. The figure shows that the velocity field becomes noisy beyond
the S/N = 7 pixel−1 contour, suggesting that the measured velocities are not
reliable below this threshold in S/N. We include all galaxies in our stack that
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Figure 3.3: S/N contours (at 5, 7, 10, 15 pixel−1 ) plotted over the stellar
velocity map for an example galaxy. The random velocities seen at the edges
are due to the spectra being too noisy for a good measurement. We choose
spectra with S/N > 7 pixel−1 to achieve the desired balance between ensuring
accuracy in v and not losing too much data.
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Figure 3.4: Left-hand panel: Galaxy (MaNGA-ID 1-24476) image with the
magenta hexagon representing MaNGA’s IFU bundle. Right-hand panel:
Galaxy flux map with ellipses plotted from 0.1 - 1 Re at 0.1 Re intervals,
representing our radial bins.
contain at least one spectrum in each radial bin after applying the S/N cut.

3.2.2

Binning procedure

We stack galaxies in radial bins using each galaxy’s elliptical radius along
the semi-major axis. An example early-type galaxy’s (MaNGA-ID 1-24476)
image and flux map are shown in Fig. 3.4. The elliptical annuli used in our
binning method are plotted over the flux map in steps of 0.1 Re , going out
to 1 Re .
The binning procedure is carried out in two steps: i) spaxels of each galaxy
are binned in elliptical annuli, ii) annuli of different galaxies are combined
together. These steps are made consistent so that the binning within one
galaxy and across multiple galaxies is carried out in exactly the same way.
We bin full spaxels such that each spaxel is assigned a unique radial bin, and
is located in the annulus within which its centre falls.
Flux, error, and spectral resolution are interpolated to a common wavelength grid so that the average value at each wavelength can be calculated.
Using a median stack of the interpolated spectra, we minimise contamina-
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tion by emission lines, bad pixels and sky residuals. Indeed, we chose a
median stack instead of a sigma-clipped mean precisely because of its better
performance in removing these artefacts from the stacked spectra, which is
particularly important toward the red limit of the spectral range (near the
FeH band). The error on the median is given by
1.25 σ
σmedian = √ ,
(3.2)
N
(i.e., 25% larger than the error on the mean), where σ is the standard deviation in the stack of N spectra (Lupton, 1993). The spectral resolution
of each stacked spectrum is the quadratic mean of σinst (λ), the dispersion
of the line-spread function (LSF) as a function of wavelength. This can be
derived by considering the second moment of the sum of a set of Gaussian
functions. Similarly, we calculate the expected line-of-sight velocity dispersion (LOSVD) for the stacked spectrum as the quadratic mean of the velocity
dispersions measured from each spectrum in the stack. These are based on
assumptions that the LSF and LOSVD are Gaussians.
rP

σi2
.
(3.3)
N
The high quality masks produced by the DRP and DAP for the flux and
σlosvd =

i

kinematic quantities are propagated while stacking. The mask corresponding to the 3D data-cube indicates problems such as low/no fibre coverage,
foreground star contamination etc. Hence, on top of applying the S/N cut
(7 pixel−1 for each unbinned spaxel, as described in the previous section) to
entire spectra, masked individual pixels in the spectra and masked v and σ
values are not included in the stack.
To accommodate the variation in fluxes from galaxy to galaxy, spectra
are normalised at a wavelength window in the continuum, 6780 − 6867 Å
before stacking and then re-multiplied by the mean of the normalisation
factor. From the 970 Primary+ early-type galaxies in DR14/MPL-5, 611
remain after the S/N cut, losing objects at both the lowest and highest mass
ends. This is because achieving the necessary high S/N ratio requires a
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Figure 3.5: Masses of our sample of 366 early-type galaxies, split into 3 bins
containing equal numbers of galaxies.
large galaxy sample for stacking, which leads to tails in the distribution at
the low mass and high mass ends due to the S/N cut. High mass galaxies
have steeper surface brightness profiles, hence their outer regions have lower
surface brightnesses and therefore lower S/N. At lower and higher masses,
creating a mass bin with the same number of galaxies requires a wider range
in masses. Therefore in this work, we focus on galaxies with log M/M
between 9.85 and 10.80, after removing the tails of the distribution.
The mass distribution and the three resulting mass bins are shown in
Fig. 3.5 and listed in Table 3.1. The mass bins, containing 122 galaxies
each, are centred on log M/M of 10, 10.4, and 10.6, and a central velocity
dispersion σ of 130, 170, and 200 km/s, respectively. Note that this mass
range covers the lower mass end compared to samples in other IMF studies in
the recent literature. This is the final sample of galaxies studied in Chapters 4
& 5, and published in Parikh et al. (2018); Parikh et al. (2019).
I carried out a test comparing the measurements of the indices on a
stacked spectrum to the average of the measurements made on individual
spectra for one galaxy, MaNGA-ID 1-150397. Fig. 3.6 shows this comparison
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Table 3.1: Median velocity dispersion, effective radius and redshift of the
mass terciles.
Mass range (log M/M )

σ (km/s) Re (kpc)

z

9.9 − 10.2

130

2.43

0.027

10.2 − 10.5

170

3.11

0.030

10.5 − 10.8

200

4.38

0.034

for the four optical features Hβ, Mgb, Fe5270, and NaD. The blue points are
the individual spaxel index measurements, the blue solid line is the median
of these points, and the orange squares are the measurements on the stacked
spectra. I processes the individual spectra in the same was as the stacked
spectra, including the S/N cuts and masking, so that only the spaxels which
get used in the stacked spectra are measured. The average of the individual
measurements from low S/N spectra agrees well with the measurements on
the stacked spectra, particularly in the centre, confirming that the noise
affecting the individual measurements is random. At the largest radii, fewer
spectra are available which meet the S/N criteria, which is the motivation
for also stacking galaxies together.

3.2.3

Final S/N

In Fig. 3.7 we show an image of the S/N ratio as a function of wavelength
and galaxy radius (left-hand panels) and the corresponding spectra for the
innermost bin (red) and around the half-light radius (black, right-hand panels). The top and bottom rows shows an individual galaxy and the stack of
122 galaxies, respectively.
The figure illustrates how S/N depends on both wavelength and radius,
and how S/N improves in the stack. The highest S/N is found at the centre
of the galaxy. In individual MaNGA galaxies the S/N is of the order ∼
200 − 300 pixel−1 , and drops to ∼ 30 pixel−1 at 1Re (top left-hand panel).
A wavelength dependence for S/N can also be seen: S/N is highest between
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Figure 3.6: For one galaxy, a comparison of the absorption index measurements from radially stacked spectra (orange symbols) to the average (blue
line) of individual spaxel measurements (blue symbols).
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Figure 3.7: Top row: S/N as a function of wavelength and radial bin for the
galaxy from Fig. 3.4 (left). Radially binned spectra from the centre of the
galaxy in black and at 1 Re in red (right). Bottom row: Same for the mass
bin log M/M = 10.2 − 10.5 containing 122 galaxies. Grey shaded regions
highlight the features used in this work.
6, 500 − 8, 500 Å and decreases at the blue and red boundaries of MaNGA’s
coverage. This is reflected in the spectra which are noisy especially in the
NIR (top right-hand panel). In particular, contamination from sky residuals
is significant, and noise is dominating the spectrum in the outer radial bin
(red line). The S/N is clearly too low for a reliable stellar populations analysis
of the near-IR part of the spectrum.
The bottom row of Fig. 3.7 shows the same map and spectra for the mass
bin log M/M

= 10.2 − 10.5 containing 122 early-type galaxies (including

the galaxy from Fig. 3.4). The S/N is significantly higher, and an S/N of
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at least 400 pixel−1 around 1Re is achieved at all wavelengths, except at
the very edges. The interplay between two competing effects when moving
outward from the centre of a galaxy, i) increase in the number of observed
spectra ii) decrease in surface brightness hence S/N, lead to the shape of the
S/N map (see also Goddard et al., 2017). Hence S/N in the stacked spectra
reaches its maximum not at the centre but around 0.2 − 0.4 Re .
The corresponding spectra in the bottom, right-hand panel further illustrate this substantial improvement. Most importantly, also the spectrum
of the outer bin around the half-light radius is now of high quality, and the
noise and sky residuals in the near-IR have been eliminated successfully. Key
absorption features that serve as IMF indicators are now detected well. Also,
the spectra from the centre and at 1Re are now of comparable quality.
It is worth noting that stacking leads to a further crucial benefit, namely
the elimination of sky line residuals, which is particularly important in the
near-IR wavelength range. They get averaged out through stacking when
individual galaxy spectra are corrected to the rest-frame wavelength.
The final set of stacked spectra, after emission line fitting and removal
(see Fig. 3.2.3), used in our analysis are shown in Fig. 3.8, 3.9, and 3.10, in
order of increasing mass bin, from the central radial bin (top of plot) going
out to 1 Re (bottom of plot). The absorption indices used in this work are
labelled and highlighted in grey shaded regions.

3.3

Stellar Kinematics and Emission Line Removal

Before measuring absorption features on the spectrum for the analysis, the
broadening of absorption line features caused by the stellar velocity dispersion σ needs to be measured and, ideally, the emission line component of the
spectrum removed. To this end we follow the approach used in Thomas et al.
(2010) and Johansson et al. (2012) and perform initial full spectrum fitting
on the stacked spectra in order to measure σ and to extract the emission line
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Figure 3.8: Stacked spectra for the low mass bin, log M/M = 9.8−10.2, top
to bottom represents increasing radius out to 1 Re . The spectra have been
normalised and offset for plotting purposes. The absorption features we use
in our analysis are highlighted in grey.

Figure 3.9: Same for the intermediate mass bin, log M/M = 10.2 − 10.5.
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Figure 3.10: Same for the high mass bin, log M/M = 10.5 − 10.8.
spectra.
This is done using the DAP’s pPXF wrapper (Cappellari & Emsellem
2004; Westfall et al., in prep). The fit is carried out using the stellar library,
MILES-HC, which is a hierarchical clustering of MILES (Sánchez-Blázquez
et al., 2006). The average DAP velocity dispersion measurement obtained
for the individual spectra, weighted and combined for each spectrum in a
bin, is used as a guess value for σ.
This first fitting run provides us with the nominal stellar velocity dispersions of the stacked spectra, which we can compare to the DAP-propagated
mean σ from the measurements on the individual spectra. Both of these σ
values are shown as a function of galaxy radius for each mass bin in Fig. 3.11.
Comparing the DAP-propagated σmean (solid lines) and the stack-measured
σstack (dashed lines) provides an assessment of the success in velocity registration of the stacked spectra. As can be seen from the figure, there is a marked
difference with σstack being systematically larger than σmean , except at the
smallest radii. This ought to be expected, as the measurement error in radial
velocity leads to an error in velocity registration, which adds an additional
component in line broadening. In fact the difference is minimal at the cen-
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Figure 3.11: Velocity dispersion profiles i) expected values as propagated
from unstacked spectra (solid) and ii) values measured directly on stacked
spectra (dashed), left to right represents increasing mass bin. The stackmeasured values suffer at large radii due to large errors leading to an effective
dispersion becoming convolved with the spectrum.
tre and increases with increasing radius because of the generally lower S/N
and hence lower accuracy in velocity measurements at those radii (Westfall
et al., 2011; Cappellari, 2017). The consequence is that the σstack profiles are
artificially flat, while σmean displays the well-known negative gradient (e.g.
Jørgensen, 1999; Mehlert et al., 2000; Mehlert et al., 2003; Emsellem et al.,
2004).
The quantity σstack derived here directly from the stacked spectrum will
be used in our future analysis to characterise the effective velocity dispersion
affecting the absorption line broadening. Note, however, that σmean , instead,
should be used for any kinematic analysis.
Finally, after subtracting the continuum and absorption line component
from the spectra, we fit for the emission lines using a list of 21 lines1 and a
preliminary version of the DAP emission-line fitting routine. This emissionline fit is then subtracted from the stacked spectra to produce emission linefree spectra for the analysis.
1

http://physics.nist.gov/PhysRefData/ASD/Html/help.html
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3.4

Value Added Catalog

Based on my absorption index measurements, and work on full-spectralfitting (Goddard et al., 2017), the research group at Portsmouth produced
the MaNGA Firefly Stellar Populations Value Added Catalog (VAC). This
work is led by Prof. Daniel Thomas, and is regularly updated and released to the public with the official SDSS data releases. It consists of
spatially resolved absorption indices, along with measurement errors and velocity dispersion corrections, and stellar population properties provided from
full-spectral-fitting such as age, metallicity, dust etc. for Voronoi bins for
the full sample of galaxies in the data release. It is publicly available and
can be found at the following url: https://www.sdss.org/dr15/manga/
manga-data/manga-firefly-value-added-catalog/.
I collaborated with Dr. Daniel Goddard to provide the absorption indices for the VAC. I was involved with measuring and testing the spectral
indices (25 Lick indices, D4000, Dn 4000, and CaH+K), and comparing the
measurements against the DAP. We measured the indices on Voronoi-binned
data to a S/N of 10. Spectra are combined to reach the minimum required
S/N according to the spatial binning algorithm of Cappellari & Copin (2003).
For the so called band-head indices, such as D4000 and Dn 4000, the integration is computed slightly differently with the flux being converted to units of
frequency, Fν , as oppose to wavelength, Fλ (Bruzual A., 1983).
Based on the method outlined in Section 2.2, I calculated velocity dispersion correction factors, C(σ, Age, [Z/H]). Fig. 3.12 shows, as an example,
the correction factor for the Mgb index, derived in order to correct to the
Sloan resolution. These are shown for different ages (left) and metallicities
(right). It can be seen that for old ages, and solar / super-solar metallicities,
the differences between the curves are negligible. However younger ages and
metal-poor populations require different corrections.
Through comparisons with the DAP measurements, several interesting
issues arose. One of the differences between our VAC and the DAP was the
treatment of bad pixels. We do not keep track of masked pixels directly
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Figure 3.12: The correction factors for velocity dispersion broadening are
shown for Mgb as a function of σ for different ages (left) and different metallicities (right)
yet measurements with large errors point towards problems in the spectra
including the presence of masked pixels. The DAP excludes bad pixels so
that the measurement and its error improve, but the value itself will not
necessarily be correct.
As an example, Fig. 3.13 shows a problematic Hβ spectrum on the left,
and again on the right with bad pixels masked. In this case the Hβ measurement is ∼ 12 if unmasked, and ∼ 1 if masked, neither of which is physical. To
account for such cases in our VAC, we visually inspected the error distributions of each index for a small sample of 15 MaNGA galaxies and defined an
empirical cut-off, beyond which any measurements are not included. Fig. 3.14
illustrates this for the Dn 4000 index. The left-hand panel shows a comparison
of our measurements and errors with the DAP. Most of the measurements
are consistent however there are spaxels that deviate from this. The spectral S/N of these measurements not low or different in comparison to the
other points, however the measurements themselves have very large errors.
The right-hand panel shows the error distribution with a non-Gaussian tail,
which we cut (at 0.03 in this example), and therefore remove the erroneous
points.
Fig. 3.15 shows a comparison for the two band-head indices, Hβ, Mgb,
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Figure 3.13: An example spectrum with problematic Hβ region, with and
without masking applied.
Fe5270, and NaD, after applying our empirical error cuts. The two approaches agree well for a range of indices with little scatter. We noticed that
there is a small offset at larger absorption index strengths such that the measurement from the DAP is larger. After investigations between our team and
Dr. Kyle Westfall, we realised that since the absorption index measurements
in the DAP are made in the observed frame, they require a (1+z) factor
correction. Fig. 3.16 shows the NaD index before (black symbols) and after
(orange symbols) the correction. This factor was applied to subsequent DAP
output products. The remaining scatter probably arises due to our VAC
shifting to rest-frame by using the systematic redshift as well as the stellar
velocity, while the DAP only uses the redshift.
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Figure 3.14: Example of the error cut applied in the VAC to mask problematic values.
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Figure 3.15: The correction factors for velocity dispersion broadening are
shown for Hβ and Mgb as a function of σ. Two models of different stellar
population age and metallicity are shown for comparison.
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Figure 3.16: Comparison of NaD measurements from the VAC and the DAP.
Measuring the indices in observed frame requires an extra factor of (1+z).
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Chapter 4
Stellar Initial Mass Function
The aim of this Chapter is to harness the opportunity provided by data from
the MaNGA survey to carry out precise spatially resolved measurements of
IMF slope in galaxies as a function of galaxy mass and other key parameters.
The MaNGA survey is particularly suited for this purpose because of its
unique combination of spatial resolution, wavelength coverage, and sample
size. We study the IMF and other stellar population parameters for stacked
spectra of 366 galaxies, representing the largest sample on which a radial
study of the IMF has been carried out so far. We study previously known key
absorption features in the spectra and compare these with stellar population
models to untangle age, element abundance and IMF effects. In particular we
compare our results for the IMF slope within galaxies to the global relation
with galaxy mass, and look at correlations between different parameters in
order to determine the physical interpretations.
The contents of this Chapter have been published in Parikh et al. (2018).
This Chapter is organised as follows: In Section 4.1 we show the absorption
features in our spectra and present maps of the measurements. The results
of the analysis are presented in Section 4.2. We discuss our results in the
context of the literature in Section 4.3, followed by our conclusions and scope
for further work in Section 4.4.
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Table 4.1: Index definitions for the absorption features used in this work. All
wavelengths are in vacuum. The optical indices are defined in Trager et al.
(1998); NaI in (La Barbera et al., 2013); and FeH in Conroy & van Dokkum
(2012a).
Index

Blue Continuum

Feature

Red continuum

Hβ

4829.2 - 4849.2

4849.2 - 4878.0

4878.0 - 4893.0

Mgb

5144.1 - 5162.8

5161.6 - 5194.1

5192.8 - 5207.8

Fe5270

5234.6 - 5249.6

5247.1 - 5287.1

5287.1 - 5319.6

Fe5335

5306.1 - 5317.4

5313.6 - 5353.6

5354.9 - 5364.9

NaD

5862.2 - 5877.3

5878.5 - 5911.0

5923.8 - 5949.8

NaI

8145.2 - 8155.2

8182.2 - 8202.3

8235.3 - 8246.3

FeH

9855.0 - 9880.0

9905.0 - 9935.0

9940.0 - 9970.0

4.1

Absorption Index Measurements

The procedure for measuring the equivalent widths of absorption features,
calculating Monte Carlo-based errors, and deriving velocity dispersion corrections was described in Section 2.2.
Our choice of indices is as follows: the combination of Hβ, Mgb, Fe5270,
and Fe5335 are suitable to constrain age, metallicity and [α/Fe] abundance
ratio. The NaD index is crucial for constraining [Na/Fe]. For the IMF
slope, we include the gravity-sensitive indices NaI and FeH, in the near-IR,
separately. Table 4.1 lists the indices and their definitions as used in our
analysis.
In Fig. 4.1 and 4.2 we show the spectral cut-outs of the stacked spectra
around the seven features measured for the different radial and mass bins.
All spectra have been smoothed to 300 km/s and normalised for visualisation
purposes. Mass increases from left to right, and the colours represent radial
bins going from the centre (black) to 1Re (orange). The index bandwidth is
indicated by the grey box, the blue and red pseudo-continua by the blue and
red boxes, respectively. As mentioned in the previous section, the edges of the
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Figure 4.1: Spectral cut-outs of the optical absorption features used in this
study. Left to right is increasing mass bin, the colours represent radial
bins going from the centre (black) to 1Re (orange). All spectra have been
smoothed to 300km/s and normalised in the blue bandpass for visualisation
purposes. The index bandwidth is indicated by the grey box, the blue and
red pseudo-continua by the blue and red boxes, respectively
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Figure 4.2: Same as Fig. 4.1 for the near-IR, IMF-sensitive absorption features.
stacked spectra suffer from lower S/N, and at large radii this is particularly
the case for the longest wavelengths. As a consequence, the S/N in the region
of reddest feature we study, FeH, drops below the values in the central radial
bin of at least 200 pixel−1 . Therefore, we only measure and analyse this out
to 0.5Re .
It can be seen clearly from Fig. 4.1 and 4.2 how the various absorption
features will depend on galaxy mass and radius. The absorption depths of the
optical metallic features Mgb, Fe5270, Fe5335, and NaD increase both with
decreasing galaxy radius (orange to black lines) and increasing galaxy mass
(panels left to right). The IMF-sensitive absorption feature NaI behaves
similarly (top panels in Fig. 4.2), and displays the well-known pattern of
increasing depth accompanied by a shift of the minimum to bluer wavelengths
as galaxy mass increases (Ferreras et al., 2013). The strength of the feature
increases due to a combination of increasing metallicity, [Na/Fe] and possible
IMF variation. The absorption is due to a combination of Na and TiO
(see Fig. 2.1 and associated discussion), and the shift to blue wavelengths is
towards the Na and away from the TiO feature. We show clearly here that
this same pattern (increase in depth and blue-shift) is seen with decreasing
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Figure 4.3: Stacked maps, in units of Re , for the indices we use in our analysis.
Left to right is increasing mass bin.
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galaxy radius (orange to black lines). In contrast to NaI, the Wing-Ford
band FeH is more complex, and no clear pattern is visible from the spectra
(bottom panels in Fig. 4.2). If at all, the radial trend appears to be reversed
with a stronger FeH absorption at larger radii. We will discuss this point
in detail in Section 4.2 when comparing measurements of FeH with stellar
population model predictions.
Finally, for a spatial visualisation of the data, in Fig. 4.3 we present 2D
maps of the seven indices for the three mass bins. Mass increases from left
to right, and each row corresponds an index. These maps are created using
stacks of the index measurements for individual spaxels in individual galaxies
after spatial scaling. Hence they are not based on the stacked spectra used
in the present analysis and although systematic errors remain in these maps,
random noise is reduced so they are able to serve as an illustration of the
data properties. Gradients are clearly visible for all the features. The maps
further support our first interpretation of the data based on Fig. 4.1 and 4.2.
The strengths of Mgb, Fe5270, Fe5335, NaD, and NaI increase, while the
strengths of Hβ and FeH decrease toward the galaxy centre. These profiles
generally get stronger with increasing galaxy mass, a trend that is most
pronounced in NaD.

4.2

Results

We now turn to the analysis of the index-strength measurements. Stellar
population parameters are derived from fittings using the models described
in Section 2.3. We use a chi-squared minimisation code to simultaneously
fit the optical indices Hβ, Mgb, Fe5270, Fe5335, and NaD and either NaI or
FeH to derive age, metallicity, [α/Fe] ratio, Na abundances, and IMF slopes.
The TMJ and M11-MARCS, and VCJ model grids are linearly interpolated
in this 5-dimensional parameter space. For clarity, we present the results
in three steps: First we show the fits to Hβ, Mgb, Fe5270, Fe5335 and the
parameters age, metallicity, [α/Fe] ratio in (Section 4.2.1). We then show

60

Figure 4.4: Optical indices for the three mass bins against the high-resolution
TMJ model index grids. The age and metallicity dependence plotted for
models with [α/Fe] = 0 (left-hand panel) and metallicity against [α/Fe] for
models at a fixed age of 10 Gyr (right-hand panel). Dark to light shades of
blue represent the mass bins in decreasing order; decreasing size represents
increasing radius.
the fits to the NaD index with and without Na abundance and the derived
[Na/Fe] gradients (Section 4.2.2). Finally we present the IMF-sensitive NaI
and FeH indices, with and without IMF variation and the derived IMF slopes
in (Section 4.2.3).

4.2.1

Age, metallicity and [α/Fe]

To illustrate the derivation of stellar population parameters from these index
line-strengths, we plot them for all mass bins against the high-resolution
TMJ index model grids in Fig. 4.4. The age and metallicity dependence is
plotted for [α/Fe] = 0 in the left panel showing [MgFe]0 vs Hβ. The right
panel illustrates metallicity against [α/Fe] at a fixed age of 10 Gyr showing
Mgb vs <Fe>. <Fe> is the mean of the two Fe indices, Fe5270 and Fe5335,
(Gonzalez, 1993) and [MgFe]0 is a mean between Mgb and both iron indices as
defined in Thomas et al. (2003a). Dark to light shades of blue represent the
mass bins in decreasing order; decreasing size represents increasing radius.
The model grid shows stellar populations for fixed age and metallicity and
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Figure 4.5: Top row: Hβ, Mgb and <Fe> for each mass bin as a function of
radius. Line-strengths are measured on the stacked spectra with 1-σ errors
calculated using a Monte Carlo-based analysis. The lines are TMJ model
fittings derived through chi-squared minimisation (see text). Bottom row:
TMJ-derived age, metallicity and [α/Fe] as a function of radius for different
mass bins. The lines are calculated by fitting a straight line to the derived
parameter at each radius in order to match the data
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[α/Fe] ratio as labelled.
It can be seen from these plots that our results are consistent with findings
in the literature. Our data suggest that all three parameters, age, metallicity
and [α/Fe] ratio, correlate with galaxy mass (e.g. Kuntschner, 2000; Thomas
et al., 2005; Thomas et al., 2010). Moreover, there is a significant metallicity
gradient, especially at higher masses, while gradients in age, except for the
low mass bin, and [α/Fe] are generally flat (Mehlert et al., 2003; Goddard
et al., 2017).
In the top panel of Fig. 4.5, we plot the measurements of the absorptionline indices Hβ, Mgb and <Fe> for each mass bin as a function of radius.
These indices are sensitive to the age, total metallicity, and [α/Fe] ratio of a
stellar population. As well known from the literature, more massive galaxies
have weaker Hβ and stronger metallic indices (e.g. Bender et al., 1992; Trager
et al., 1998) which means they are older and more metal rich (e.g. Thomas
et al., 2005). Also, the observed profiles are in line with previous literature
exhibiting positive radial gradients in Hβ and negative radial gradients in
both metallic indices (Davies et al., 1993; Carollo et al., 1993; Mehlert et al.,
2000).
The best fit parameter and error at each radial bin is derived through the
process described above. We fit a straight line to the parameters obtained
at each point, taking the error into account, and derive the radial gradients
summarised in Table 4.2. The uncertainties in the gradients account for index errors and the scatter of the points around a straight line. The resulting
model fittings to the index profiles are shown in the top panel of Fig. 4.5 as
lines. The observed index values are reproduced well through our stellar population model fittings. Note that these models already include the inferred
[Na/Fe] and IMF slopes shown in the next sections.
The bottom panels of Fig. 4.5 show the final resulting radial profiles of
these three parameters. We detect negative metallicity gradients in all mass
bins, with a steeper negative slope in the higher mass bins in agreement
with Goddard et al. (2017); Zheng et al. (2017). The age gradients are
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Figure 4.6: Same as Fig. 4.5 for VCJ models.
comparable in being shallow, except for the lowest mass-bin where we find
a steeper negative gradient (−0.18 ± 0.04 dex) than Goddard et al. (2017)
in the equivalent mass range (−0.03 ± 0.03). We further find the [α/Fe]
gradients to be negligible at all masses in agreement with previous findings
in the literature (Mehlert et al., 2003; Kuntschner, 2004).
We also derive these stellar population parameters using the VCJ models;
the fits and parameters are shown in the top and bottom panels of Fig. 4.6
respectively. In order to be consistent with the TMJ analysis, we create an
index grid for VCJ models of different parameters and use the same chisquared minimisation code to simultaneously fit Hβ, Mgb, Fe5270, Fe5335,
NaD and NaI or FeH. A larger degree of scatter is found, hence the resulting
gradients, though similar to TMJ models (apart from the highest mass bin),
have larger uncertainties. See Conroy et al. (2018a) for a comparison of their
optical indices with TMJ.

4.2.2

[Na/Fe]

The sodium doublet, NaI, is strongly sensitive to changes in the IMF but
is also affected by sodium abundance variations. In this work we lift this
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Table 4.2: Gradients and errors for age, metallicity and abundances in
dex/Re .
Mass bin
9.9 − 10.2

TMJ Age

Metallicity

−0.18 ± 0.04 −0.11 ± 0.02

[α/Fe]
0.04 ± 0.01

10.2 − 10.5 −0.09 ± 0.06 −0.15 ± 0.03 −0.08 ± 0.03
10.5 − 10.8 −0.10 ± 0.02 −0.15 ± 0.02
Mass bin
9.9 − 10.2

VCJ Age

Metallicity

−0.27 ± 0.02 −0.00 ± 0.02

0.02 ± 0.02
[α/Fe]
0.06 ± 0.02

10.2 − 10.5 −0.11 ± 0.07 −0.10 ± 0.06 −0.06 ± 0.05
10.5 − 10.8 −0.21 ± 0.07 −0.03 ± 0.05

0.04 ± 0.04

degeneracy by including the NaD doublet as main Na abundance indicator.
NaD is highly sensitive to Na abundance (Thomas et al., 2011b), and its
dependence on the IMF slope is negligible (Conroy & van Dokkum, 2012a;
Spiniello et al., 2012; La Barbera et al., 2013).
The NaD profiles measured on the stacked spectra are shown as filled
circles in the left-hand and middle panels of Fig. 4.7. NaD displays a strong
negative gradient, slightly steepening with increasing galaxy mass. The lefthand panel also shows as lines the TMJ model predictions (top row) and VCJ
model predictions (bottom row) based on our derived parameters using the
corresponding models but without any Na abundance variation. It can be
seen that the NaD gradients are not reproduced with solar Na abundances,
and NaD strength is underestimated at small radii. This effect is strongest
for the highest mass bin, suggesting that the centres of more massive galaxies
deviate from solar abundances.
We then show both models (lines) in the middle panels of Fig. 4.7 with
the derived Na abundance. The data are now reproduced well. Note that
these models, with and without Na abundance variation, already include the
IMF variation shown in the next section.
The resulting [Na/Fe] gradients based on TMJ and VCJ are shown in
the right-hand top and bottom panels of Fig. 4.7, respectively. The de65

Table 4.3: Gradients and errors for [Na/Fe] from TMJ and VCJ models.
Mass bin

TMJ [Na/Fe]

VCJ [Na/Fe]

9.9 − 10.2

−0.19 ± 0.01

−0.15 ± 0.01

10.2 − 10.5

−0.30 ± 0.03

−0.18 ± 0.03

10.5 − 10.8

−0.23 ± 0.02

−0.19 ± 0.01

rived [Na/Fe] gradients, listed in Table 4.3, are around -0.24 dex/Re for the
TMJ models and -0.17 dex/Re for the VCJ models, with no clear dependence on galaxy mass for both models. The overall value of Na-enhancement
shows a very significant correlation with mass though, with the highest
mass bin exhibiting the highest Na-enhancement with central values around
[Na/Fe] ∼ 0.4 − 0.5 dex. The VCJ models predict stronger NaD indices and
hence require less Na-enhancement, therefore leading to slightly lower central
[Na/Fe] values and shallower negative gradients. These models also predict
a more metal rich and α-enhanced population for the high mass bin at large
radii, which affects the fits for NaD and NaI in this region.
The detection of significant negative radial gradients in [Na/Fe] is in good
agreement with other findings in the recent literature (McConnell et al., 2016;
van Dokkum et al., 2017; Alton et al., 2017; Vaughan et al., 2018). The values
derived here are slightly lower than in some of the work quoted above, where
[Na/Fe] values as high as 0.9 dex in the most massive galaxies are reported.
Finally it should be noted that the NaD index could in principle be affected by contamination from interstellar medium absorption. This effect to
be small in early-type galaxies, since these galaxies have little dust. Nevertheless, we explore this possibility and determine the reddening of our
stacked spectra through the full spectrum fitting code FIREFLY (Wilkinson
et al., 2015, 2017). Using M11-MILES models and a Salpeter IMF, the derived E(B-V) values are plotted for the mass bins as a function of radius in
Fig. 4.8. We find E(B − V ) values lower than 0.1, and a shallow gradient
in E(B − V ) with a slightly negative slope around −0.05 per Re , consistent
with the analysis in Goddard et al. (2017). Therefore, although the effect
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Figure 4.7: NaD equivalent width as a function of radius for the mass bins,
with 1-σ errors calculated using a Monte Carlo-based analysis, and stellar
population fittings using TMJ (top panels) and VCJ (bottom panels). Left:
Lines are models with the previously derived parameters of age, metallicity
and [α/Fe]. Centre: [Na/Fe] abundance in models altered in order to match
the data. Right: [Na/Fe] abundance (including [α/Fe] given before) for the
best-fit models.
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Figure 4.8: E(B-V) derived using the full spectral fitting code FIREFLY.
on NaD may be negligible, our [Na/Fe] values could be affected. Assuming
contamination due to interstellar absorption, we would derive even steeper
IMF slopes and steeper radial gradients in the IMF for the high mass bins.

4.2.3

IMF slope

Having shown the stellar population parameters age, metallicity, [α/Fe], and
[Na/Fe], we now present the IMF slopes and NIR indices. We focus on NaI
and FeH, which are both primarily gravity-sensitive indices and therefore
good indicators of the IMF-dependent dwarf-to-giant star ratio (van Dokkum
& Conroy, 2012). As such, they have become standard features used for IMF
studies in the literature.
For clarity and because of the different results provided by each index, we
study the FeH and NaI IMF implications separately. We discuss the results
obtained from both the M11-MARCS and VCJ models (see Section 2.3).
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Table 4.4: Gradients and errors for IMF slope between 0.1-0.5M per Re , as
derived from NaI.
Mass bin

M11-MARCS

VCJ

9.9 − 10.2

−0.47 ± 0.19

−0.91 ± 0.38

10.2 − 10.5

−1.14 ± 0.45

−0.85 ± 0.20

10.5 − 10.8

−1.00 ± 0.18

−0.94 ± 0.07

NaI
We use the NaI index definition by La Barbera et al. (2013). It is a narrow
passband which excludes TiO and keeps the pseudo-continua blueward and
redward of the feature in such a way that contamination from TiO is avoided
(see Fig. 4.2).
The radial profiles of the NaI measurements are shown as filled circles
in the left-hand and middle panels of Fig. 4.9. The negative gradient is
evident with stronger NaI absorption toward the centre. The index strength
is weakest at lowest masses, but very similar for the two high mass bins giving
a generally weak dependence on galaxy mass within log M/M = 10.2−10.8.
Also, the slope is only mildly mass-dependent with a slightly stronger rise in
the centre for the more massive bins.
M11-MARCS models: Using the derived age, metallicity, [α/Fe] and
[Na/Fe] from the previous sections, we plot the predictions from the M11MARCS models with Kroupa IMF as lines in the top left-hand panel of
Fig. 4.9. The models are well consistent with the data for the lowest mass
bin at all radii, as well as at large radii in the two high mass bins. In the
latter the model implies a shallower profile in NaI, though, and NaI strength
is under-estimated in the centre, if no additional IMF variation is considered.
We now show the models with the best-fit IMF slope. To this end we
extrapolate the M11-MARCS models in log space, which allows us to determine the best fit IMF slope in the mass range 0.1 − 0.5 M (see Fig. 1.4).
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Figure 4.9: NaI line-strengths for the mass bins as a function of radius,
with 1-σ errors calculated using a Monte Carlo-based analysis, and stellar
population model fittings using M11-MARCS (top panels) and VCJ (bottom
panels). Left-hand panels: Models shown as lines for a Kroupa IMF with
the age, metallicity, [α/Fe] and [Na/Fe] as derived in Section 4.2.1 and 4.2.2.
Middle panels: Models (lines) with varying IMF. Right-hand panels: Open
squares show the IMF slopes of the best-fit models shown in the middle
panels.
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We fix the lower and upper bounds of the slope at 0.5 and 3.5, so IMFs shallower or steeper than these values are not allowed. The choice to use a single
slope in this mass range for IMF variation is driven by this region being the
most sensitive to the indices we are studying. Not that this differs from some
common approaches generally used in literature, where e.g. the slope in the
mass range 0.1 − 0.5 M is also varied, or the IMF is modelled as a single
power law and the slope over the entire mass range is varied. The resulting
stellar population models are shown in the top middle panel of Fig. 4.9. The
observed NaI strengths are now well reproduced at all radii for all mass bins.
The fit results show that the NaI absorption we measure is roughly consistent with a Kroupa IMF, hence Milky Way-type IMF, and no significant
enhancement in dwarf stars is required for the lowest mass bin (log M ∼ 10,
σ ∼ 130 km/s). Moreover, only a shallow gradient is detected. The other
two mass bins, instead, corresponding to log M ∼ 10.4 (σ ∼ 170 km/s) and
log M ∼ 10.6 (σ ∼ 200 km/s), respectively, exhibit an enhancement of NaI
in the centres requiring a slightly steeper IMF slope of around 2. The IMF
slope required at around the half-light radius is Kroupa again, though, for
both mass bins resulting in an IMF slope gradient. The derived radial gradients in IMF slope are listed in Table 4.4. The linear fit is shown as lines in
the top right-hand panel of Fig. 4.9.
The variation toward a more bottom-heavy IMF half-way between Kroupa
and Salpeter (corresponding to a mass excess factor, α of about 1.5) in the
centres of galaxies in the range 170 < σ/km/s < 200 is in good agreement
with previous results in the recent literature (Cappellari et al., 2012; Conroy
& van Dokkum, 2012b; Ferreras et al., 2013; Spiniello et al., 2014; Smith
et al., 2015b). We find here that this variation is restricted to the centre,
and a normal Milky Way-type IMF is again found in the outer parts. A
more comprehensive discussion of these results including a full comparison
with the literature is given in Section 4.
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VCJ models: Similar to the procedure with M11-MARCS, we also model
the NaI feature with the VCJ models. The lower and upper bounds on the
IMF slope are the same as before. The bottom panels in Fig. 4.9 show the
results. We plot the predictions from the VCJ models with Kroupa IMF as
lines in the bottom left-hand panel of Fig. 4.9.
Just like with the M11-MARCS models, the observations are generally
well reproduced for the low mass bin, and the biggest difference is at the
centres in the higher mass bins. This difference becomes smaller as radius
increases, however it is non-negligible at the half-light radius. Again, the fits
can be further improved by including the IMF slope as an additional variable,
and the resulting models and the corresponding IMF slopes are shown in the
bottom middle and right-hand panels of Fig. 4.9, respectively.
The adjustments to the IMF slope yield a better representation of the
data. This is particularly true at the centres where the enhanced NaI absorption requires a steepening of the IMF slope. Consistent with the analysis
using the M11-MARCS models, a radial gradient in the IMF slope is found.
The gradients derived with VCJ models are in agreement, to 1-σ, with the
gradients derived through M11-MARCS. However the absolute values of the
IMF slope are systematically higher for the VCJ models, requiring superSalpeter slopes in the centre and a slope of around 2 (between Kroupa and
Salpeter) at the half-light radius. This discrepancy is caused by the lower
[Na/Fe] ratios obtained with the VCJ models compared to TMJ (see Section 4.2.2).
The discrepancy in gradient appears most extreme in the lowest mass
bin, where a sub-Kroupa IMF slope at the half-light radius and a significant
negative gradient in IMF slope, albeit with large errors, are found with the
VCJ model, in contrast to the shallow gradient around a Kroupa IMF derived
with M11-MARCS. The origin of this discrepancy is unclear. We point out,
though, that the VCJ Kroupa IMF model still appears to be a good fit to the
data as can be seen from the bottom left panel of Fig. 4.9, which highlights
the low sensitivity of the NaI index as the IMF gets more bottom-light i.e.
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Table 4.5: Gradients and errors for IMF slope between 0.1-0.5M per Re , as
derived from the Wing-Ford band.
Mass bin

M11-MARCS

VCJ

9.9 − 10.2

4.12 ± 2.33

1.31 ± 1.37

10.2 − 10.5

1.65 ± 1.04

2.72 ± 1.24

10.5 − 10.8

2.11 ± 0.95

−0.42 ± 1.33

the IMF needs to become significantly more bottom-light to cause a small
change in the index.
FeH
The Wing-Ford band, FeH, is generally considered a strong IMF slope indicator because of the virtual absence of this feature in giant stars (Conroy
& van Dokkum, 2012a). The radial profiles of the FeH measurements are
shown as filled circles in the left-hand and middle panels of Fig. 4.10, which
is the FeH equivalent of Fig. 4.9. Note that when discussing the Wing-Ford
band we only consider data within 0.5 Re as opposed to 1 Re , because the
S/N ratio falls below the central value of 200 pixel−1 , well below the values
compared the rest of the spectra beyond 0.5 Re (see Section 4.1 and Fig. 3.7).
It is evident that the profiles of FeH are very different from NaI. They
tend to be flat for the lowest mass bin, positive for intermediate masses, and
a significant upturn around 0.5 Re for the highest mass bin. Note that in
Fig. 4.2 we show that the radial change in the FeH index could be driven by
the pseudo-continua.
Results obtained with the M11-MARCS and VCJ models are again shown
in the top and bottom panels, respectively. The parameters for these models
have been obtained by simultaneously fitting FeH (instead of NaI) and the
optical indices. Hence we obtain slightly different ages, metallicities and
element abundances. This also includes [Na/Fe] variations constrained using
NaD, since there is some Na dependence in the FeH region fo the spectrum.
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Figure 4.10: FeH line-strengths for the mass bins as a function of radius,
with 1-σ errors calculated using a Monte Carlo-based analysis, and stellar
population model fittings using M11-MARCS (top panels) and VCJ (bottom
panels). Left-hand panels: Models shown as lines for a Kroupa IMF with
the age, metallicity, [α/Fe] and [Na/Fe] as derived in Section 4.2.1 and 4.2.2.
Middle panels: Models (lines) with varying IMF. Right-hand panels: Open
squares show the IMF slopes of the best-fit models shown in the middle
panels.
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The fits to the optical indices, are shown in Appendix A.
M11-MARCS models: The M11-MARCS model sets (lines) do not reproduce the observed FeH strengths without adjustment of the IMF slope, as
can be seen from the top left-hand panel of Fig. 4.10. The models display a
negative slope in FeH owing to the metallicity gradient measured, in contrast
to the positive slope of the data. While the match between models and data
in the lowest mass bin is still acceptable, FeH is clearly underestimated, in
particular around 0.5 Re . After inclusion of the IMF slope as a free parameter, the fit improves but is still unable to reproduce the strengths of the high
mass bins at large radii (top middle panel of Fig. 4.10).
The resulting IMF slopes are shown in the top right-hand panel of Fig. 4.10.
The general pattern is similar to and consistent with the result obtained from
NaI for the central radial point: the lowest mass bin is consistent with Kroupa
within less than 1-σ, while a steeper IMF is needed for both higher mass bins.
It is certainly encouraging that measurements through NaI and FeH roughly
agree at the centre.
However, there is a marked difference with respect to the radial dependence. The FeH strength increases with radius for the two higher mass bins,
and the resulting IMF consequently remains steep as radius increases. As
a result, a more bottom-heavy super-Salpeter IMF, restricted by the model
bounds, is obtained at 0.5 Re in contrast to the result derived from NaI (see
Fig. 4.9). The radial gradients in IMF slope are shown in Table 4.5. The
scatter in the points around the straight lines result in large errors on the
gradients.
VCJ models: The picture is similar when using the VCJ models as shown
by the bottom panels in Fig. 4.10. FeH in the VCJ models appears to be less
sensitive to total metallicity, and the model lines lie much closer together before adjustment through IMF variation (bottom left-hand panel in Fig. 4.10).
Once a variable IMF slope is included, though, VCJ models reproduce the
observed FeH strengths for the intermediate mass bin but fail elsewhere. For
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the lowest mass bin, the predicted FeH strengths are too high even with the
most bottom-light IMF available (bottom middle panel in Fig. 4.10).
The final constraint on the IMF slope is again similar to the result obtained form the M11-MARCS model. A positive gradient in IMF slope is
being derived from the FeH measurements in disagreement with the results
obtained from NaI (bottom right-hand panel in Fig. 4.10). There are large
errors on the IMF slope derived for the low mass bin at all radii due to the
grid boundary and the inability to reproduce such low strengths.
We comment in detail on the reliability of our FeH analysis, both in terms
of the measurements and the modelling, in the Discussion below.

4.3

Discussion

In this Chapter we derive radial gradients of IMF slope alongside stellar ages,
metallicities, and [α/Fe] and [Na/Fe] element abundance ratios. To this end
we measure the key absorption line-strengths, Hβ, Mgb, <Fe>, NaD, NaI and
FeH, on stacked spectra from the MaNGA survey providing us with spatially
resolved information within the half-light radius. We then analyse these
features with state-of-the-art stellar population models and derive gradients
in IMF slope. The MaNGA data allows us to explore three mass bins centred
on log M/M = 10, 10.4, 10.6 corresponding to central velocity dispersions of
σ = 130, 170, 200 km/s.
In the following we discuss our results in light of findings in the recent
literature. We also provide a discussion on model dependence.

4.3.1

Comparison with the literature

Overall our results are consistent with the current literature in that the
gravity-sensitive absorption feature at red wavelengths favour some variation
in the IMF slope. We find a Milky-Way IMF (Kroupa) for our lowest massbin, and slightly more bottom-heavy IMFs (close to Salpeter) for the next
higher mass bins in agreement with previous work (Cappellari et al., 2012;
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Conroy & van Dokkum, 2012b; Ferreras et al., 2013; Spiniello et al., 2014;
Smith et al., 2015b; Li et al., 2017).
The principle aim of this work is to study the radial gradients, though,
and here the literature is painting a more controversial picture. Some work
reports the presence of a radial gradient with strongly bottom-heavy IMFs
in the centres (Martı́n-Navarro et al., 2015a; La Barbera et al., 2016, 2017;
van Dokkum et al., 2017; Conroy et al., 2017), while other studies find no
compelling evidence for radial gradients in the IMF (Zieleniewski et al., 2015,
2017; Alton et al., 2017). If IMFs are indeed much more bottom-heavy in
the centres, then dynamical mass estimates in the literature (e.g. Cappellari
et al., 2013; Li et al., 2017) have been overestimated (Bernardi et al., 2018).
Evidence for an IMF gradient
Martı́n-Navarro et al. (2015a) present radial constraints on the IMF for three
early-type galaxies - one comparable to our low mass bin and the other two
more massive than our galaxies. Although their observations of NaD and
NaI are contaminated by sky emission and telluric absorption, they show
that the gradients are consistent with a radial variation of the IMF for the
massive galaxies. La Barbera et al. (2016) use the Wing-Ford band to rule
out a single power law IMF. This and TiO indices lead to a radial variation
of the IMF in a massive σ ∼ 300km/s galaxy. van Dokkum et al. (2017) also
find strong radial variation in the IMF for six massive early type galaxies
where after including abundance gradients they require an IMF variation
to simultaneously fit NaD, NaI and FeH. La Barbera et al. (2017) use a
modified version of the stellar population models by Vazdekis et al. (2015) to
match NaD, NaI and two further red NaI indices and still obtain radial IMF
variations consistent with their previous result in La Barbera et al. (2016).
Finally, Conroy et al. (2017) use the observations for one of the galaxies from
van Dokkum et al. (2017) to derive an extremely bottom-heavy IMF at the
centre of the galaxy.
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Evidence against an IMF gradient
Alton et al. (2017), on the other hand, find no significant radial variation of
the IMF in their galaxy sample. They study stacked and individual spectra
of eight early-type galaxies with observations in the infrared. These galaxies
mostly have σ ∼ 250 km/s. They find that the radial trends in these and
other infrared indices can be accounted for by abundance variations (mostly
in [Na/Fe]) rather than IMF changes. Likewise, Vaughan et al. (2018) also
find that trends can be accounted for by abundance variations, although
they cannot conclusively rule out the presence of an IMF gradient, and Zieleniewski et al. (2015, 2017) derive constant IMF slopes as a function of
radius.
This work
The present study suggests that part of the discrepancies in the literature
may well stem from a dependence on galaxy mass. Using one set of stellar
population models, we find a dependence of the radial IMF gradient with
galaxy mass. However, we also show that the absolute value of the IMF
slope is modelling dependent. We emphasise again that the galaxies studied
here are on the low mass end of the galaxies typically studied in literature.
We derive a significant IMF gradient for the two larger mass bins (log M/M
= 10.4 − 10.6, σ = 170 − 200 km/s). This result is independent of the
stellar population models used. For the M11-MARCS models, the derived
IMF is Kroupa around the half-light radius and then slightly bottom-heavy
(close to Salpeter) in the centre. The lowest mass bin (log M/M

= 10,

σ = 130 km/s), instead, shows only a mild radial gradient in the IMF around
a Kroupa slope. This result would suggest that the correlation of IMF slope
with galaxy mass reported in the literature is generated by an increasingly
stronger enhancement of dwarf stars in galaxy centres as the galaxy mass
increases. Possible physical reasons for this are discussed in Section 4.3.1.
If we use the VCJ model, instead, we find departures from Kroupa IMF
at all radii, more so in the centres, resulting in overall steeper IMF slope
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Figure 4.11: Mass excess factor, α = (M/L)/(M/LKroupa ), versus velocity
dispersion σ. Shaded circles are our results based on the NaI index using the
M11-MARCS models for galaxies with log M/M = 9.9 − 10.2, log M/M =
10.2 − 10.5 and log M/M

= 10.5 − 10.8. Dark to light shades of blue

represent decreasing bins of mass and decreasing size represents increasing
radius going from the centre to the half-light radius and the typical error on
α is 0.1. The grey line is the Posacki et al. (2015) relation for the combined
ATLAS3D and SLACS sample, with the shaded region representing the 1σ
scatter. Finally, the orange triangles are the galaxies from Conroy & van
Dokkum (2012b), with typical fractional error ∼ 7%.
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(super-Salpeter with a slope of around 3 in the centre and 2 at the half-light
radius) for galaxies with masses above log M/M = 10.4 (σ = 170 km/s).
We derive a negative gradient for the lowest mass-bin (log M/M

= 10.0

(σ = 130 km/s), though, with a significantly sub-Kroupa bottom-light IMF
at large radii, which seems somewhat contrived and incompatible with Milky
Way measurements.
Local vs. Global IMF-σ relation
Fig. 4.11 shows a comparison of our radial IMF results from the M11-MARCS
models using the NaI index (the top panel of Fig. 4.9) with previous work
from dynamical and lensing analysis (Posacki et al., 2015, Equation 6) and
stellar population analysis (Conroy & van Dokkum, 2012b, Table 2). Note
that the aperture size for the former can be up to 1 Re and the latter is
within R <Re /8. We do not correct for aperture sizes because we wish to
compare our radial gradient with the global trend rather than the absolute
values.
From our IMF slopes, we can derive the corresponding mass excess factor,
α = (M/L)/(M/LKroupa ), obtaining the M/L values from Maraston (2005),
based on the age and metallicity in Section 3.1. The velocity dispersion used
here is σmean (solid line in Fig. 3.11), allowing a comparison of the IMF-σ
relation within galaxies with the global relation. The three mass bins appear
to follow the Conroy & van Dokkum (2012b) points. Very interestingly, in
comparison to the combined dynamical and lensing relation (grey line), the
gradient is steeper, implying that the relation within galaxies is steeper than
the global IMF-σ relation.
What drives the IMF variation?
The main contenders proposed for driving the IMF variation of galaxies are
velocity dispersion (e.g., Cappellari et al., 2012), [Mg/Fe] (Conroy & van
Dokkum, 2012b), and metallicity (Martı́n-Navarro et al., 2015b). In order
to test this with our results, we plot our IMF slopes versus all derived pa80

Figure 4.12: IMF slope versus various parameters: metallicity [Z/H], [Na/Fe],
velocity dispersion σ, radius, age, and [Mg/Fe]. These parameters and 1σ errors, derived for each radial bin, are based on the analysis using the
TMJ and M11-MARCS models for galaxies with log M/M

= 9.9 − 10.2,

log M/M = 10.2 − 10.5 and log M/M = 10.5 − 10.8 (Section 4.2). Dark
to light shades of blue represent decreasing bins of mass and decreasing size
represents increasing radius going from the centre to the half-light radius.
The Spearman correlation coefficient for each parameter is shown and a bestfit line is plotted when correlations are found.

81

rameters: metallicity [Z/H], [Na/Fe], velocity dispersion σ, radius, age, and
[Mg/Fe] (equivalent to our [α/Fe]) in Fig. 4.12. These parameters, along
with the errors, were derived using the TMJ and M11-MARCS models (Section 4.2).
Each panel shows the Spearman correlation coefficient, ρ, and the panels
are ordered from strongest to weakest correlation. The tightest relation is
found between IMF slope and metallicity, and no correlation is found with
[Mg/Fe], as also seen in Martı́n-Navarro et al. (2015b); van Dokkum et al.
(2017). We confirm this radial trend for a large sample of 366 galaxies. There
are still some significant correlations found with [Na/Fe] (ρ = 0.77), velocity
dispersion (ρ = 0.68) and stellar population age (ρ = 0.60), alongside the
negative correlation with radius (ρ = -0.65). While the IMF gradient may
well be a consequence of these correlations, the ultimate driver of IMF variations may still be a combination of metallicity, [Na/Fe], velocity dispersion,
and age. Our results suggest however, in agreement with previous claims,
that metallicity appears to be the dominating factor with metal-rich environments favouring the formation of low-mass stars. This is plausible astrophysically, since such environments have higher opacities and lower temperatures,
and the Jeans Mass is proportional to temperature (see Section 1.4.2). But
solid theoretical support for this picture through star formation simulations
remains yet to be found. While simulations may suggest IMF variations
with bottom-heavier IMFs in environments of higher turbulence and starformation rate (Kroupa et al., 2013; Chabrier et al., 2014), there is no clear
evidence for a metallicity dependence along the lines found here (Bate, 2014).

4.3.2

IMF diagnostics

The derivation of the IMF slope in unresolved populations is naturally challenging. Our approach is matching stellar population models to observed
absorption line-strengths, harnessing the fact that some features, particularly in the redder wavelength regions, are sensitive to the ratio of dwarf to
giant stars. Here we address some of the pitfalls and systematic uncertainties
82

of this approach.
Choice of IMF indicator
A variety of absorption features are gravity sensitive and are used as IMF
indicators in the current literature (see references in the introduction), including several Na features, the Ca triplet, the TiO bands and the Wing-Ford
band. Ideally all these features should be recovered with the final best-fit
model. However, systematics in measurement and modelling are different for
different features, and not all of them are necessarily available in a particular
set of observations. Therefore, many studies use a subset. In this work we
focus on NaI and FeH as IMF indicators, modelling them separately, in order
to constrain the complexity of the problem. Other features readily available
in the MaNGA data, like CaT and TiO, are subject of future work.
The NaI index is widely used in the literature as an IMF indicator and our
modelling performs well in matching this particular feature. Here we adopt
the definition from La Barbera et al. (2013) to minimise the effects of TiO
contamination. The major caveat remains its dependence on Na abundance,
even if relatively minor. We address this problem by deriving Na abundance
independently from the NaD feature. This works well, but it means that
any result we derive on the IMF slope directly depends on our ability to
correctly infer Na abundance through NaD. In case of contamination from
interstellar absorption due to dust in galaxy centres (see Section 4.2.2), we
would derive lower Na abundances. This in turn would lead to even steeper
IMFs in galaxy centres and consequently steeper IMF gradients.
The Wing-Ford band, FeH, is considered an alternative IMF indicator, as
it is strongly present in the spectra of dwarf stars. While this feature is less
affected by Na abundance (however see Alton et al. 2017), it is highly sensitive
to Fe-abundance, and hence the inferred [α/Fe] ratio. Again we address
this by deriving [α/Fe] from optical indices independently. Nevertheless,
the results based on FeH are contrived. Quite surprisingly, FeH displays
a positive radial gradient, a measurement that is also seen by Alton et al.
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(2017). The consequence is that we derive steeper IMFs, hence higher dwarfto-giant ratios at large radii, which is inconsistent with our results obtained
from NaI.
The FeH region of the spectrum is known to contain significant telluric
absorption and sky emission, hence any residuals from imperfect subtraction
of telluric lines and/or sky background will affect the FeH measurement.
MaNGA observes multiple standard stars through fiber bundles simultaneously with the science targets. Slightly different wavelength sampling provided by different stars is combined to sample the high frequency variation
providing an accurate telluric correction (Yan et al. 2016a). Also, there are
no strong telluric features red-ward 9800 Å rest-frame for the MaNGA sample with a median redshift of 0.03. Hence overall we do not expect telluric
absorption to be a major problem in measuring the FeH feature on MaNGA
spectra. There is reduced detector sensitivity at the wavelength edge, and
the RMS variability in the telluric absorption measurements increases from
∼ 1 per cent to ∼ 5 per cent (see also Fig. 5 of Yan et al., 2016a), however,
this noise is random, which we expect to mitigate through stacking.
Therefore, the most likely contributor to uncertainties in FeH measurements from MaNGA spectra may be sky subtraction residuals. The DRP
aims to reach Poisson-limited performance between 4000 − 10, 000 Å such
that stacked spectra are generally not limited by systematic sky subtraction
residuals (Law et al. 2016). We would therefore expect in principle that
faint features like FeH can be measured accurately in a stacked, high-S/N
MaNGA spectrum. However, the sky lines in the FeH region are very bright
and pervasive, hence small uncertainties in sky subtraction will not cancel
out in the stacked spectrum as effectively as at other wavelengths.
We note that similar caveats may also apply to NaI, however, the sky
lines in this region are less bright and more distinct, hence we can expect
that they are eliminated effectively during the stacking procedure. Note that,
again in the rest frame for MaNGA galaxies, there are no significant telluric
features in the NaI wavelength range.
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As well as the problems in measuring FeH, it has been noticed before
it is indeed difficult to model (Vaughan et al., 2018; Alton et al., 2017), so
might not actually serve as a reliable IMF indicator. We remind the reader
the variation in FeH does not shown a clear trend (see Fig. 4.2). In fact FeH
does not actually correlate well with galaxy velocity dispersion as can be
seen in the original work by van Dokkum & Conroy (2012) and it is shown
to not respond to variations in IMF if there are counter-acting variations in
metallicity or other parameters (Conroy & van Dokkum, 2012a; La Barbera
et al., 2016). In addition to a nearby contaminating TiO feature, this suggests
that FeH may not be well understood in current stellar population models.
In this work we are therefore inclined to discard the results obtained from
FeH, concluding that our understanding of this feature is still limited.
Stellar population models
Part of the systematic uncertainties in IMF diagnostics come from differences
in stellar populations modelling. We try to shed some light on this issue by
using different model sets (TMJ/M11-MARCS and VCJ). While we find good
agreement regarding the need for an IMF that varies with galaxy mass and
with radius for more massive galaxies, discrepancies remain significant for
more detailed aspects of the analysis. Progress in the field certainly relies
on further improvements on the stellar population modelling side and in
particular a better understanding of the systematic uncertainties involved.
Constraints from chemical evolution
It is well known that the IMF slope significantly affects chemical enrichment
in a galaxy (e.g., Thomas et al., 1999). In fact, the finding of a dwarfdominated population in massive galaxies is difficult to reconcile with its αenhanced populations (Ferreras et al., 2013; Martı́n-Navarro, 2016; De Masi
et al., 2017) because of the resulting lack of α-enriching Type Ia supernovae
in the chemical enrichment process. This challenge ultimately needs to be
overcome should the finding of the presence of bottom-heavy IMFs in massive
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galaxies prevail.
A further concern are some of the specific element abundance ratios derived. For instance, the Ca abundance required to match the CaT index
(with a bottom-heavy IMF) is inconsistent with the Ca abundance inferred
from the optical index Ca4227 (La Barbera et al., 2013).
Likewise, and more relevant to the present study, the Na abundance generally derived in conjunction with using NaI as an IMF indicator is puzzling.
While the [Na/Fe] ratio derived here (< 0.5 dex, three times the solar value)
is less extreme than some other much higher values found in the literature
(Vaughan et al., 2018; Alton et al., 2017), it remains unclear whether these
results can be reproduced with models of chemical evolution. Type II supernovae do not produce [Na/Fe] ratios high enough (Woosley & Weaver, 1995).
From observations of halo and disc stars within the solar neighbourhood no
stars have been found with [Na/Fe] > +0.2 dex to date, and metal-poor halo
stars even seem to have sub-solar [Na/Fe] (Bensby et al., 2014). Na is not enriched in lock-step with Mg and other α-elements. However, [Na/Fe] does rise
to about ∼ 0.3 dex for stars with super-solar metallicity both in the disc and
in the bulge (Bensby et al., 2017), and [Na/Fe] clearly correlates with metallicity. The strong Na-enhancement detected in galaxy centres may therefore
be the consequence of a metallicity-dependent Na yield (Alton et al., 2017),
even though it remains difficult to accommodate the high values derived here
and other studies in the recent literature with [Na/Fe] abundance ratios of
individual stars in our Galaxy.

4.4

Summary

In this Chapter, we measured radial gradients in the stellar initial mass
function for ∼400 early-type galaxies. Using two different sets of the stellar
population models described in Chapter 2, and the data and stacked spectra sample from Chapter 3, we first present the spectral features and index
measurements. We then proceed to derive stellar population parameters of
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age, metallicity, and α/Fe by simultaneously modelling Hβ, Mgb, Fe5270,
and Fe5335. Next, Na abundance is determined by fixing these parameters
and modelling NaD. Finally, the near-infrared indices NaI and FeH are modelled to determine the IMF. We present these spatially-resolved results, for
the largest sample of galaxies at the time of publication, and compare with
literature. We also explore trends with different parameters to determine the
driver of IMF variations, and compare local and global relations. We also
discuss contamination due to the ISM, sky residuals, and tellurics.
Our results show flat age gradients, and negative metallicity gradients,
becoming steeper for more massive galaxies. In addition we find strong Na
enhancement in the centres of more massive galaxies, and steep radial gradients in [Na/Fe]. The NaI feature provides strong evidence for a bottom-heavy
IMF in the inner regions of more massive galaxies, and a Milky-Way like IMF
at the half-light radius. These results are independent of the stellar population model used.
We further found that the IMF-σ slope within galaxies is steeper than
the global relation, and it is strongly correlated with the total metallicity.
These results point towards an inside -out formation regime for early-type
galaxies, such that the cores formed through a burst of star formation, and
the outskirts assembled over time through minor mergers. The next Chapter
presents results for individual chemical element abundances for the same
data-set.
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Chapter 5
Chemical Abundances
In this Chapter, we aim to study detailed chemical abundance patterns within
galaxies. High resolution spectroscopy for a large sample of nearby galaxies,
with the necessary spatial and wavelength coverage, provides the opportunity to contribute to previous efforts of extragalactic archaeology. In the
previous Chapters, we described our data sample, the stacking procedure to
produce high quality, high S/N spectra, and determined radial gradients in
the low-mass end IMF slope of 366 early type galaxies. Now, we make use of
absorption features in the optical region of the same data, to derive chemical
abundance ratios for all accessible elements, which are C, N, Na, Mg, Ca, and
Ti. We probe these using nine optical indices and stellar populations models
from Thomas et al. (2011a), present the ages, metallicities, and abundances,
and focus particularly on how these trends vary radially within galaxies and
globally with galaxy mass. This work was published in Parikh et al. (2019).
This Chapter is structured as follows: In Section 5.1 we describe the
additional indices and parameters studied in this work. Our radial gradients
are presented in Section 5.2, as well as analysis of local versus global relations.
We compare our results to literature in Section 5.3 and discuss the possible
origins of chemical elements and the driver of abundance variations, followed
by a summary in Section 5.4.
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Figure 5.1: An example stacked spectrum is shown from our intermediate
mass bin. The indices used in this work are labelled and highlighted in grey,
for the radius 0.4 - 0.5 Re .

5.1

Focussing on the Optical

In order to determine various abundances, we focus on the optical part of
the spectrum and make use of selected Lick indices. An example stacked
spectrum is shown in Fig. 5.1 from our intermediate mass bin. We choose an
intermediate radial bin and label the indices used in this work, highlighted
as grey shaded regions.
We derive abundance ratios [X/Fe] for X = C, N, Na, Mg, Ca, and Ti
using carefully chosen indices which are sensitive to each of these element
abundances. We use the same prescription as in J12, where the individual
elements are varied on α enhanced models. Hence,
[X/Fe] = [X/α] + [α/Fe].

(5.1)

The choice of indices is based on J12, Fig. 1 and shown in Table 5.1.
We note here that the magnitude-unit index CN1 used in this work is calculated slightly differently from the other indices and its velocity dispersioncorrection factor is additive rather than multiplicative. We adopt a simplistic approach whereby the number of indices used is kept minimal, similar to
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Table 5.1: Index definitions for the absorption features used in this work
Trager et al. (1998). All wavelengths are in vacuum; indices are measured in
units of Å, except for CN1, which is measured in magnitude units.
Index

Blue Continuum

Feature

Red continuum

CN1

4081.3 - 4118.8

4143.3 - 4178.3

4245.3 - 4285.3

Ca4227

4212.2 - 4220.9

4223.4 - 4235.9

4242.2 - 4252.2

Fe4531

4505.5 - 4515.5

4515.5 - 4560.5

4561.8 - 4580.5

C2 4668

4612.8 - 4631.5

4635.3 - 4721.6

4744.1 - 4757.8

Hβ

4829.2 - 4849.2

4849.2 - 4878.0

4878.0 - 4893.0

Mgb

5144.1 - 5162.8

5161.6 - 5194.1

5192.8 - 5207.8

Fe5270

5234.6 - 5249.6

5247.1 - 5287.1

5287.1 - 5319.6

Fe5335

5306.1 - 5317.4

5313.6 - 5353.6

5354.9 - 5364.9

NaD

5862.2 - 5877.3

5878.5 - 5911.0

5923.8 - 5949.8

Chapter 4. We use C2 4668 to determine C; CN1 for N; NaD for Na; Mgb for
Mg; Ca4227 for Ca; and finally Fe4531 to measure Ti. This set of indices is
more limited than J12 because we find that no further information is gained
by using other indices (e.g. CN2, Mg1 , Mg2 ) and we want to avoid using
IMF-sensitive indices (e.g. TiO1, TiO2).
Although each of these indices is most sensitive to the element we are
using it to measure, some also respond to the presence of other elements.
CN1 is also sensitive to [C/Fe] and Ca4227 is also sensitive to both [C/Fe]
and [N/Fe]; hence we model these indices after independently determining
the other parameters they are sensitive to (similar to Greene et al., 2015).
E.g. we use C2 4668 to determine and fix C, before using CN1 to measure N,
and similarly Ca4227 is modelled after both C and N have been determined.
As presented in Johansson et al. (2012, figure 1), Fe4531 does not respond
to O in the TMJ models. We note, however, that other models suggest that
Fe4531 is sensitive to O as well as Ti (G. Worthey, private communication).
This caveat should be kept in mind when using Fe4531 as Ti abundance
indicator.
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In the final step, we model all indices with all the derived parameters,
to show that the data is consistent with the ages, total metallicities, and
individual element abundance variations.

5.2

Results

We now present the index strength measurements, which are modelled in
steps using the TMJ models described in Section 2.3 to derive stellar population parameters. We make use of Hβ, Mgb, Fe5270, and Fe5335 as age,
metallicity and [α/Fe] indicators, similar to Chapter 4. These parameters
are derived simultaneously by fitting stellar population models to data using
a chi-squared minimisation code. To this end, the models are interpolated
in a 3-dimensional parameter space. We then fix these parameters and individually vary element abundances in order to reproduce the relevant indices.
The IMF is fixed because its effect on the optical indices used in this work
is negligible.
In Chapter 4 we use [α/Fe] and [Mg/Fe] interchangeably; since [α/Fe]
is derived using the four optical indices without taking individual element
ratios into account, it is equivalent to Mg abundance (J12). Hence in this
work we focus on [Mg/Fe] rather than [α/Fe].

5.2.1

Index gradients and stellar population model fits

The absorption indices are shown as circles in Fig. 5.2 as a function of galaxy
radius. The two iron indices, Fe5270 and Fe5335, are averaged to give <Fe>.
It can be seen that indices are stronger in more massive galaxies with the
exception of Hβ which displays an anti-correlation. Hβ increases with radius;
all other indices display negative radial gradients, with gradients in CN1,
NaD, and Mgb becoming steeper with increasing mass.
The errors on the indices are calculated using a Monte Carlo-based approach. In all cases the error increases with radius. Certain spectral regions,
including the Mgb and NaD features, have very low error on the flux in the
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Figure 5.2: CN1, Ca4227, Fe4531, C2 4668, Hβ, Mgb, <Fe>, and NaD for
each mass bin as a function of radius. Line-strengths (circles) are measured
on the stacked spectra with 1-σ errors calculated using a Monte Carlo-based
analysis. The dashed lines are TMJ model fits obtained through chi-squared
minimisation (see text). The residuals from the fits are shown at the bottom of each panel. Measurements and models are both shown at MILES
resolution.
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stacked spectra, hence the errors on the index measurements are smaller than
the symbols on this plot.
Stellar population parameters and element abundances are derived by
modelling the indices in steps, as described before. The model predictions
are shown as dashed lines in Fig. 5.2 and include the combination of age,
total metallicity, and individual element abundances derived at each radial
bin. The corresponding model parameters are presented in the following
subsection. The indices and models are both at the MILES resolution. The
residuals are shown at the bottom of each panel. The models fit the data
well; the residuals are of the order of a a few percent or less.
Note that although early-type galaxies suffer from minimal ISM contamination, our measurements of NaD might be affected. We consider the latter
negligible due to the smooth change in the NaD spectral feature as a function of radius and the small extinction values derived through full spectrum
fitting as discussed in detail in Chapter 4.

5.2.2

Stellar population gradients

In the following we present the radial gradients of the stellar population
parameters resulting from fitting the index profiles of Fig. 5.2.
Age and [Z/H]
Stellar population age and metallicity are shown as a function of radius in
the top panels of Fig. 5.3. Open squares show the derived parameter at
each radial bin with 1-σ errors, and the lines are linear fits to the profiles.
Light to dark shades of blue represent increasing galaxy mass. The error on
the parameter is calculated using index errors and the minimisation result;
the error on the best-fit line depends on this and also on the scatter of the
points about the line. These parameters are similar to Chapter 4; negligible
differences arise from a better error estimation in this work, and because the
fitting here does not include NaD and NaI.
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Figure 5.3: Age and metallicity (top row) and the element abundances, C,
N, Na, Mg, Ca, and Ti as a function of radius for the three mass bins.
The parameters derived at each radius are shown as open squares, lines are
straight line fits. The age and metallicity are fixed to the values shown in
in the top panels, then the abundances shown here are varied to reproduce
carefully selected indices, with [Ca/Fe] and [N/Fe] varied in separate steps as
Ca4227 and CN1 are affected by other parameters (see text for more details).
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Table 5.2: Radial gradients of parameters in dex/Re ; age is in log Gyr/Re .
Mass bin

[N/Fe]

[Na/Fe]

[Mg/Fe]

[Ca/Fe]

[Ti/Fe]

0.12 ± 0.04

−0.15 ± 0.03

0.06 ± 0.01

−0.01 ± 0.05

0.02 ± 0.02

10.2 − 10.5 −0.15 ± 0.04 −0.10 ± 0.03

−0.06 ± 0.02 −0.25 ± 0.05 −0.26 ± 0.03 −0.03 ± 0.02 −0.06 ± 0.03

0.00 ± 0.06

10.5 − 10.8 −0.12 ± 0.04 −0.11 ± 0.03

−0.05 ± 0.03 −0.18 ± 0.05 −0.29 ± 0.02

9.9 − 10.2

Age

[Z/H]

[C/Fe]

−0.20 ± 0.06 −0.08 ± 0.04 −0.02 ± 0.03

0.01 ± 0.02

−0.05 ± 0.02 −0.08 ± 0.08

Since these parameters were also derived in Chapter 4 and are not the
focus of this work, we only briefly summarise the results, which are consistent
with literature. We find that more massive galaxies are older and more
metal rich (e.g. Kuntschner, 2000; Thomas et al., 2005; Thomas et al., 2010).
We report negative age and metallicity gradients, with the latter becoming
slightly steeper for more massive galaxies (Mehlert et al., 2003; Goddard
et al., 2017).
Element abundances
The derived element abundances, C, N, Na, Mg, Ca, and Ti, are shown in the
middle and bottom rows of Fig. 5.3. [X/Fe] is plotted as a function of radius,
with the linear best fits shown as solid lines. The elements are ordered in
increasing atomic number. The gradients for each mass bin are provided in
Table 5.2 with errors. Our method implies that all the abundances measured
are also dependent on the derived basic parameters age, metallicity, and
[Mg/Fe]. On top of this, [N/Fe] is measured through an index, CN1, which
is also sensitive to C abundance, hence the derived N abundance is also linked
to [C/Fe]. [Ca/Fe] is determined using Ca4227, which is sensitive to both C
and N abundances, hence this parameter is linked to both [C/Fe] and [N/Fe].
Generally, more massive galaxies are more enhanced in all elements.
[C/Fe] and [Mg/Fe] show the smallest variation with mass, from values of
0.2 dex for low mass galaxies to 0.3 for the higher mass ones. [Ti/Fe] shows
more variation from 0.1 to 0.4 dex. [Ca/Fe] and [N/Fe] values all lie at or
below 0.2 dex, and are close to solar values at large radii. We find maximum [Na/Fe] = +0.5 dex at the centre of the highest mass galaxies in our
sample. Chapter 4 presents a comprehensive discussion about the implica-
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tions and plausibility of the extreme [Na/Fe] abundances. The behaviour of
[Ca/Fe] having values closer to zero, rather than other α elements like Mg,
has been reported before as calcium under-abundance in elliptical galaxies
(Saglia et al., 2002; Cenarro et al., 2003; Thomas et al., 2003b). The relation with galaxy mass is not well constrained from our data since our lowest
mass bin is less under-abundant in Ca. Overall, our trends with galaxy mass
qualitatively agree with results from global studies but interesting differences
remain. A detailed comparison with the literature is presented in the Discussion section.
There is a clear difference between the abundances of C and N, with C
matching Mg, while N being under-abundant relative to Mg. Such a discrepancy poses interesting clues on the formation processes of these elements in
galaxies, but there is still no consensus about C and N abundances in the
literature. J12 find the same discrepancy between C and N that we do, while
Conroy et al. (2014) find N abundances higher than C abundances in massive
galaxies. This difference might be a result of the treatment of these elements
in the models of TMJ and Conroy & van Dokkum (2012a), i.e. whether or
not C and N are locked to the enhanced group of elements.
Moving on to the trends with radius, we find that [Mg/Fe] mildly increases with radius for low mass galaxies. However, since the higher mass
galaxies shown no gradients within ∼ 2 σ, we conclude that the [Mg/Fe] radial profile is flat. This is in agreement with the the literature (Mehlert et al.,
2003; Kuntschner, 2004; Greene et al., 2015; Alton et al., 2018), except van
Dokkum et al. (2017) who obtain positive [Mg/Fe] radial gradients. All three
galaxy mass bins display mildly negative [C/Fe] gradients of ∼ −0.05 dex/Re .
Greene et al. (2015) find steeper gradients, their mass bin comparable to our
sample has a [C/Fe] gradient of −0.1 dex/Re . van Dokkum et al. (2017)
report roughly flat [C/Fe] gradients with abundance values between 0.1 and
0.25 for galaxies of different masses. [Ca/Fe] shows similarly mild negative
gradients, again consistent with the literature where [Ca/Fe] gradients appear to be roughly flat and the abundances from the different works are all

96

consistently between 0 and 0.2 dex (Greene et al., 2015; van Dokkum et al.,
2017; Alton et al., 2018).
Likewise, [Ti/Fe] shows roughly constant values with radius with no significant evidence for the presence of a gradient. However, the measurement
error is large mostly because of the relatively large uncertainty in the Fe4531
index measurement on which [Ti/Fe] derivation is based (see Fig. 5.2). Ti
gradients are reported only in Alton et al. (2018) and they find no indication
of a gradient in their stacked spectrum (−0.02 ± 0.11). Large scatter and
errors have led to global work (J12) and local studies (Alton et al., 2018)
concluding that their [Ti/Fe] measurement is poorly constrained, further
pointing to the difficulty in determining this particular parameter.
The only two element ratios showing significant radial gradients are [N/Fe]
and [Na/Fe]. We find a clearly mass-dependent gradient in [N/Fe]. The two
higher mass bins display steep negative gradients of up to −0.25±0.05, while
the low-mass galaxies in our sample, 9.9−10.2 log M , have a positive gradient of 0.12 ± 0.04. This behaviour is a direct consequence of the gradients of
the CN1 index shown in Fig. 5.2. This result shows that the low N abundance
found in low mass galaxies by (J12) is caused by a deficiency of N enrichment
in galaxy centres rather than globally. In comparison, Greene et al. (2015)
come to very different conclusions. They find [N/Fe] to be flat for all galaxy
masses and their values are high (> 0.6 dex at all radii). Additionally, the
steep gradients in C found by Greene et al. (2015) suggest that their modelling of CN features attributes variations to C whereas we attribute them
to N. This work is based on stellar population models of Schiavon (2007a)
and as mentioned before, whether or not C and N are locked to the enhanced
group of elements would affect the results. It should also be noted that their
N results could be affected by flux calibration uncertainties in the spectrum
around the CN features. McConnell et al. (2016) compare gradients in index strength measurements of two galaxies to stellar population models and
qualitatively interpret [C/Fe] gradients and flat [N/Fe].
Finally, we find strong negative radial gradients in [Na/Fe] for all galaxy
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mass bins (see also La Barbera et al., 2016; McConnell et al., 2016; van
Dokkum et al., 2017; Vaughan et al., 2018; Zieleniewski et al., 2017; Alton
et al., 2018). The slope steepens with increasing galaxy mass, with a gradient
of −0.15±0.03 for the lowest mass bin in our sample, and −0.29±0.02 at the
higher masses. Again, the steep gradients in [Na/Fe] are well reflected by the
gradients in the NaD index shown in Fig. 5.2. Note that all the other metallic
indices also display negative gradients. These are mostly accounted for by
the negative metallicity gradient alone, hence no further gradient in [X/Fe]
is required to reproduce the data. Our [Na/Fe] values and gradients are
consistent with the comparable mass galaxies in van Dokkum et al. (2017).
The gradients are qualitatively consistent with, albeit somewhat shallower
than, the gradient of −0.37 ± 0.09 reported by Alton et al. (2018) for their
stacked spectrum.
It is encouraging that we find consistency in general with previous works,
particularly the values of C, Mg, and Na. The picture is still unclear regarding Ca gradients, and the difference between C and N values. It is difficult
to disentangle whether the disparity between literature stems from the use of
different stellar population models or different methods of full spectrum fitting versus absorption index fitting. The discussion section further explores
this as well as the physical implications of our trends.

5.2.3

Global vs local relationships

Having studied the radial gradients of the parameters, we now turn to investigate local vs global relationships of element abundance ratios with stellar
velocity dispersion. The aim is to study how the index strengths change with
σ and to separate local from global relationships.
Global trends with velocity dispersion
To this end we plot the parameters versus the local velocity dispersion in
Fig. 5.4. The top row shows age and metallicity, each panel thereafter shows
an individual element; the circles are the derived parameters at each radius,
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Figure 5.4: Age, metallicity and element abundances C, N, Na, Mg, Ca, Ti
plotted against local velocity dispersion as circles with 1-σ error bars. Galaxy
mass bins are shown in different shades to make them distinguishable, and
decreasing circle size represents increasing radius from the centre to 1Re . A
linear fit is plotted in each panel, with the slope and intercept of the line
given at the top.
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with decreasing size representing increasing radius. The three mass bins are
shown in different shades to make them distinctive and the black line is a
best-fit straight line to all the data representing the global relationship. The
slope and intercept of the line are given at the top of each panel. This figure
allows identification of any strong radial dependence which break out from
the global relationship.
As far as the global correlation between element ratio and velocity dispersion is concerned, we find that [X/Fe] increases with σ for each element,
except for Ca. Age and total metallicity also show the same behaviour and
increase with σ. It is striking that [Na/Fe] shows by far the strongest correlation with σ with a slope of 0.95 ± 0.07.
On top of these trends, [Ca/Fe] and [N/Fe] have systematically lower
values than the other element abundances for all mass bins. Overall, these
relationships are consistent with the literature. We provide a detailed comparison with the literature in the Discussion section.
Local trends with velocity dispersion
Fig. 5.4 allows us to assess whether there is any deviation between the local
and the global dependence of the parameters with σ. Clearly the elements C
and Mg, as well as stellar population age, show no separate local dependencies
on top of the global relationship. The gradients with σ are comparable for
all mass bins. Instead, the elements N, Na, and total metallicity, display
a striking difference between local and global σ gradients, except for the
lowest mass bin. In these cases, the local dependence of the parameter on
σ is considerably steeper. Finally, the elements Ca and Ti lie between these
two clear cases. There is a hint for a discrepancy between local and global
dependence, but the effect appears less significant within the measurement
errors.
With the aim to quantify this, we directly compare the global gradient
with velocity dispersion quoted in Fig. 5.4, with the gradient calculated for
each mass bin separately. This comparison is presented in Fig. 5.5. The
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Figure 5.5: Gradient in parameter, shaded region represents the global gradient for all data points. Circles with error bars are the gradients found within
each mass bin, the x position is the mean of the σ for that bin.
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global gradient with 1-σ error is indicated by the shaded area, while the
local gradients are the open circles with error bars placed at the mean velocity
dispersion value for each mass bin.
The local gradient in stellar population age does not vary significantly
across galaxies of different mass, i.e. the circles are roughly consistent with
the shaded region. The local metallicity gradient, instead, shows a clear
departure from the global relation whereby the metallicity gradients within
galaxies are steeper than globally. From Fig. 5.4 we identified the elements C
and Mg as those where the local and global σ-dependence is consistent. This
interpretation is confirmed in Fig. 5.5. The local and global σ-dependence
agree perfectly for C, while there is some difference for Mg, but no clear trend
with galaxy mass is evident. Also in agreement with Fig. 5.4, Ca and Ti show
some systematic discrepancy between the local and the global dependence,
but these are not significant within the error bars.
Fig. 5.5 confirms that the two elements where the local and global dependencies are most different are N and Na. [N/Fe] is strongly σ-dependent
within galaxies, and much less so globally. There appears to be a trend
with galaxy mass, though. [N/Fe] is significantly enhanced at large velocity
dispersion in the two higher mass-bins only.
Finally, the element Na shows the most significant signal. The σ-dependence
of [Na/Fe] is considerably steeper within galaxies than globally for all three
mass bins, and this discrepancy increases with increasing galaxy mass. [Na/Fe]
is significantly enhanced at high velocity dispersion, particularly in massive
galaxies.
Element abundances relative to Mg
Looking at the level of enhancement of the elements compared to [Mg/Fe]
gives a sense of how the various elements vary. The elements can be split into
3 groups based on their [X/Mg] values: close to zero, negative or positive.
These are shown as a function of velocity dispersion in Fig. 5.6. The dashed
line at [X/Mg] = 0 indicates an abundance equivalent to Mg.
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Figure 5.6: Element abundances relative to Mg plotted against velocity dispersion for the three galaxy mass bins. Decreasing circle size represents
increasing radius from the centre to 1Re . Left: Elements with [X/Mg] close
to zero, C and Ti, are shown. Centre: N and Ca, which are less abundant
compared to Mg, are shown together. Right: Na, which is the only element
strongly enhanced compared to Mg in galaxy centres.
Elements which roughly belong to this category, C and Ti, are shown
together in the left-hand panel of Fig. 5.6. It is evident that [C/Fe] (pink)
closely follows [Mg/Fe], as also found in J12. They find that [C/Mg] is
close to zero at large σ and -0.05 at small σ, and suggest that this could be
caused by metallicity-dependent C production in massive stars. Ti (purple)
is slightly under-abundant compared to C and Mg.
Elements which are strongly depleted compared to Mg are N and Ca, as
shown in the middle panel. The depletion relative to Mg can be as large as
0.3 dex. Both show negative radial gradients, hence it is at large radii where
these elements are the most depleted.
Finally, Na, which is the only element found to be strongly enhanced
compared to Mg in galaxy centres, is shown in the right-hand panel. There is
a striking dependence of [Na/Mg] with velocity dispersion, which is distinct
for each mass bin, more so than [Na/Fe]. The enhancement of Na with
respect to Mg goes up to +0.2 dex. La Barbera et al. (2013) derive residual
abundances for Na, Ca, and Ti, after correcting for [α/Fe]. Our results agree
well with theirs for Na and Ti, however they find residual Ca abundances to
be close to zero.
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5.3

Discussion

In this previous sections we derived radial gradients of element abundances
alongside stellar ages and metallicities. We do so by measuring nine key
Lick absorption indices on stacked spectra from the MaNGA survey of 366
early-type galaxies providing us with spatially resolved information out to
the half-light radius. The MaNGA data allows us to explore three mass
bins centred on log M/M = 10, 10.4, 10.6 corresponding to central velocity
dispersions of σ = 130, 170, 200 km/s.
In the following we compare our parameters with previous global work on
abundances and also recent work using spatially resolved spectroscopy. We
discuss the implications of our key results in the context of galaxy evolution
and the different production pathways of the elements.

5.3.1

Comparison to previous work

A detailed comparison of our derived parameters is shown in Fig. 5.7. We
plot each parameter individually as a function of σ, equivalent to Fig. 5.5.
The three mass bins are shown in different shades and decreasing circle size
represents increasing radius.
A comprehensive comparison of stellar population parameters is presented
in Conroy et al. (2014). We expand this discussion by including the new
MaNGA results presented here. Global trends from Graves & Schiavon
(2008); Johansson et al. (2012); Conroy et al. (2014); Worthey et al. (2014)
are shown as solid, dashed, dashdot, and dotted black lines respectively.
Graves & Schiavon (2008) use 7 Lick indices measured on stacked spectra of
SDSS galaxies and the models of Graves et al. (2007). Conroy et al. (2014)
carry out full spectrum fitting for the same spectra. These spectra, in seven
bins of velocity dispersion, with mean values ranging from 88 to 300 km/s,
sample the inner regions of galaxies, and hence should be compared to our innermost radial bins. Worthey et al. (2014) also use similar stacked spectra of
early-type galaxies. In each of these cases, early-type galaxies were selected
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Figure 5.7: Literature comparison: Our derived parameters are plotted as
coloured circles with 1-σ errors against velocity dispersion. As before, the
three mass bins are shown in different shades, and decreasing circle size
represents increasing radius. Results from Graves & Schiavon (2008) are
shown as solid lines; Johansson et al. (2012) as dashed lines; Conroy et al.
(2014) as dashdot lines; Worthey et al. (2014) as dotted lines.
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based on emission line cuts. Finally, J12 derive abundances for morphologically selected early-type galaxies from SDSS via absorption index fitting of
19 indices and the TMJ models.
There is a general agreement in the literature such that all [X/Fe] abundance ratios are positively correlated with velocity dispersion. However, there
is still some disagreement on the detail of these correlations and on the relative abundances of some elements. Offsets are relatively small, though, and
never larger than 0.1 dex. The only exception is Na, with a discrepancy of
∼ 0.3 dex between the measured [Na/Fe] values. The origin of these differences is difficult to identify and will likely be a complex combination of differences in stellar population modelling, chemical element response functions,
choice of absorption features or spectral wavelength range, fitting technique
and underlying observational data.
Our results are consistent with the relationships presented in J12, except
that metallicities of this work are offset to slightly lower values by ∼ 0.05 dex.
Most importantly, the discrepancy between C and N abundance with lower
[N/Fe] ratios compared to [C/Fe] and [Mg/Fe] is reproduced in the present
work. This agreement ought to be expected, as both studies are based on
the stellar population models by Thomas et al. (2011b).
A key result of our study echoing J12 is that the element C behaves
similar to Mg. This finding deviates from other studies in the literature,
with Graves & Schiavon (2008), Worthey et al. (2014), and Conroy et al.
(2014) consistently producing lower C abundances by ∼ 0.1 dex. Likewise,
also the abundance of the element N appears to be controversial. The offset
to systematically lower N abundances by ∼ 0.1 dex derived here and in J12
is in good agreement with Worthey et al. (2014), while Conroy et al. (2014)
find higher N abundances more similar to C. Graves & Schiavon (2008) derive
a steeper slope for the [N/Fe]-σ relationship, and their values lie in between
these two extremes.
The [Na/Fe] abundance ratios derived here agree well with Worthey et al.
(2014), while Conroy et al. (2014) measure values that are systematically
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lower by ∼ 0.3 dex. Interestingly, also [Mg/Fe] shows quite a large scatter
of ∼ 0.2 dex with our work and J12 providing the highest and Conroy et al.
(2014) the lowest values. Though not shown here, De Masi et al. (2018)
also obtain Mg abundances on the higher side, ranging from 0.1 to 0.3 dex
for galaxies in the same mass range as ours. Graves & Schiavon (2008) and
Worthey et al. (2014) are found in between these two extremes.
The spatially resolved work of Alton et al. (2018) derives extreme Na
abundances from +0.77 to -0.11 dex, however their best-fit models are unable
to reproduce all NaI features. Meanwhile, Conroy et al. (2014) derive lower
[Na/Fe] values by ∼ 0.2 dex than our results. Although not the subject of
this thesis, the derived [Na/Fe] has large consequences on the derived low
mass IMF slope. The abundances from the NaD index set upper limits on
[Na/Fe], since this index is sensitive to Na abundance but not to the IMF;
these values are then used to constrain the IMF using the NaI index which
is sensitive to both Na abundance and the IMF. The higher the abundance
derived, the smaller the IMF change is required. The abundances shown
here explain why Alton et al. (2018) find no change in the IMF; we find
modest changes between a Kroupa and a Salpeter IMF in Chapter 4; the
lowest abundances are derived for Conroy et al. (2014), and hence they find
steeper IMFs (Conroy & van Dokkum, 2012b; van Dokkum et al., 2017).
Also, in Chapter 4 we apply different models on the same data using the
same method and derive lower or higher abundances leading to higher or
lower IMFs respectively.
Finally, there appears to be better agreement on the general level of
[Ca/Fe] and [Ti/Fe] enhancement. All four groups agree that [Ca/Fe] is low
and close to the solar value. There is a scatter of ∼ 0.1 dex between the various studies with our work and J12 measuring the highest, and Conroy et al.
(2014) measuring the lowest values. Finally, Ti is the only element where
there appears to be a disagreement about the exact slope of the correlation
with σ. This work and J12 find a steeper slope than Conroy et al. (2014)
leading to discrepancies at large velocity dispersion of ∼ 0.1 dex.
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Figure 5.8: Derived element abundances plotted against total metallicity.
The mass bins are shown in different colours, decreasing circle size represents
increasing radius. A linear fit to all the points is plotted if a correlation is
found and the Spearman correlation coefficient is shown in each panel.
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5.3.2

Dependence on metallicity

In order to explore the reason for the trends we see, we plot our derived
abundances against the total metallicity in Fig. 5.8. As before, the mass bins
are shown in different shades, and decreasing circle size represents increasing
radius. The Spearman correlation coefficient is given in each panel and all
the points have been fitted with a straight line when a correlation is found.
The strongest correlation with metallicity is seen for [Na/Fe]. Very importantly, this relationship is present within all three mass bins independently.
This strongly suggests that the steep radial profiles as well as the steep slope
of the [Na/Fe]-σ relation are driven by metallicity-dependent Na enrichment
(Alton et al., 2018). This is supported by recent nucleosynthesis calculations
showing an enhancement in the production of Na in metal-rich supernovae
(Kobayashi et al., 2006). Note that this result is not consistent with the
calculations by Woosley & Weaver (1995).
The element N is interesting because [N/Fe] correlates well with metallicity in the two higher mass bins, although lower-mass galaxies are scattered
around solar metallicity and solar [N/Fe]. The origin of N in different metallicity regimes is generally attributed to primary and secondary production
channels of this element. Primary N originates from H-burning on fresh C
generated by the parent star, while the secondary channel requires C and O to
be originally present in the parent star and hence is only efficient at higher
metallicities (e.g. Renzini & Voli, 1981; Matteucci, 1986). N in early-type
galaxies is expected to be entirely secondary because of the high metallicities. Our results confirm this as shown in Fig. 5.8. It will be interesting in
future to extend this study to lower metallicities (larger radii and/or lower
galaxy masses) to probe the plateau generally seen in dwarf galaxies at lower
metallicity and N abundance (e.g., Vincenzo et al., 2016). A similar pattern
is also detected in the ISM from MaNGA data (Belfiore et al., 2017).
The abundances of the remaining elements, Ti, C, Mg, and Ca, do not
show any significant correlations with total metallicity. Note that while there
appears to be some global correlation of [Ti/Fe] with metallicity, we do not
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consider it significant because of the lack thereof in the individual mass bins.

5.3.3

Trends with atomic number

In this work we present radial gradients and correlations with velocity dispersion for the element abundance ratios [C/Fe], [N/Fe], [Na/Fe], [Mg/Fe],
[Ca/Fe], and [Ti/Fe]. We have presented an assessment of links between
the various element and their local vs global abundance patterns. We now
summarise these results by presenting element abundance as a function of
atomic number in Fig.5.9. With this plot we follow and extend the approach
of Conroy et al. (2014) by including spatially resolved information on top of
galaxy mass.
Fig. 5.9 contains three panels for the three mass bins. Galaxy centres
are indicated by large circles and thick lines, symbol size and line thickness
decrease with increasing galaxy radius. The grey box indicates the range
of [X/Fe] covered by the elements C and Mg and also emphasises groups
of elements which lie above and below these values. Many of the features
discussed in this work can be recognised in this plot. Strong radial gradients
are identified by a large vertical spread of the symbols and vice versa.
• C and Mg follow the same abundance pattern and display no radial
gradients, as highlighted by the grey shaded regions.
• Ca is under-abundant closely following Fe with a negligible radial gradient in the higher mass galaxies.
• Ti is more enhanced than Ca, and is again more similar to the light
α-elements, C and Mg, than to Fe. There may be some gradient in the
higher mass galaxies.
• N is depleted with respect to C and Mg, but displays a significant radial
dependence.
• Na is enhanced, similar to C and Mg, but shows the strongest radial
dependence with very high Na abundances in galaxy centres.
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Figure 5.9: Our results summarised in a plot similar to Conroy et al. (2014,
Fig. 19), but now with spatially resolved data and Na included. Element
abundances are plotted as a function of atomic number. Each panel represents one of our mass bins; galaxy centres are indicated by large circles and
thick lines, symbol size and line thickness decrease with increasing galaxy
radius. The grey box indicates the range of [X/Fe] covered by the elements
C and Mg.
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As discussed in J12, the fact that C and Mg have similar abundance pattern sets a lower limit on the star formation time-scale, as star formation
must continue over long enough periods to allow for the contribution of C
from both massive and intermediate-mass stars. Here we extend the result
of J12 to show that this must be the case at all radii. It will be interesting to
test whether these element abundance gradients can be reproduced in chemical evolution simulations. Simulations of detailed abundance patterns have
focussed on our own Galaxy, but some recent work attempts to reproduce
[α/Fe] or [Mg/Fe] in nearby early-type galaxies. Barber et al. (2019) use cosmological hydrodynamical simulations based on the EAGLE model (Schaye
et al., 2015) to show that depending on how the IMF varies on a per-particle
basis with pressure, can produce positive [Mg/Fe] gradients in some cases,
and flat gradients in other cases.
Ca has been known to be under-abundant in massive galaxies for over
a decade (Saglia et al., 2002; Cenarro et al., 2003; Thomas et al., 2003b),
and our results show that this feature is independent of galaxy radius. In
other words, Ca under-abundance is not restricted to galaxy centres but also
present in galaxy outskirts. This further supports the interpretation that Ca
under-abundance in early-type galaxies is the consequence of short formation
time-scales with delayed Type Ia supernovae contributing substantially to
the enrichment of this element (Thomas et al., 2003b). The inference is that
formation timescales do not vary much with radius, which links well with the
shallow [Mg/Fe] gradients observed.
It could be expected that Ti, the next heavier α-element after Ca, then
displays the same pattern. However, this does not seem to be the case as
already noticed by Johansson et al. 2012 and Conroy et al. (2014). It turns
out that Ti enrichment appears to be again dominated by Type II supernovae,
more similar to the light α-elements. The present results further confirm this.
As opposed to Ca, Ti is again enhanced with respect to the Fe peak elements,
potentially with a slight radial gradient leading to higher Ti enhancement in
galaxy centres.

112

Nitrogen is the only other element besides Ca that reaches relatively low
abundance close to Fe. In contrast to Ca, though, this is only true for
the outskirts of galaxies, as there is a strong radial gradient in [N/Fe] with
super-solar [N/Fe] ratios in galaxy centres. This gradient coincides with a
metallicity gradient and hence is likely connected with metallicity-dependent
production of secondary N. The depletion of N abundance at large radii
could be caused by primordial gas in-fall suppressing secondary N production.
Detailed chemical evolution models are required to explore such a scenario.
Finally, Na is the element with the strongest radial gradient leading to
it being the most enhanced element in the centres of early-type galaxies.
This gradient steepens with increasing galaxy mass, such that [Na/Fe] values
∼ 0.2 dex higher than [Mg/Fe] are reached in the centre of our highest mass
bin. The most plausible explanation is metallicity-dependent Na yields, but
it remains to be shown with comprehensive chemical evolution simulations
that such high [Na/Fe] values can indeed be reproduced with up-to-date
nucleosynthesis prescriptions.

5.4

Summary

In this Chapter we obtained the detailed abundance patterns of 366 earlytype galaxies from the MaNGA survey. By fitting stellar population models
to Lick absorption indices, we determined the ratios of C, N, Na, Mg, Ca,
and Ti, relative to Fe as function of radius and galaxy mass. We compared
our findings to the global measurements from literature and discussed the
implications for galaxy formation and chemical evolution, as well as for the
nucleosynthesis origin of elements.
We found that C/Fe and Mg/Fe behave similarly to each other, and
increase slightly for more massive galaxies. Na is strongly enhanced and Ca
under-enhanced compared to these. Metallicity-dependent enrichment could
be responsible for high Na abundances, and Ca under-abundance could be
due to delayed contributions from Type Ia supernovae. Ti, the next heavy
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α element, behaves similarly to the lighter elements, C and Mg, instead of
Ca. Na and N were the two elements for which we found radial gradients;
both are stronger in galaxy centres compared to outskirts. Comparing local
versus global relations, we found that Na/Fe within galaxies is very steep,
and both Na and N are correlated with the total metallicity.
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Chapter 6
Extension in Mass,
Morphology, and Radius
Most of detailed stellar population analysis from integrated light has been
carried out for early-type galaxies. In Chapters 4 and 5 we derived spatially
resolved stellar population parameters for a sample of ellipticals and lenticulars from the MaNGA survey. In this work, we approximated the galaxies as
SSPs. This assumption of a singular star formation history is valid since early
type galaxies are known to be composed of mostly old stars, with little or
no current star formation. Late-type galaxies can have complicated star formation histories. Additionally, depending on the viewing angle, there can be
moderate to severe contribution to absorption features from the interstellar
medium.
In the previous chapters, we measured these properties for a sample of
366 early-type galaxies out to the half-light radius. Now, we make use of
the latest data release from the MaNGA survey, to extend our previous work
in mass, radius, and morphology. For the first time, we attempt to include
late-type galaxies in our analysis.
When considering late-type galaxies, which are known to be composed
of different stellar populations, it would be prudent to consider the star
formation history, and represent the galaxies using CSPs. However, it is
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non-trivial to derive accurate star formation histories and computationally
expensive to explore the full posterior distribution. Spectral fitting codes
have attempted to find work-around options, e.g. VESPA includes models
with increasing levels of complexity that are used as and when data require
them (Tojeiro et al., 2009), STARLIGHT fits using full set of models and
then restricts the parameter space to a coarser grid (Cid Fernandas et al.,
2005), and FIREFLY uses liberal parameter searching with a convergence
test while obtaining linear combinations of best-fit models, to avoid falling
into local minima (Wilkinson et al., 2017).
Attempting to derive detailed chemical abundance patterns adds further
complexity since each population has its own chemical composition. With
this caveat in mind, we measure absorption features for late type galaxies and
derive light-based stellar population parameters. Since the light is dominated
by young stars, we expect to be biased towards lower ages. We derive sensible
ages and metallicities, and use these values to obtain abundances of chemical
elements. Although considerable progress is required on the modelling to
be able to accurately determine such parameters for late-types, we present
this work as an indication of detailed stellar population signatures in spiral
galaxies.
This Chapter is outlined as follows: the new sample selection, changes
to the stacking, and a revised method of deriving abundances, are described
in Section 6.1. Next, the results of our stellar population model fittings
to the measured absorption indices on early- and late-type galaxy stacked
spectra are presented in Section 6.2. We discuss our findings in Section 6.3,
focussing on differences between the two galaxy types, and spatial variations.
This Section also includes a comparison of our results for late-type galaxies to
the abundances obtained from studying our own Galaxy. Finally, a summary
is given in Section 6.4.
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Figure 6.1: Example images from our sample of (left) a late-type galaxy,
MaNGA-ID 1-591917, and (right) an early-type galaxy, MaNGA-ID 1314719. Overlaid are the radial bins calculated from the position angle and
ellipticity of the galaxy, out to 1.5 Re .

6.1

Updated Sample Selection

Using the general stacking technique described in Chapter 3, we proceed to
bin early- and late-type galaxies from the latest SDSS data release out to 1.5
Re . There are several improvements we have made to the sample selection
and binning method, which are described below.

6.1.1

Major changes to previous work

1. The latest data release DR15 contains 4672 datacubes, allowing us to
considerably increase our sample size and parameter space.
2. We make use of the new DAP hybrid binning scheme referred to as
HYB10. In this scheme, kinematics are determined for Voronoi-binned
spectra to a S/N of 10, hence when we stack spectra of individual
spaxels, the stellar velocity for spectra belonging to the same Voronoi
bin would be the same. The benefit of adopting this approach is that
117

kinematics for spectra at lower S/N are unreliable, and previously we
accounted for this by using a S/N cut. Here, we benefit from high S/N
kinematic data for binned spectra at larger radii, while discarding less
data. We now impose a S/N > 5 pixel−1 for including spectra in the
stack. Lowering our criteria allows a large sample and does not affect
the velocity registration. The emission line fitting and subtraction,
and velocity dispersion corrections, are carried out after stacking, like
before. See Westfall et al. (2019) for a detailed description of the DAP
data products.
3. For the morphological classification, we make use of the Deep Learningbased catalog (Fischer et al., 2019) rather than Galaxy Zoo. T-type >0
gives late types, while T-type <0 gives early types, including ellipticals
and S0s. We choose this classification because galaxies with a high
probability of being early-types from Galaxy Zoo can be significantly
contaminated by late-types.
4. For late-types, we apply an inclination cut of i <60 to select mostly
face on galaxies. This minimises the ISM path-length, which is known
to affect resonant lines such as NaD at 5900 Å.
5. We decided to modify the radial binning scheme used so far to compensate for the loss in S/N near the half-light radius. Due to lower surface
brightness at larger radii, we have increased the widths of the radial
bins in order to have more spectra to stack together in these regions.
Images of a spiral and an elliptical galaxy are shown in Fig. 6.1 with
the new elliptical annuli bins overlaid. The MaNGA coverage is out to
1.5 Re , and our final three radial bins are twice or thrice as wide as the
inner ones.
6. We previously calculated the error spectrum by taking the standard deviation of the radially stacked spectra from each galaxy, which would
go into the stacked spectrum for a particular mass bin. However this
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Figure 6.2: Left: Colour-mass plot showing our selection of early-types (red)
and late-types (blue). Right: The mass distributions for the two galaxy types
are shown, with the early-type sample from our previous work overlaid.
method did not give weight to the number of spectra that each galaxy
had originally contributed, leading to errors being overestimated. To
rectify this, we now take the standard deviation of all raw spectra contributing to a stack. We discuss the effect on the errors in Section 6.2.
The left hand panel of Fig. 6.2 shows the final sample after making the
above mentioned cuts, resulting in 895 early type, and 1005 late type galaxies,
ranging in stellar mass from 8.60 − 11.33 log M/M . The two types occupy
different regions of this parameter space, with early types having larger g - i
colour and extending to higher masses. The late type galaxies on the other
hand display a greater spread in g - i. The right hand panel shows the mass
histograms, with the limited sample of early-type galaxies from the previous
Chapters overlaid. These final distributions are affected by the various cuts,
but generally late types are less massive than early types. Fig. 6.3 shows
a histogram of the inclinations of late type galaxies, after making all above
cuts but without the inclination cut. The peak is at around 60 degrees, and
decreasing this cut slightly would lead to a large number of galaxies being
excluded.
We split these into 6 early-type mass bins, and 7 late-type mass bins, with
the boundaries calculated such that there are an equal number of galaxies in
119

Figure 6.3: Distribution of inclinations for the spiral galaxies. We exclude
galaxies with inclinations greater than 60 degrees in order to select mostly
face-on objects.
each bin. These details as well as the average velocity dispersion, effective
radius, and redshift for each mass bin are given in Table 6.1.
Stacked spectra for the two galaxy types for an intermediate mass bin,
containing ∼150 galaxies, are shown in Fig. 6.4. The early-type stack is
shown in red and the late-type is in blue. The bottom panel shows the
same spectra after fitting for and subtracting emission lines according to the
procedure described in Section 3.2.4. The differences in the spectra of the
two galaxy types are evident in the top panel i.e. late-types have strong
emission lines and the continuum flux level is much lower. After subtracting
emission lines and normalising the spectra to the same flux scale, we can see
the same absorption features also present in the late-type galaxy spectra.

6.1.2

Method

Key absorption features are measured and corrected for velocity-dispersion
broadening as before, and are modelled using TMJ line index models. We
follow our previous approach of modelling selected features in steps in order
to break degeneracies between parameters, modified slightly to follow the
method in J12 more closely, iterating using perturbed models until conver-
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Table 6.1: Number of galaxies and median velocity dispersion, effective radius, redshift of the mass bins.
Mass range (log M/M )

Number σ (km/s) Re (kpc)

z

8.8 - 9.8

148

72

3.74

0.023

9.8 - 10.3

150

144

3.89

0.027

10.3 - 10.6

149

188

4.99

0.031

10.6 - 10.8

149

227

6.02

0.040

10.8 - 11.0

150

250

6.27

0.063

11.0 - 11.3

149

272

5.95

0.099

8.6 - 9.2

143

55

4.98

0.020

9.2 - 9.6

143

65

5.80

0.024

9.6 - 9.9

144

66

6.37

0.026

9.9 - 10.1

144

92

6.29

0.027

10.1 - 10.3

144
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7.84

0.029

10.3 - 10.6

143

139

7.75

0.033

10.6 - 11.2

144

177

7.80

0.057
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Figure 6.4: Stacked spectra from the centres of late-type galaxies (blue)
and early-type galaxies (red). These contain stacked spectra within 0.1 Re
from mass bins containing ∼150 galaxies. The bottom panel shows the same
spectra after subtracting emission lines and normalising.
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Figure 6.5: Flowchart showing a summary of the method to derive chemical
abundances.
gence is reached. The same initial fit is carried out using Hβ, Mgb, Fe5270,
Fe5335 to derive the parameters of age, metallicity, and [Mg/Fe]. Individual features reacting to different element abundances are then modelled in
steps as before, C2 4668 for [C/Fe], Fe4531 for [Ti/Fe], and NaD for [Na/Fe],
followed by CN1 for [N/Fe], and finally Ca4227 for [Ca/Fe]. The latter two
are done in steps because they are affected by some of the previously derived
abundances. Next, we perturb the age, metallicity and Mg/Fe by ± 0.1 dex
in steps of 0.02 (for age and metallicity) or 0.05 (for element abundances).
We then find the minimum chi-squared solution using the entire combination
of indices to re-derive these parameters. We then repeat this entire process,
except for the initial fit, until convergence of the parameters is achieved. This
is summarised in a flowchart in Fig. 6.5.
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6.2

Results

This section presents the fits to the absorption features, and the derived stellar population parameters for early- and late-type galaxies. The parameters
are first presented as a function of radius for the two types separately, and
then together as a function of velocity dispersion.

6.2.1

Index measurements and model fittings

The absorption index measurements for early-type galaxies are shown as
symbols in Fig. 6.6. There are 6 mass bins with low mass in yellow going to high mass in red. All indices display negative radial gradients, with
more massive galaxies showing stronger absorption and steeper profiles. An
exception to this is Hβ, which increases with radius. The lowest mass bin
has significantly weaker absorption compared to the others, this could be
due to the large spread in galaxy mass for this particular bin. Following
the iterative procedure outlined above, we obtain best-fitting models to the
measured absorption indices with small residuals. The model predictions for
all the indices are shown as dashed lines; these are the final fits derived after
constraining the stellar population age, metallicity, and individual element
abundances. The bottom panel shows the residuals between the data and
model. The indices are reproduced well by the models and residuals are
within 5%.
The equivalent figure for late types is presented in Fig. 6.7 with 7 low to
high mass bins going from green to blue. Generally these galaxies display
weaker absorption than their early-type counterparts. Again, Hβ increases
with radius, and a clear mass-dependent radial trend is seen, unlike the earlytype galaxies, such that high mass galaxies have steep radial gradients, which
flatten for low mass galaxies. Ongoing star formation in spiral galaxies leads
to larger Hβ values, since this index anti-correlates with age. Most of the
features display very smooth profiles, with striking radial gradients and a
clear distinction between the different mass bins. The transition from low to
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Figure 6.6: Best fitting stellar population models plotted against index measurements for early-type galaxy sample.
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Figure 6.7: Same as Fig. 6.6 for late types.
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high masses is smoother for late-types, than for early-types. The residuals
between the models and data are small, but at times reach ∼10%. While the
residuals scatter around zero in most cases, Hβ and <Fe> are always slightly
under-predicted.
As mentioned before, we have updated our error estimation so that we
take the standard deviation of all individual spectra from each galaxy contributing to a mass bin, rather than the standard deviation of the radially
stacked spectra from galaxies. It can be seen in Fig. 6.6 and 6.7 that the
biggest effect on the index errors (which are calculated from the error spectrum using a Monte Carlo-based approach, see Section 2.2) is that they are
smaller than our previous errors close to 1Re , while errors in galaxy centres
continue to remain negligible. Since the number of spectra contributing to
the stack increases as a function of radius, our improved method makes a
difference to the errors at large radii. In the centre, the radial bins cover
small areas and hence the number of galaxies is similar to the total number
of spectra.

6.2.2

Stellar population parameters

In the next series of plots, we present the parameters corresponding to the
best-fit models shown in Fig. 6.6 and 6.7. Early-type galaxies are shown
on the left and late-types on the right. The scale on the y-axis is kept the
same for each parameter to allow a direct visual comparison. The symbols
show the derived parameter for each stacked spectrum with 1-σ error-bars,
connected by lines. Errors are generally smaller than symbol sizes, except
the lowest mass spirals that have large uncertainties for all parameters. This
is translated from the error on the Hβ index, which is an emission subtracted
region. The radial gradient and its error on each parameter for the different
galaxy masses are given in Table 6.2 and 6.3, and a comparison of the radial
gradients with mass and type, and with our previous results, follows after all
the results for all parameters are presented.
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Age and [Z/H]
Fig. 6.8 shows the the stellar population age and metallicity. More massive ellipticals and lenticulars are older, at ∼ 13 Gyr, and the age steadily decreases
as galaxies become less massive, reaching ∼ 5 Gyr at the lowest masses. The
gradients in age are negligibly small. These galaxies have negative metallicity gradients with slightly super-solar metallicities in centres, and sub-solar
metallicities at large radii. The metallicity gradients are slightly shallow for
low mass galaxies, −0.07 ± 0.02, and steepen, −0.23 ± 0.03, for the more
massive galaxies. Our results of flat age gradients and negative metallicity
gradients in early-type galaxies are qualitatively in agreement with previous
results (Mehlert et al., 2000; Mehlert et al., 2003; Kuntschner, 2004; Greene
et al., 2015; González Delgado et al., 2015; Goddard et al., 2017). Comparing
the gradients in detail, our age gradients for intermediate-mass galaxies are
slightly steeper at −0.14 and −0.17 ± 0.05 compared to −0.03 ± 0.03 dex/Re
from Goddard et al. (2017). However our low and high mass galaxies are
consistent with their results of negligible gradients. Our metallicity gradients are also slightly steeper than their reported −0.12 ± 0.03 dex/Re for the
highest mass galaxies.
Spiral galaxies display younger ages, and only the most massive galaxies
in the innermost regions are as old as the early-type galaxies. These central
ages are older than previously reported for bulges (e.g. Proctor & Sansom,
2002; Thomas & Davies, 2006). It would be interesting to repeat our analysis
while including the higher order Balmer lines as age indicators, since the Hβ
index could be prone to emission-subtraction errors. These galaxies have
negative age gradients, as expected from the Hβ profiles seen in Fig. 6.7.
These gradients clearly represent the transition from bulge to disk regions.
The two most massive bins have very steep age gradients of −0.56 ± 0.10 and
−0.62 ± 0.13 dex/Re . This becomes less evident for the lower mass galaxies,
and flattens out for the lowest mass ones, albeit with large errors for the
latter. Goddard et al. (2017) also find negative radial gradients for age and
metallicity in late-types however interestingly, they do not find age gradients
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Figure 6.8: The ages and metallicities as a function of radius are shown
for early-type galaxies (left) and late-type galaxies (right). Each colour is
a different mass bin as shown in the legends. The symbols are the derived
parameters for each stacked spectrum, connected by lines. 1-σ error bars on
the parameters are shown.
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Table 6.2: Early-type galaxy radial gradients of parameters in dex/Re ; age
is in log Gyr/Re .
Mass bin

Age

[Z/H]

8.8 − 9.8

−0.02 ± 0.03 −0.07 ± 0.02

9.8 − 10.3

−0.14 ± 0.05 −0.15 ± 0.02

10.3 − 10.6 −0.17 ± 0.05 −0.10 ± 0.02

[C/Fe]

[N/Fe]

[Na/Fe]

[Mg/Fe]

[Ca/Fe]

[Ti/Fe]

0.07 ± 0.02

0.09 ± 0.03

0.31 ± 0.09

0.10 ± 0.02

0.04 ± 0.03

0.17 ± 0.04

0.06 ± 0.02

0.05 ± 0.03

0.10 ± 0.03

0.04 ± 0.02

0.04 ± 0.03 −0.01 ± 0.02

0.04 ± 0.03
−0.03 ± 0.03

−0.03 ± 0.03 −0.10 ± 0.04
0.07 ± 0.03

−0.15 ± 0.03

10.6 − 10.8 −0.08 ± 0.04 −0.17 ± 0.02 −0.03 ± 0.01 −0.06 ± 0.04 −0.18 ± 0.03

0.01 ± 0.01

0.02 ± 0.02

0.01 ± 0.02

10.8 − 11.0

0.00 ± 0.05

−0.23 ± 0.03

0.02 ± 0.02

−0.03 ± 0.03 −0.15 ± 0.02

0.04 ± 0.01

0.07 ± 0.02

0.01 ± 0.03

11.0 − 11.3

0.01 ± 0.03

−0.22 ± 0.02

0.03 ± 0.04

−0.04 ± 0.02 −0.19 ± 0.03

0.04 ± 0.02

0.00 ± 0.02

0.07 ± 0.04

Table 6.3: Late-type galaxy radial gradients of parameters in dex/Re ; age is
in log Gyr/Re .
Mass bin

Age

[Z/H]

[C/Fe]

[N/Fe]

[Na/Fe]

[Mg/Fe]

[Ca/Fe]

[Ti/Fe]

8.6 − 9.2

0.02 ± 0.04

−0.10 ± 0.04

0.20 ± 0.05

0.09 ± 0.09

−0.12 ± 0.13

0.20 ± 0.03

0.21 ± 0.11

0.21 ± 0.12

0.01 ± 0.05

0.10 ± 0.06

−0.14 ± 0.07

0.10 ± 0.06

−0.17 ± 0.08

0.32 ± 0.09

−0.02 ± 0.09 −0.18 ± 0.09

0.12 ± 0.05

−0.14 ± 0.17

0.13 ± 0.18

−0.29 ± 0.03

0.09 ± 0.06

9.6 − 9.9

9.2 − 9.6

−0.06 ± 0.11 −0.26 ± 0.07

0.11 ± 0.06

9.9 − 10.1

−0.16 ± 0.08 −0.21 ± 0.03

0.06 ± 0.05

10.1 − 10.3 −0.31 ± 0.09 −0.26 ± 0.03

0.00 ± 0.03

−0.14 ± 0.05

0.11 ± 0.05

−0.37 ± 0.09 −0.26 ± 0.23

−0.09 ± 0.07 −0.12 ± 0.03

0.09 ± 0.09

0.03 ± 0.03

−0.29 ± 0.06 −0.20 ± 0.06

10.3 − 10.6 −0.56 ± 0.10 −0.19 ± 0.03 −0.09 ± 0.02 −0.09 ± 0.09 −0.22 ± 0.02 −0.01 ± 0.03

−0.43 ± 0.06 −0.48 ± 0.09

10.6 − 11.2 −0.62 ± 0.13 −0.25 ± 0.04 −0.02 ± 0.03 −0.28 ± 0.10 −0.12 ± 0.03

−0.12 ± 0.04 −0.25 ± 0.08

0.02 ± 0.03

steepening with galaxy mass like us. This study uses full-spectrum fitting to
derive stellar population parameters, hence we expect to find differences due
to the vastly varied methodology, but it is encouraging to see some agreement.
It is interesting to note that we see a reversal in age gradients beyond 1 Re ,
which could be due to radial migration.
The metallicities of these galaxies are lower than for the early-types. The
lowest mass spirals are very metal poor with values between -0.5 and -1.0 dex
(a tenth of solar metallicity). All galaxies have negative metallicity gradients,
with the average across all masses being −0.22±0.10 dex/Re . Goddard et al.
(2017) find gradients ranging between 0.06 ± 0.01 to −0.32 ± 0.06 dex/Re .
Negative radial gradients have been obtained in the Milky Way (Carollo
et al., 2007; Hayden et al., 2015), and for disk galaxies from the CALIFA
survey (Sánchez-Blázquez et al., 2014; González Delgado et al., 2015).
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Figure 6.9: Same as Fig. 6.8 for C and Mg abundances.
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Element Abundances
This section presents the derived element abundances for C, N, Na, Mg, Ca,
and Ti. Chapter 5 contained a detailed comparison with the literature and
implications of element abundances. Here, we will focus on describing the
extension in mass and radius for early-type galaxies, any differences compared to our previous work, and the results for late-type galaxies. Detailed
abundances in these galaxy types have been studied in a very limited sense
in literature before. There are some works which looked at [α/Fe] that we
compare to, and we comment on Milky-Way abundances in Section 6.3.
C and Mg abundances are shown in Fig. 6.9. [C/Fe] values for early-type
galaxies range between 0.2 to 0.4 dex for different masses. There is a clear
trend of [C/Fe] enhancement with increasing galaxy mass. For spiral galaxies,
these abundances range between 0.1 - 0.3 dex, ignoring values with very large
errors. For these galaxies, the trend with mass is not as evident and there is
more scatter. Both types display negligible gradients with radius.
The behaviour of [Mg/Fe] for early-types and late-types is very similar
to C: it has similar abundances and little variation with radius. This is
consistent with previous studies including our previous work. At large radii,
Mg, and to a certain extent, C, show a reversed trend with mass such that
more massive galaxies are less enhanced. This is potentially interesting in
determining accretion histories. Thomas et al. (1999) suggest that large
[Mg/Fe] ratios at large radii, in relatively metal-poor regions, show evidence
for a fast clumpy collapse model for the formation of massive ellipticals,
rather than a merging spirals scenario which would result in solar [Mg/Fe]
values in outer regions.
Next we move on the the heavier α elements, Ca, and Ti, shown in
Fig. 6.10. As seen before in Chapter 5 for early-type galaxies, Ca does
not follow Mg, and instead is under-enhanced compared to it, with values
between 0 and 0.2 dex. There is no variation with radius. Spiral galaxies
are even further depleted in Ca, with sub-solar abundances between -0.5 and
0 dex. This under-abundance in Ca, now seen across different masses and
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Figure 6.10: Same as Fig. 6.8 for Ca and Ti abundances.
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Figure 6.11: Same as Fig. 6.8 for N and Na abundances.
morphologies, further points to contribution to this element from delayed
Type Ia supernovae. These galaxies interestingly display a negative radial
gradient, as steep as −0.43 ± 0.06 for some of the higher mass spirals.
Ti values lie somewhere between Ca and Mg, with values between 0 and
0.3 dex for early-types and between -0.25 and 0.25 dex for late-types, neglecting outliers with large errors. Interestingly, for late-type galaxies, Ti
abundances are closer to Ca. This raises questions regarding the formation
of this element, since [Ti/Fe] close to zero points to contribution from Type
Ia supernovae. The radial gradients are also similar to Ca, with early-types
showing no variation, and late-types displaying negative radial gradients.
Lastly, Fig. 6.11 shows N and Na abundances, the two elements for
which we previously detected negative radial gradients (Fig. 5.3). Looking at [N/Fe], we find abundance values ranging from -0.15 to 0.3 dex from
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low to high mass early-type galaxies. Compared to our previous work on
intermediate-mass early-type galaxies, we find that lower and higher mass
galaxies extend the range in N abundances. We now see shallow radial gradients, based on a more robust analysis out to larger radii, which are inconsistent with the previous gradients to within 2-4σ. Spiral galaxies have a
scattered trend of [N/Fe] with mass and display negligible radial gradients,
except for the highest mass bin.
As before, we find high Na abundances in early-type galaxies, with the
more massive ones reaching up to 0.6 dex. We see strong radial gradients, which are steeper for more massive galaxies. The gradients range from
−0.10 ± 0.04 to −0.19 ± 0.03 dex/Re . We note that there is a sharp jump
in Na abundance for the lowest mass bin which cannot be physical. This is
caused by the sudden change in NaD absorption (see Fig. 6.6), and the fact
that [Na/Fe] is highly sensitive to changes in this feature. Low mass spiral
galaxies are less enhanced in Na, with values between -0.5 and 0 dex, and
high mass spirals are enhanced to twice solar Na abundances in the centres.
These galaxies also show negative radial gradients in Na. It is very interesting
to find the same radial behaviour in Na for late-type galaxies.
Fig. 6.12 provides a useful comparison of the radial gradients in each
parameter, for the different galaxy types. The value of the radial gradient and
its error is shown as a function of mass, where the mass is the average of all
galaxies in that mass bin. Early-types are shown as circles and late-types are
shown as squares; each mass bin is a different colour. The overlapping mass
bins allow us to compare trends for different galaxy types at the same mass to
determine whether stellar populations vary depending on morphology. Also
shown in this Figure are our results from Chapter 5, as open grey circles with
error bars. These are consistent with our present early-type galaxy results,
except for N.
For galaxies <10 log M/M , stellar population age gradients are small
and do not depend on the type of galaxy. More massive galaxies however
show a very clear divergence: for increasing galaxy mass, early-type galax-
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ies show negligible gradients, while late-type galaxy gradients are negative,
which become steeper as mass increases. For metallicity, both types have
negative radial gradients at all masses. Early-type gradients become steeper
for more massive galaxies while late-types have roughly the same steep gradient.
For C and Mg, at low masses the radial gradients are slightly positive,
and they become shallower as galaxy mass increases. The gradients are
independent of the type of galaxy. For the heavier elements Ca and Ti,
early-type galaxies of all masses have negligible radial gradients. High mass
spirals show negative radial gradients for both these elements.
N gradients generally seem to go from slightly positive at low masses, to
negative at high masses for spirals and, to a lesser extent, for early-types.
Lastly, all galaxies have negative gradients in Na abundance. The lowest
mass early-type galaxy has a positive [Na/Fe] radial gradient caused by an
unphysical discontinuity in the NaD measurements, hence we do not plot
this point. Early-type galaxies display a slight steepening of the gradient as
galaxy mass increases.
Briefly, we find several interesting features while studying these radial
gradients in these parameters for different galaxy types. The most striking
difference, perhaps, is in the age and metallicity gradients. While earlytype galaxies display relatively flat age gradients, at all masses, and negative metallicity gradients, becoming steeper with mass, late-type galaxies
show negative age gradients, which become steeper with mass, and negative
metallicity gradients for all masses. These properties could provide clues into
how these different galaxy types and their stellar populations assembled and
evolved. C and Mg abundances and radial gradients are remarkably similar
for both types, suggesting that star formation timescales are independent of
galaxy type but rather depend on some other physical property. Extending
the mass range has allowed us to confirm that early-type galaxies also do
not show radial gradients in Ca and Ti, but late-types appear to have negative gradients. Both types show similar behaviour in N and Na, with radial
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Figure 6.12: For each mass bin, the radial gradient with error is plotted.
Square symbols show late-type galaxies and circles show early-type galaxies,
the colours represent different galaxy mass bins. The grey symbols are the
results for early-type galaxies from Chapter 5.
gradients in the latter.
Trends with velocity dispersion
Having studied the radial gradients, we now look at the trends with velocity
dispersion, similar to Chapter 5. The increased sample size and inclusion of
different morphologies will considerably increase our parameter space. This
will allow us to plot the spatially-resolved parameters for both galaxy types,
in different mass bins so that we can identify any differences in the global
relation with velocity dispersion, and try to attribute these to e.g. the galaxy
mass or type.
Fig. 6.13 shows all our derived parameters against the local velocity dispersion. Early-types are shown as yellow to red symbols, and late-types are
shown as green to blue symbols. Decreasing circle size represents increasing
radius. The dashed black line is the relation from J12, shown for reference.
We also plot linear fits to all early-type galaxy results in red, and to the
late-types in blue.
Starting with stellar population age, our low mass and high mass earlytype results fall into the same trend with velocity dispersion, and show re138
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Figure 6.13: All our derived parameters are plotted against the local velocity
dispersion, for early- (yellow to red shades) and late-types (green to blue
shades). The colours represent different galaxy mass bins, and decreasing
symbol size represents increasing radius, as before. The relation from J12 is
shown as a dashed black line for reference.
markable consistency with J12. The late-type galaxies clearly show a steeper
increase of age with velocity dispersion, and also have steep local gradients
since the data points within galaxies do not lie along the global relation that
is the blue solid line. For the metallicity, the two types seem to show the
same relation with velocity dispersion. The very low σ late-type galaxies
have older ages, and are more metal-poor than the general trend, and these
points are skewing the linear fit. High mass early-type galaxies have steep
local metallicity gradients, which are very evident in this figure, suggesting
that internal processes within these galaxies are responsible for these steep
gradients.
[C/Fe] and [Mg/Fe] interestingly both increase at a similar rate with σ,
independent of galaxy type. The relations within galaxies do not deviate
from this global relation although there is some scatter caused by the low
mass spirals. Since [Mg/Fe] is linked with formation timescales, this suggests
that the formation time is the same regardless of galaxy type or as a function
of radius but only depends on the velocity dispersion. This was also hinted
at by Fig. 6.12. Thomas & Davies (2006) find that the relations of age,
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metallicity, and [α/Fe] with σ are the same for early-types and late-types.
It is interesting that with the added spatial information, we find differences
between the stellar populations in these galaxy types.
A recent result from analysing early-type galaxy ages, metallicities, [Mg/Fe]
and [C/Fe] from the SAMI survey finds that the velocity dispersion is the
dominating driver behind chemical gradients (Ferreras et al., 2019). They
find, consistent with our results, that the [Mg/Fe] gradients are less steep for
more massive galaxies.
We can see that for both [Ca/Fe] and [Ti/Fe], the low and high mass
early-type galaxies which we did not have in our sample before, simply follow the trend with velocity dispersion. The late-type galaxies are a bit more
complicated and appear to have very steep relations with the velocity dispersion.
There is some local variation in the [N/Fe]-σ relation for early-type galaxies, however late-type galaxies do not show any clear trend with σ. [Na/Fe]
increases very steeply with velocity dispersion and displays a remarkably
similar trend to the total metallicity. The different types seamlessly blend
together. It is very evident for the high mass early-type galaxies, that the
local change in Na abundance is much steeper than the overall trend, and to
a lesser extent for the late-types. Due to the steep [Na/Fe]-σ relation, high
mass spirals have Na abundances similar to their C and Mg abundances,
while high mass early-types have much larger Na abundances compared to
the other elements.
In all cases, the agreement with J12 is remarkably good, with a difference
seen for metallicity, due to the local metallicity gradient in galaxies.
Local and global σ gradients
Fig. 6.14 reproduces Fig. 5.5 from Chapter 5, with additions in mass and
type. Starting with the early-type galaxies, the red shaded region is the
gradient of each parameter with velocity dispersion i.e. the slope of the
solid red line from each panel in Fig. 6.13. The circles are the gradients with
141
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Figure 6.14: The gradients with velocity dispersion are plotted for the different mass bins. The global gradients are the shaded regions for early-type
galaxies (red) and late-type galaxies (blue). The local gradients for each
mass bin are shown as circles for early-type galaxies and squares for latetypes. Each colour represents a different mass bin.
velocity dispersion within galaxies, with each galaxy mass bin represented by
a different colour. These have been placed at the average σ for each bin and
are shown with 1-σ error bars. The blue shaded regions and square symbols
are the same for late-type galaxies. A positive gradient with σ means a
negative radial gradient but note that this does not apply for the low mass
spiral galaxy bins, since these display an increasing velocity dispersion profile
with radius.
The extension in mass compared to our previous work confirms that for
early-type galaxies, the local age gradients are consistent with the global age
gradient (slope of 1), and the local metallicity gradients are far steeper than
the global relation (slope of 0.3). The inclusion of high mass galaxies is now
showing that the local metallicity gradient continues to become steeper with
mass, with the [Z/H]-σ slope ∼ 5 for these galaxies. Very interestingly, making the same comparison for late-type galaxies shows the converse relations.
For these galaxies, the local age gradients (slopes between 2 - 4) are steeper
than the global relation (slope of 1), and higher mass spirals have very steep
age gradients with stars becoming increasingly younger moving outwards
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from the galaxy. Meanwhile the local metallicity gradients for these galaxies
are generally consistent with the global gradient (slope of 2).
For both C and Mg, independent of galaxy type, the global gradients with
velocity dispersion are similar. All the symbols are also roughly consistent
with this, hence the same is true locally within galaxies, independent of mass
and type.
The global gradient of Ca with velocity dispersion is steeper for late-types
than for early-types. The relations within galaxies are generally consistent
with the global trend for each type. For Ti, the global gradients of the galaxy
types are consistent with each other. The late-types appear to show steep
local variation compared to the global relation.
It appears that more massive galaxies have slightly steeper local relations
in N than the global relation for their respective types. For Na, we expand
upon our earlier picture and show that higher mass galaxies continue to have
increasingly steep local abundance gradients. The late-type galaxies seem to
fit into this picture because of their velocity dispersion, and hence it seems
that galaxy type does not drive this relation. There is a significant difference
between the global and local relations only for the galaxies with the largest
velocity dispersions (>230km/s), hence only for early-types.
In summary, the age, and Ca, Ti, and N, abundances show different
behaviour with σ for the two types, while metallicity, C, Mg, and Na, show
similar behaviour. Focussing on differences in local variation, early-types
show steeper relations than late-types for metallicity and Na. We discuss the
interpretations of our results in Section 6.3, including how these results help
answer some of the questions raised by Chapter 5.

6.2.3

IMF-sensitive indices

As discussed in Chapter 1, the IMF of our own Galaxy, a spiral, has been
measured directly through stellar counts to have a constant IMF at all locations. Based on this we might expect, that late-type galaxies have a radially
constant IMF, and the high mass ellipticals are a special case. In order to
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test this hypothesis, we ultimately want to derive the IMF slope for our sample in future work, especially since the IMF in spiral galaxies has not been
studied before, except for our Galaxy. We first need to investigate whether
the stacked spectra now provide sufficient S/N to carry out IMF studies out
to large radii, and consider whether contamination due to sky and tellurics
at the reddest wavelengths is still affecting the measurement of the WingFord band. The increased sample size also means that we have younger and
more metal-poor populations, which the models need to cover. Hence this is
outside the scope of the current work.
We present here only an empirical discussion on potential IMF results for
these galaxies. The absorption index measurements for TiO2 (top row) and
NaI (bottom row) as a function of radius in Fig. 6.15. Early-type measurements are shown on the left and late-type measurements are shown on the
right. Interestingly, TiO2 is indistinguishable for the three high mass bins of
early-type galaxies, suggesting no IMF change in this regime. Late-types on
the other hand show steeper gradients at higher masses.
The NaI near-infrared index shows a steep gradient in the centre for high
mass early-type galaxies. This steep negative gradient can be seen out to 0.7
Re , beyond which it is shallower. This provides clues that the IMF might
be bottom-heavy in the centres of these galaxies, as reported in Chapter 4.
High mass spirals also show stronger NaI absorption and similar gradients,
hence there may be a similar signal on IMF variation to be detected. Note
however, that massive spirals are bulge dominated, and therefore the stellar
populations are not expected to be vastly different. A more quantitative
analysis is needed to investigate whether there are any differences. It will be
interesting to look for correlations with age, as the spirals are mostly different
from the early-types through their younger ages.
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Figure 6.15: TiO2 and NaI index measurements are plotted as a function of
radius for the various mass bins.
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6.3

Discussion

We have derived ages, metallicities, and individual chemical abundances of
6 elements as a function of galaxy mass, radius, and type. In this Section,
we discuss what new insights these results offer compared to Chapter 5, and
the implications of our results, particularly for the different galaxy types.
There were several changes to the sample selection and stacking method
compared to our previous work, including a different morphological selection, using binned kinematic data, and a lower S/N criterion for individual
spectra. It is therefore encouraging to find that our results for the early-type
galaxies are generally consistent with what we found before. The addition
of lower mass and higher mass early-type galaxies has allowed us to extend
and confirm trends we spotted with our previously limited sample in mass.
The increased S/N ratio at large radii, due to stacking more galaxies in each
mass bin and increasing the bin width, makes our radial gradients in this
work more robust.

6.3.1

Correlations with metallicity

As before, we also study the correlations of all abundances with metallicity in
Fig. 6.16. We now have a much larger parameter space in [X/Fe] and [Z/H]
due to the increased sample size. The strongest correlation is found between
Na abundance and metallicity. Including late-type galaxies has continued this
relation, showing further evidence for metallicity-dependent Na enrichment
from supernovae. Although the different mass bins seem to have separate
trends in the [Na/Fe]-[Z/H] plane, and there might be other processes rather
than just the metallicity as the main driver. We expected N to also be
strongly correlated with metallicity due to secondary N production, however
the trends are unclear here. The remaining elements also do not show clear
correlations.
Smith et al. (2009) explored two-parameter relations for abundance patterns with the velocity dispersion and metallicity, and found that these
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Figure 6.16: Correlations of derived element abundances with metallicity. A
striking correlation with Na is seen, which is the same for early- and late-type
galaxies. Linear fits to both types are plotted in this panel.
greatly reduced the scatter. This is consistent with at least our [Na/Fe]
results appearing to be driven by two physical processes.

6.3.2

New insights and constraints on nucleosynthetic
yields

Our early-type abundance results from Chapter 5 left some open questions.
Here we explore whether the new work sheds further light on these. We
find that late-type galaxies have steep negative age gradients, and negative
metallicity gradients. These gradients support inside-out formation of disk
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galaxies. In spiral galaxies with masses > 9.6 log M/M , we see that the age
flattens out, and even increases in some cases, at large radii. This could be
due to the radial migration of slightly older stars moving outwards through
the disk.
We previously saw that similar C and Mg abundances places a lower
limit on star formation timescales. These abundances increase with velocity dispersion, independent of galaxy type and mass, and with shallow or
negligible radial gradients. Hence, galaxies with higher velocity dispersions
formed their stars earliest, and these timescales do not vary with radius. We
now confirm the same across a larger parameter space in galaxy mass, and
late-type galaxies also generally follow this trend. Although there are some
interesting differences at large radii. Spirals appear to show an increase in
C and Mg abundances beyond 0.8 Re , with lower mass galaxies showing a
greater increase such that at large radii, abundances are anti-correlated with
mass. This is potentially very interesting and could be a result of complicated
accretion histories.
We again find low [Ca/Fe] ratios, close to zero, with negligible radial
gradients for early-type galaxies of all masses. This further confirms contributions to this element from Type Ia supernovae. The same is seen for
spiral galaxies, however the low mass galaxies have extremely sub-solar Ca
abundances.
Since Ti was found to behave like the lighter elements C and Mg, we
attributed this to the production of Ti in Type II supernovae. We find
this to be the case again for all but the lowest mass early-type galaxies.
Puzzlingly, for late-types we find that high mass galaxies have slightly subsolar Ti abundances. It remains to be seen whether the strange Ca and Ti
trends in spiral galaxies point to the difficulty in obtaining these parameters.
The strong radial gradients previously reported in [N/Fe] are not seen
in the updated early-type galaxy sample. Hence N under-abundance is restricted to low mass galaxies, while high-mass galaxies have super-solar N
abundances. Finally, for Na we find that the new sample extends the relations
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with velocity dispersion and metallicity, such that as σ and [Z/H] decrease,
Na abundances reach solar and sub-solar values, matching Mg abundances
and eventually being less enhanced than Mg. This provides further support
for metallicity-dependent Na enrichment.

6.4

Summary

In this Chapter we investigated stellar population gradients in a much larger
galaxy sample of 895 early-type and 1005 late-type galaxies, ranging in stellar
mass from 8.60 − 11.33 log M/M . We updated the morphological classification used, as well as our stacking procedure, to produce high quality spectra
in mass and radial bins out to 1.5 Re . Absorption features were measured and
best-fit stellar population models were obtained to derive ages, metallicities
and individual element abundances for both galaxy types.
We found interesting differences between the ages and metallicities of the
two types. Early-type galaxies are older and more metal-rich, with flat age
gradients and negative metallicity gradients. Late-type galaxies displayed
negative gradients in both age and metallicity. Compared to the global relations of these parameters with velocity dispersion, we found that early-type
galaxies show steep local metallicity gradients, while late-types show steep
local age gradients.
C and Mg abundances are similar in both galaxy types, with negligible radial gradients, and appear to be driven by velocity dispersion alone.
Meanwhile, Ca and Ti are found to be even more under-abundant in late-type
galaxies, and display negative radial gradients. We report shallow gradients
in [N/Fe], unlike our previous results from Chapter 5. Finally, we obtain
negative radial gradients in [Na/Fe] for both galaxy types of all masses, with
the early-types showing steep local variation. We find the Na abundances to
be correlated with the total metallicity for the entire galaxy sample.
The next and final Chapter of this thesis summarises the main findings,
and sets out the path for future work.
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Chapter 7
Conclusions
In this work we have investigated stellar population properties in early- and
late-type galaxies, by applying models with varying ages, metallicities, abundances, and IMFs to state-of-the-art data from the IFU survey MaNGA. We
have done this by modelling key absorption features in the optical and nearinfrared, measuring on extremely high S/N stacked spectra. We have studied
radial gradients in stellar population parameters, with an emphasis on comparing trends within galaxies, to the global relations with velocity dispersion,
in order to determine the driver of these relations.
In Chapter 2, I described the stellar population models used in this work,
and how absorption features can be used to break degeneracies between stellar population parameters. I then introduced the MaNGA survey in Chapter
3, including our sample selection of 366 early-type galaxies, and coding and
analysis pipeline to stack spectra and extract the necessary measurements
of absorption features. This also led to my contribution of absorption index
measurements, errors, and velocity dispersion corrections for spectra from all
individual galaxies in the present MaNGA sample to a Value Added Catalog. Our results of radial gradients in the stellar Initial Mass Function, and
abundances of six individual chemical elements, were presented in Chapters
4 and 5 respectively. We extended the analysis in mass, radius, and galaxy
type, for a larger sample size of 895 early-type, and 1005 late-type galaxies,
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in Chapter 6, discussing differences between trends as a function of galaxy
morphology. This final section of the thesis will summarise the main findings
of our work, and present an outlook for the future.

7.1

The Stellar Initial Mass Function

We derive radial gradients within the half-light radius in the IMF slope,
alongside stellar ages, metallicities, and [α/Fe] and [Na/Fe] element abundance ratios, for a sample of 366 early-type galaxies in the mass range
9.9 − 10.8 log M using IFU observations from the SDSS-IV MaNGA survey. MaNGA provides spectra for a large wavelength range from 3, 600 Å to
10, 000 Å, so that key spectral features that are sensitive to stellar population parameters, element abundance ratios and dwarf-to-giant ratio can be
measured simultaneously.
The spectra of individual spaxels are binned in two steps: radially within
galaxies in bins with a width of 0.1 Re and additionally in the three galaxy
mass bins. The mass bins contain 122 galaxies each and are centred on
log M/M of 10, 10.4, and 10.6, corresponding to a central velocity dispersion σ of 130, 170, and 200 km/s, respectively. In this way we achieve a
very high S/N of at least ∼ 1000 pixel−1 out to the half-light radius around
8, 500 Å. Crucially, the spectral stacking mitigates the problem of contamination from sky line residuals, and therefore provides highly cleaned spectra
at all wavelengths, except potentially at the very red end close to the region
of the Wing-Ford band.
The stellar kinematics and the emission line component of the stacked
spectrum are derived through spectral fitting. We then remove the emission
line component of the spectrum and measure the key absorption indices Hβ,
Mgb, <Fe>, NaD, NaI and FeH. Index measurements are corrected for the
effect of velocity dispersion broadening and analysed with state-of-the-art
stellar population models deriving gradients in IMF slope as well as age,
metallicity, [α/Fe], and [Na/Fe]. To assess possible systematic effects differ-
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ent sets of stellar population models are used (Thomas et al., 2011a; Maraston
& Strömbäck, 2011; Conroy et al., 2018a) with particular focus on differences
in the modelling of the IMF-sensitive near-IR indices.
We find significant radial gradients in all absorption indices measured,
except the Wing-Ford band FeH. The strengths of Mgb, Fe5270, Fe5335,
NaD, and NaI increase, while the strengths of Hβ and FeH decrease toward
the galaxy centre. These profiles generally get stronger with increasing galaxy
mass, a trend that is most pronounced in NaD. Most importantly, a clear
gradient in NaI is detected, which also steepens with increasing galaxy mass.
The stellar population fittings of the optical absorption features yield
gradients in age, metallicity and [α/Fe] ratio. We find consistency with the
literature for the age and metallicity gradients in sign, slope and zero-point,
except for the lowest mass bin for which we measure a somewhat steeper
negative age gradient. Our [α/Fe] values, which have no significant slope in
all three mass bins, are also consistent with the literature.
The relatively steep gradient in NaD absorption interestingly leads to the
derivation of significant gradients in Na abundance with ∇[Na/Fe] ∼ −0.25 dex
per Re . The strength of the Na enhancement in galaxy centres increases with
increasing galaxy mass with a maximal [Na/Fe] ∼ 0.5 dex. Such relatively
high [Na/Fe] ratios are puzzling, as stars within the solar neighbourhood
have not exceeded a value of about 0.2 dex to date. The origin of this Na
enhancement in the centres of early-type remains yet to be explained through
chemical evolution modelling, and whether metallicity dependent supernova
yields may be responsible for this.
The observed index strengths of NaI are well reproduced with models of
a mildly varying IMF slope. The IMF slope inferred in the centres is Milky
Way-type (Kroupa) for the lowest mass bin (log M/M ∼ 10) and slightly
more bottom-heavy close to Salpeter for the higher mass bins (log M/M ∼
10.4, 10.6). These values are in good agreement with recent literature. VCJ
models lead to steeper IMF slopes (super-Salpeter) in the centres.
More specifically, our analysis based on the M11-MARCS models yields
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a galaxy mass-dependent radial gradient. While the lowest mass bin shows
a shallow gradient in IMF slope around a Kroupa IMF, more massive galaxies are found, instead, to have a significant gradient in IMF slope with the
values converging to a Kroupa IMF at the half-light radius for all masses.
This implies that the emergence of a bottom-heavy IMF in more massive
galaxies is a phenomenon restricted to galaxy centres, providing hints to the
different formation and evolution processes of these regions. This trend further suggests decoupled formation scenarios for the centres and the outskirts,
with galaxy centres probably growing and quenching rapidly and outskirts
assembling over longer periods of time through minor mergers.
While the analysis based on the VCJ models leads to a super-Salpeter
IMF in the centres of more massive galaxies, we also obtain a steeper IMF
at large radii with an IMF half-way between Kroupa and Salpeter at the
half-light radius. As a consequence, the derived gradient in the IMF slope
agrees well with the gradient derived through M11-MARCS.
Finally, the Wing-Ford band turns out to be challenging for both models,
and the strong positive gradient we measure in FeH implies radial trends
of the IMF slope that are inconsistent with the results obtained through
NaI. However, the FeH measurements might be affected by sky residuals not
mitigated through stacking, and this may explain the contrived IMF slopes
derived and why the models are unable to reproduce the strengths.

7.2

Chemical Abundances

We derive chemical abundance ratios as a function of radius and galaxy
mass based on the same galaxy sample and stacked spectra. We measure
absorption indices from these spectra and derive age, metallicity, and chemical element abundance ratios [X/Fe] for X = C, N, Na, Mg, Ca, and Ti.
The choice of indices is based on J12, Figure 1. We make use of Hβ, Mgb,
Fe5270, and Fe5335 as age, metallicity and [Mg/Fe] indicators. We further
use C2 4668 and CN1 to constrain C and N, NaD to constrain Na, Ca4227 to
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constrain Ca, and finally Fe4531 to constrain Ti. The parameters are derived
by fitting stellar population models of TMJ to the data using a chi-squared
minimisation code.
We recover results from the literature of no age gradient and a negative
metallicity gradient that steepens with increasing galaxy mass. We further
find flat or very mild gradients in [C/Fe], [Mg/Fe], [Ca/Fe], and [Ti/Fe].
The only two element ratios showing significant radial gradients are [N/Fe]
and [Na/Fe]. The two higher mass bins display steep negative gradients of
up to −0.25 ± 0.05 in [N/Fe], while the low-mass galaxies in our sample,
9.9 − 10.2 log M , have a positive gradient of 0.12 ± 0.04. Finally, we find
strong negative radial gradients in [Na/Fe] for all galaxy mass bins. The
slope steepens with increasing galaxy mass, with a gradient of −0.15 ± 0.03
for the lowest mass bin in our sample, and −0.29 ± 0.02 for the highest mass
bin.
Generally we find that C traces the α element Mg, and the heavier α
element Ca is under-abundant compared to C and Mg. Ti, on the other
hand, is closer to C and Mg values, but is slightly less abundant at lower σ.
N has similarly low values to Ca, and Na is strongly enhanced compared to
Mg.
We further investigate relationships of element abundance ratios with
stellar velocity dispersion with the aim to explore how the index strengths
change with σ and to separate local from global relationships. As far as the
global correlation between element ratio and velocity dispersion is concerned,
we find that [X/Fe] increases with σ for each element, except for Ca. It is
striking that [Na/Fe] shows by far the strongest correlation with σ with a
slope of 0.95 ± 0.05. Interestingly, we find that the elements C and Mg show
no separate local dependencies on top of the global relationship, while the
elements N and Na display a striking difference between local and global σ
gradients. In both cases, the local dependence of [X/Fe] on σ is considerably
steeper. The elements Ca and Ti lie between these two clear cases.
We also compare individual element abundances with the abundance of
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Mg. We show that C and Ti follow Mg closely, while N and Ca are depleted
and Na is enhanced with respect to Mg. The element Na generally shows the
most significant signal. The σ-dependence of [Na/Fe] is considerably steeper
within galaxies than globally for all three mass bins, and this discrepancy
increases with increasing galaxy mass. [Na/Fe] is significantly enhanced at
high velocity dispersion, particularly in massive galaxies. We also test correlations of element abundance ratios with other parameters and find that
[Na/Fe] is strongly correlated with metallicity in all three mass bins. This
strongly suggests that the steep radial profiles as well as the steep slope of
the [Na/Fe]-σ relation are driven by metallicity-dependent Na enrichment.
The only other element ratio that also correlates with metallicity is [N/Fe].
This may be attributed to primary and secondary production channels of
this element.
Finally, we present the measured element abundance ratios as a function
of atomic number to summarise our findings. We discuss the inferences of
our results on galaxy evolution and chemical element production throughout
this Chapter and particularly in the Discussion section. Detailed simulations
of chemical enrichment are required to pin down the physical origin of our
results in the framework of galaxy formation theory.

7.3

Extension in Mass, Morphology, and Radius

We set out to extend our analysis to a much larger sample as a function
of galaxy mass, radius, and type. We investigate stellar population trends
in 895 early-type and 1005 late-type galaxies, ranging in stellar mass from
8.60 − 11.33 log M/M . Changes are made to our stacking procedure including wider radial bins in outer regions of galaxies to compensate for the
loss in surface brightness. The late-type sample is cut based on inclination
in order to select mostly face-on galaxies, to reduce the effect due to ISM
contamination of absorption features such as NaD.
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Recovering our previous results for intermediate-mass early-type galaxies,
we show across a wider parameter space that early-type galaxies have flat age
and negative metallicity gradients where the latter are steeper than the global
relation with velocity dispersion. Late-type galaxies show negative age and
metallicity gradients, pointing to inside-out formation scenarios. For these
galaxies, it is the local age variation that is steep compared to the general
trend. We see evidence for a reversal of the age gradient beyond the half-light
radius, which could be evidence for radial migration.
For the abundances we find C and Mg to be similarly enhanced in earlyand late-type galaxies, increasing as a function of velocity dispersion, independent of radius. This implies constant star-formation timescales at all
locations in all galaxy types, which are only driven by the galaxy velocity
dispersion. In addition, we find [Ca/Fe] to be less enhanced also in late-type
galaxies, with negative radial gradients, strengthening the hypothesis that
this element has significant contribution from delayed Type Ia supernovae.
The inference that Ti behaves similar to the lighter α elements and therefore is produced mostly in Type II supernovae is not clear since high-mass
late-type galaxies show much lower [Ti/Fe] values than Mg. We report a
lack of gradients in N for early-type galaxies compared to our previous work.
Lastly, we confirm steep local Na gradients for early-types, while late-types
also show radial gradients in Na. The [Na/Fe]-σ and [Na/Fe]-[Z/H] relations
show that Na abundances increase with both of these properties independent
of galaxy type.
We then look at trends with the velocity dispersion for both galaxy types,
and find that generally the trends with velocity dispersion are the same for
both types. Differences arise due to the local age gradients, and very low
abundances ratios for [Ca/Fe] and [Ti/Fe] in late-types. The differences
between galaxy types for certain stellar population properties (age, [Ca/Fe],
[Ti/Fe]) and similarities for others ([Z/H], [Na/Fe]) provides clues regarding
the formation scenarios for these galaxies. Strong Na abundance gradients
within galaxies suggest internal processes drive Na enrichment, which are
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strongly dependent on local conditions. Constraints on Ca and Ti must be
improved through updated stellar population models in order to gain better
insights. We also present measurements of IMF-sensitive indices and an
empirical discussion on how these might be used to constrain the IMF in
late-type galaxies in the future.

7.4

Uncertainties in Stellar Population Modelling

We have stringently made use of selected absorption features across a wide
wavelength range in order to overcome degeneracies between stellar population parameters; this remains the biggest uncertainty in modelling spectra.
It is interesting that we find steep [Na/Fe] abundances correlated with the
total metallicity in Chapter 5 and 6, and strong correlations between the IMF
slope and metallicity in Chapter 4. It is important to note that modelling
and stellar population analysis is increasingly uncertain at high metallicities, as found based on the near-infrared (Maraston, 2005; Baldwin et al.,
2018). Since both the steep IMF and high [Na/Fe] abundance ratios are
correlated with the total metallicity, it is concerning that these could just
be artefacts. There are possible physical explanations for these correlations,
as discussed before: high Na abundances can be obtained via metallicitydependent supernova yields, and the IMF slope could be dependent on the
total metallicity via a Jeans Mass argument. However questions regarding
the stellar population modelling remain.
Our IMF results, and other works in literature based on stellar population
analysis remain in tension with recent strong lensing results obtaining MilkyWay like IMFs for a small sample of massive early-type galaxies (Smith et al.,
2015a; Collier et al., 2018). It is important to keep investigating systematics
on both sides. Stellar population models have vastly improved in order to
match the high resolution spectroscopic data being obtained by state-of-theart surveys, and progress is expected to be made by the MaStar stellar spectra
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(Yan et al., 2018), which come from using MaNGA optical fibre bundles to
observe stars. High resolution models based on these spectra are currently
being developed, which will extend to NIR wavelengths. These models will
undoubtedly reduce uncertainties in stellar population studies, and could
shed further light onto conflicting IMF literature.

7.5

Outlook and Future Work

The present analysis can be naturally extended in several aspects in future
work. Further ahead, closer to the final MaNGA sample size of ∼ 10, 000
galaxies, we expect to be able to extend the parameter space considerably.
In particular, this work does not make use of MaNGA’s secondary sample, owing to its lower spatial resolution, which covers galaxies out to 2.5
Re . Further diagnostics are available from MaNGA spectroscopy, including
gravity-sensitive Mg, Ca, and TiO absorption features. MaNGA also provides a wide range of galaxy environments, and it would be interesting to
look for trends in these properties as a function of the local environment.
We have incorporated morphologies into our work by studying early-type
and late-type galaxies. This could be developed further by folding in kinematics and splitting the sample into slow- and fast-rotators. Another avenue
would be to harness the full power of MaNGA and study 2D stellar population maps rather than azimuthally averaging spectra in radial bins. Stacking
MaNGA spectra is required for detailed stellar population studies, especially
at large radii, however this could be overcome by studying central spectra
from individual galaxies, which would have sufficient S/N, or by separately
stacking spiral arms, bars etc. by e.g. making use of new masks provided by
Galaxy Zoo 3D.
The chemistry of our Galaxy has been studied for several decades but an
important next step is to bridge the Milky Way to distant galaxies. Most
studies of chemical abundances in our Galaxy have been carried out near
the solar neighbourhood (e.g. Timmes et al., 1995; Bensby et al., 2003, 2014;
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Kobayashi et al., 2006), showing that the Milky Way has a bi-modal distribution in [α/Fe]-[Fe/H], and that the differences in chemical composition of
our Galaxy’s thick and thin disks can be traced by individual α elements.
Weinberg et al. (2019) extend previous APOGEE results (Hayden et al.,
2015; Fernández-Alvar et al., 2017) to the Galactic disk to show that once
separated into low-α and high-α populations, other elements [X/Mg] do not
depend on location within the galaxy. The Milky Way has a stellar mass
of ∼ 1010 M (McMillan, 2011), which falls into our intermediate mass bin
containing spirals. Our Sun lies at 8 kpc from the centre of the Galaxy, which
is just over 1.5 Re and hence accessible with MaNGA’s secondary sample.
In order to make further progress, it is crucial to bring together Milky Way
and extragalactic research, and consolidate our constraints on the chemical
enrichment history of galaxies.
It is widely known that simulations are unable to recover detailed stellar
population properties including chemical abundances, due to the challenges
involved in modelling the complex physical processes. In Lian et al. (2018),
we probed the chemical evolution history of galaxies using a numerical chemical evolution model to reproduce the gas and stellar metallicity gradients in
MaNGA galaxies. In order to match observations, the model needs to invoke
a time-dependent i) metal outflow fraction or ii) IMF slope, with a higher
fraction and steeper IMF at early times. This occurrence of stellar winds
can be incorporated in cosmological simulations, which can then be tested
with MaNGA data. Further work is required to update galaxy formation
and evolution simulations and match the high resolution data we now have
available.
Future experiments will also allow progress in this field, at higher redshifts
with the K-band Multi Object Spectrograph (KMOS) on the Very Large Telescope (VLT), and the currently under-construction Extremely Large Telescope (ELT), with the potential to increase the radial range toward galaxy
haloes. The Hector survey offers the next leap forward in IFS, with a larger
galaxy sample and higher instrumental resolution. The James Webb Space
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Telescope (JWST), Wide-Field Infrared Survey Telescope (WFIRST), and
the proposed ground-based Thirty Meter Telescope (TMT), will revolutionise
measurements of the IMF via direct stellar counts. We will be able to make
these measurements across a wide range of environments in our Galaxy and
the Local Group for the first time.
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Appendix A
Optical indices and stellar
population parameters using
FeH analysis
Shown here are the indices Hβ, Mgb, <Fe>, and NaD with the model fits
using TMJ and VCJ. The derived parameters, different to Section 4.2.1 &
4.2.2 since FeH is included in the simultaneous fitting procedure rather than
NaI, are shown in Fig. A.1, Fig. A.2 & Fig. A.3.
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Figure A.1: Top row: Hβ, Mgb and <Fe> for each mass bin as a function of
radius. Line-strengths are measured on the stacked spectra with 1-σ errors
calculated using a Monte Carlo-based analysis. The lines are TMJ model
fittings derived through chi-squared minimisation (see Section 4.2). Bottom
row: TMJ-derived age, metallicity and [α/Fe] as a function of radius for
different mass bins. The lines are calculated by fitting a straight line to the
derived parameter at each radius in order to match the data.

Figure A.2: Same as Fig. A.1 for VCJ models.
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Figure A.3: NaD equivalent width as a function of radius for the mass bins,
with 1-σ errors calculated using a Monte Carlo-based analysis, and stellar
population fittings using TMJ (top panels) and VCJ (bottom panels). Left:
Lines are models with the simultaneously derived parameters of age, metallicity, [α/Fe], [Na/Fe] and IMF slope. Right: [Na/Fe] abundance (including
[α/Fe] given before) for the best-fit models.
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Appendix B
Fitting SDSS spectra
As part of a spectral fitting workshop for the MaNGA collaboration, I ran
four test SDSS spectra covering a range of morphological types through
FIREFLY. This workshop helped highlight important differences in the way
spectral codes deal with things. The spectra were of:
1. quiescent elliptical,
2. spiral galaxy bulge,
3. dusty star forming galaxy and
4. HII star forming dwarf,
compiled and provided by Dr. Song Huang and Dr. Kevin Bundy. Images
of the four objects are shown in Fig. B.1.
FIREFLY fits arbitrary combinations of SSP models iteratively using a
chi squared minimisation process controlled by a Bayesian inference criterion.
For these tests, the M11-MILES models were used, and the fits to the spectra
are shown in Fig. B.2. The derived parameters are oldest and most metal
rich for the elliptical, and youngest and most metal poor for the star forming
dwarf, as expected. These are luminosity-weighted quantities, hence biased
by the youngest stars.
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Figure B.1: Images of the galaxies chosen for the spectral fitting workshop.
Top left is a quiescent elliptical, top right is a spiral galaxy bulge, bottom
left is a dusty star-forming galaxy, and bottom right is a HII star-forming
dwarf galaxy.
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Figure B.2: The best-fit M11-MILES model (red) to the data (black) is shown
for each of the four galaxies. The residuals between the models and data are
shown in the bottom panels.

167

Figure B.3: A comparison of luminosity- and mass- weighted ages given
by FIREFLY for emission-free spectra and uncleaned spectra. The massweighted quantities are affected more when emission lines aren’t removed.
I tested the effect of emission lines on FIREFLY parameters, the results
of which were published in Wilkinson et al. (2017). To do so, I ran the
four spectra with and without subtracting emission lines. Figures B.3 and
B.4 show the results of this test. Generally, whether or not emission lines are
subtracted does not affect the derived parameters significantly. In particular,
the metallicity determination is robust regardless of the way the emission
lines are treated. An exception is the young star-forming dwarf, for which
the metallicity is over-estimated when its strongly present emission lines are
not subtracted.
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Figure B.4: Same as Figure B.3 for metallicity. The dusty star forming
galaxy gives false metal-rich values when emission lines aren’t subtracted.
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Appendix C
High redshift galaxies
I am involved in a project to derive parameters for galaxies with z∼2 (Lonoce
et al., submitted). For this purpose, I convolved the UV-upturn stellar population models (Maraston & Strömbäck, 2011) to the same resolution as the
data, and measured 19 indices in the wavelength range 1200 - 3000 Å. This
upturn is a phenomenon observed at 1000 - 2000 Å due to old stars (>1M )
emitting in the UV after a post main sequence phase of sufficient mass loss
(see Yi & Yoon, 2004, for a review). Shown in Fig. C.1 is an example of the
model at the original resolution, and at the downgraded resolution.
In this work, MgII (2800 Å) and MgI (2852 Å) revealed that UV-upturn
models with a different mix of temperature and fuel (parameters for the models) are required to reproduce the data for one of the galaxies, see Fig. C.2.
This study shows the highest redshift spectroscopic detection of the UVupturn.
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Figure C.1: An example of the M11-MARCS models at their original resolution, and after being convolved to match the data.
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Figure C.2: MgII, MgI, Mgwide and FeI(3000) vs D4000 for one of the galaxies (blue symbols with error bars) compared to single-burst stellar population
models with solar metallicity (black) and twice solar metallicity (red). Solid
and dashed lines refer to solar-scaled and super-solar values of [α/Fe]. Green
lines show models with UV-upturns calculated for various combinations of
temperature (Teff/K) and fuel (f/M ). From Lonoce et al., submitted.
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Appendix D
Contributing to construction of
SPS models
Ongoing work I’m involved with is the development of new stellar population models with Claudia Maraston. This involves testing and comparing
index measurements to other models and data. Shown here is an example
of the kind of comparisons we carried out. There are two different groups
deriving stellar parameters, labelled ’Yp’ and ’Th’, and here we looked at
the measured indices on models which used a particular set of stellar parameters. Fig. D.1 shows the Mgb index for solar, sub-solar, and super-solar
metallicities.

173

Figure D.1: The Mgb index measured for MaStar models of different ages
and metallicities, based on different derivations of stellar parameters.

174

Appendix E
UPR16 Form and Ethics
Review Certificate

175

FORM UPR16
Research Ethics Review Checklist
!

Please include this completed form as an appendix to your thesis (see the
Postgraduate Research Student Handbook for more information

Postgraduate Research Student (PGRS) Information
PGRS Name:

Taniya Parikh

Department:

ICG

First Supervisor:

Student ID:

795419

Daniel Thomas

01/10/2015

Start Date:
(or progression date for Prof Doc students)

Study Mode and Route:

Full-time

PhD

Title of Thesis:

Extragalactic Archaeology using Spatially-Resolved Spectroscopy from LargeScale Galaxy Surveys

Thesis Word Count:

31,000

(excluding ancillary data)

If you are unsure about any of the following, please contact the local representative on your Faculty Ethics Committee
for advice. Please note that it is your responsibility to follow the University’s Ethics Policy and any relevant University,
academic or professional guidelines in the conduct of your study
Although the Ethics Committee may have given your study a favourable opinion, the final responsibility for the ethical
conduct of this work lies with the researcher(s).

UKRIO Finished Research Checklist:
(If you would like to know more about the checklist, please see your Faculty or Departmental Ethics Committee rep or see the
online version of the full checklist at: http://www.ukrio.org/what-we-do/code-of-practice-for-research/)

a) Have all of your research and findings been reported accurately, honestly and
within a reasonable time frame?

YES

b) Have all contributions to knowledge been acknowledged?

YES

c)Have you complied with all agreements relating to intellectual property, publication
and authorship?

YES

d)Has your research data been retained in a secure and accessible form and will it
remain so for the required duration?

YES

e)Does your research comply with all legal, ethical, and contractual requirements?

YES

UPR16 – August 2015

Candidate Statement:
I have considered the ethical dimensions of the above named research project, and have successfully
obtained the necessary ethical approval(s)
Ethical review number(s) from Faculty Ethics Committee (or from
NRES/SCREC):

E3CE-4BB7-CFF8-D71EA003-FA62-9C41-12EF

If you have not submitted your work for ethical review, and/or you have answered ‘No’ to one or more of
questions a) to e), please explain below why this is so:

Signed (PGRS):

UPR16 – August 2015

Date:

13/05/2019

Certificate of Ethics Review
Project Title:
User ID:
Name:
Application Date:

Galaxy Evolution: Investigating the IMF with the
MaNGA Survey
795419
Taniya Parikh
23/09/2016 14:31:02

You must download your certificate, print a copy and keep it as a record of this review.
It is your responsibility to adhere to the University Ethics Policy and any
Department/School or professional guidelines in the conduct of your study including
relevant guidelines regarding health and safety of researchers and University Health and
Safety Policy.
It is also your responsibility to follow University guidance on Data Protection Policy:
• General guidance for all data protection issues
• University Data Protection Policy
You are reminded that as a University of Portsmouth Researcher you are bound by the
UKRIO Code of Practice for Research; any breach of this code could lead to action being
taken following the University's Procedure for the Investigation of Allegations of
Misconduct in Research.
Any changes in the answers to the questions reflecting the design, management or
conduct of the research over the course of the project must be notified to the Faculty
Ethics Committee. Any changes that affect the answers given in the
questionnaire, not reported to the Faculty Ethics Committee, will invalidate this
certificate.
This ethical review should not be used to infer any comment on the academic merits or
methodology of the project. If you have not already done so, you are advised to develop
a clear protocol/proposal and ensure that it is independently reviewed by peers or others
of appropriate standing. A favourable ethical opinion should not be perceived as
permission to proceed with the research; there might be other matters of governance
which require further consideration including the agreement of any organisation hosting
the research.
GovernanceChecklist
A1-BriefDescriptionOfProject: I am using data from the MaNGA survey to stack
spectra of galaxies and analyse them using full spectral fitting and absorption index
measurements. The aim is to probe the initial mass function and this will help increase
our understanding of galaxy formation and evolution.
A2-Faculty: Technology
A3-VoluntarilyReferToFEC: No
A5-AlreadyExternallyReviewed: No
B1-HumanParticipants: No
Certificate Code: E3CE-4BB7-CFF8-D71E-A003-FA62-9C41-12EF

Page 1

HumanParticipantsDefinition
B2-HumanParticipantsConfirmation: Yes
C6-SafetyRisksBeyondAssessment: No
D2-PhysicalEcologicalDamage: No
D4-HistoricalOrCulturalDamage: No
E1-ContentiousOrIllegal: No
E2-SociallySensitiveIssues: No
F1-InvolvesAnimals: No
F2-HarmfulToThirdParties: No
G1-ConfirmReadEthicsPolicy: Confirmed
G2-ConfirmReadUKRIOCodeOfPractice: Confirmed
G3-ConfirmReadConcordatToSupportResearchIntegrity: Confirmed
G4-ConfirmedCorrectInformation: Confirmed

Certificate Code: E3CE-4BB7-CFF8-D71E-A003-FA62-9C41-12EF

Page 2

Bibliography
Abolfathi B., et al., 2017, ApJS,
Aguado D. S., et al., 2019, ApJS, 240, 23
Alpher R. A., Bethe H., Gamow G., 1948, Phys. Rev., 73, 803
Alton P. D., Smith R. J., Lucey J. R., 2017, MNRAS, 468, 1594
Alton P. D., Smith R. J., Lucey J. R., 2018, MNRAS,
Baldwin C., McDermid R. M., Kuntschner H., Maraston C., Conroy C., 2018,
MNRAS, 473, 4698
Barber C., Schaye J., Crain R. A., 2019, MNRAS, 483, 985
Bastian N., Covey K. R., Meyer M. R., 2010, ARA&A, 48, 339
Bate M. R., 2009, MNRAS, 392, 590
Bate M. R., 2014, MNRAS, 442, 285
Bate M. R., 2019, MNRAS, 484, 2341
Beifiori A., Maraston C., Thomas D., Johansson J., 2011, A&A, 531, A109
Belfiore F., et al., 2017, MNRAS, 469, 151
Bender R., Burstein D., Faber S. M., 1992, ApJ, 399, 462
Bensby T., Feltzing S., Lundström I., 2003, A&A, 410, 527
180

Bensby T., Feltzing S., Oey M. S., 2014, A&A, 562, A71
Bensby T., et al., 2017, A&A, 605, A89
Bernardi M., Nichol R. C., Sheth R. K., Miller C. J., Brinkmann J., 2006,
AJ, 131, 1288
Bernardi M., et al., 2018, MNRAS, 475, 757
Bershady M. A., Verheijen M. A. W., Swaters R. A., Andersen D. R., Westfall
K. B., Martinsson T., 2010, ApJ, 716, 198
Blanton M. R., et al., 2005, AJ, 129, 2562
Blanton M. R., et al., 2017, AJ, 154, 28
Bonnell I. A., Larson R. B., Zinnecker H., 2007, in Reipurth B., Jewitt D.,
Keil K., eds, Protostars and Planets V. p. 149 (arXiv:astro-ph/0603447)
Bruzual A. G., 1983, ApJ, 273, 105
Bruzual A. G., Charlot S., 1993, ApJ, 405, 538
Bundy K., et al., 2015, ApJ, 798, 7
Burstein D., Faber S. M., Gaskell C. M., Krumm N., 1984, ApJ, 287, 586
Cappellari M., 2017, MNRAS, 466, 798
Cappellari M., Copin Y., 2003, MNRAS, 342, 345
Cappellari M., Emsellem E., 2004, PASP, 116, 138
Cappellari M., et al., 2011, MNRAS, 413, 813
Cappellari M., et al., 2012, Nature, 484, 485
Cappellari M., et al., 2013, MNRAS, 432, 1862
Carollo C. M., Danziger I. J., Buson L., 1993, MNRAS, 265, 553
181

Carollo D., et al., 2007, Nature, 450, 1020
Cenarro A. J., Gorgas J., Vazdekis A., Cardiel N., Peletier R. F., 2003,
MNRAS, 339, 12
Chabrier G., 2003, PASP, 115, 763
Chabrier G., Hennebelle P., Charlot S., 2014, ApJ, 796, 75
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