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Abstract

Despite spiral galaxies being extremely common in our local neighbourhood, their

formation, growth, and dynamics are not fully understood. However, the spatial variation

in the properties of stellar populations contained within spiral galaxies are expected to

bear the imprint of some of the past and present physical processes driving global and

local structure and dynamics. Combining modern integral-field spectroscopic galaxy

surveys with spectral fittingmethods offers an unprecedented opportunity to peer into the

stellar population “fossil record” and how it varies between and within spiral galaxies.

By obtaining a full star-formation history at every location, it is possible to construct

images denoting the spatial distribution of stars of different ages across the galaxy. In

this thesis we explore how such a “time slicing” technique can be applied to data from

the SDSS-IV MaNGA survey, and show that this approach can provide insights into the

formation and the internal structure of spiral galaxies.

While the defining features of spiral galaxies are the beautiful arms that they display,

the exact nature of such structure is still an open question. It has beenwidely assumed that

spiral arms in “grand design” systems are the products of density waves that propagate

around the disk with an approximately constant angular speed ΩP. We show that it is

possible to measure an offset between young stars of a known age and the spiral arm

in which they formed in a grand-design spiral galaxy, consistent with predictions of

a density wave model. By measuring how this offset varies with radius, we obtain a

direct measure of ΩP at a range of radii, and show that the spiral pattern in this galaxy

is consistent with being quasi-stationary.

We then investigate how the azimuthal structures of the barred spiral galaxy

MCG+07-28-064 vary when traced by stars of different ages. Decomposing this galaxy

into “time slices", we find evidence for the ongoing growth of the bar, and for the most

recent star formation occurring on its leading edge. We also show that spiral arms

can be traced in stellar populations as old as 2 Gyr, providing further evidence for the

density wave model of spiral structure.
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In preparation to apply time slicing analyses to a large population of galaxies, we

refine and test the spectral fitting methods. We show that the stellar population fitting

techniques employed in this thesis must be carefully interpreted. For example, we

find that accurately extracting the very youngest (≤ 30 Myr) stellar populations is not

feasible, due to the limitations of modelling template spectra. However, reassuringly,

we demonstrate that most populations can be reliably modelled in all of the conditions

typically found in MaNGA galaxies.

Finally, we perform a fossil record analysis for a large population of low-redshift

spiral galaxies, thereby making use of the full power of MaNGA’s sample size. By

measuring the mean stellar ages and formation times as a function of galactic radius

— and also the radial profiles of different time slices — we find evidence for inside-

out growth being a generic feature of spiral galaxies, and most significant in massive

galaxies. By interpreting the radial profiles of time slices as indicative of the size of the

galaxy at the time those populations had formed, we are able to use the stellar population

fossil record to quantitatively trace the simultaneous growth inmass and size of the spiral

galaxies over the last 10 Gyr. Despite finding that the evolution of the measured light-

weighted radius is consistent with inside-out growth in the majority of spiral galaxies,

we observe that an equivalent mass-weighted radius has changed little over the same

time period. Since radial migration effects are likely to be small, we conclude that

although the growth of disks in spiral galaxies has occurred predominantly through an

inside-out mode, this has not had anywhere near as much impact on the distribution of

stellar mass within spiral galaxies.

These studies show that there is a wealth of untapped information on the spatial

variation of the stellar populations which is now available to exploit with the current

generation of integral-field spectroscopic galaxy surveys. A time-slicing approach to

studying the fossil record is therefore an extremely powerful technique to answer some

open questions on the structure and dynamics of spiral galaxies.
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Chapter 1

Introduction

The dynamics and growth of spiral galaxies and their structural components are not

fully understood. The work contained in this thesis aims to use observations from the

SDSS-IV MaNGA survey to derive spatially-resolved star-formation histories, in order

to better understand the growth of spiral galaxies, and the nature of their spiral arms and

bars.

Some background and motivation for the work in this thesis is detailed in this

chapter. First, an historical overview of the study of galaxy morphology is contained in

Section 1.1. Section 1.2 then further details some of the relevant current understanding

of the structure, growth, and dynamics of spiral galaxies. We then outline the general

principles of spectral fitting and integral-field spectroscopy — key to much of the work

presented here — in Sections 1.3 and 1.4.

1



1.1. Galaxy morphology 2

Where relevant throughout this thesis, we assume a ΛCDM cosmology with

Ωλ = 0.7, Ωm = 0.3, and H0 = 70 km s−1 Mpc−1, consistent with results from the

Planck Collaboration et al. (2018). All logarithms are base-10, unless stated otherwise.

Figures 4.2, 6.1, 6.10, and 7.3 include animations which require Adobe Reader or

similar to view properly in the pdf. Alternative versions of these figures are available

online at tinyurl.com/peterken-thesis.

1.1 Galaxy morphology

Spiral structure had been observed and documented in galaxies by the Earl of Rosse

(1845–1850)— notably in M51 andM99— before it was confirmed that such ‘nebulae’

were not located within the Milky Way. It wasn’t until Hubble (1925, 1926a, 1929)

measured accurate distances to NGC 6822, M31, and M33 — using Cepheid variables

as the first “standard candles” (Leavitt & Pickering, 1912) — that it was shown that

these objects are indeed extragalactic. Since then, many studies in the field of extra-

galactic astronomy have focused or made use of the classification of galaxies by their

morphological appearance.

It has been obvious since early studies of galaxymorphology (e.g. Hubble 1926b) that

galaxies generally fall into one of two broad classes. Elliptical galaxies appear smooth

and featureless, while spiral galaxies comprise principally a flattened disk within which

is embedded spiral structure. Hubble (1936) introduced a full classification scheme

with “early type” elliptical galaxies and “late type” spiral galaxies being linked by

the S0 lenticular class, which are smooth and featureless like ellipticals but contain a

prominent disk like the spiral galaxies. This scheme also began to acknowledge the

enormous variation in morphology between different spiral galaxies: the spiral galaxies

are split into two branches, separating the “normal” and barred spirals, and are further

tinyurl.com/peterken-thesis


1.1. Galaxy morphology 3

Figure 1.1: The de Vaucouleurs classification scheme. Galaxies are arranged on three
axes: general morphological type (x-axis), and by the presence of bars or rings (y- and
z-axes). Originally shown as Figure 3 of de Vaucouleurs (1959).

classified as Sa, Sb, and Sc denoting increasingly “open” spiral arms and decreasing

prominence of the bulge in spirals. The equivalent subclassification of barred galaxies

is denoted by SBa, SBb, and SBc.

The variety of structures present in galaxies was further expanded in numerous later

classification schemes, including the one developed by de Vaucouleurs (1959, 1963). In

this scheme, galaxies are arranged in three dimensions to describe the presence of mor-

phological features such as spiral arms, bars, and galactic rings, as shown in Figure 1.1.

Such an approach allows for more detailed subdivisions of Hubble’s classification of

galaxies of a single spiral type, as shown in Figure 1.2. Both the Hubble and de Vau-

couleurs classifications— and other variants of them—are still in use formorphological

studies of galaxies today.

It is worth highlighting that these classification schemes are not discrete, in that

they are based on the presence — or otherwise — of internal structures which vary



1.1. Galaxy morphology 4

Figure 1.2: A slice of the de Vaucouleurs classification scheme (shown in Figure 1.1)
for spirals near stage Sb, showing the variety of ring (increasing prominence towards
the right) and bar (increasing prominence towards the bottom) structure within spiral
galaxies. Original illustration by de Vaucouleurs (1963), reproduced as Figure 1.13 by
Buta et al. (2007).



1.2. Spiral galaxies 5

continuously in strength between galaxies. As a result, the classification of any single

galaxy on these schemes can be subjective (Naim et al., 1995). There is also evidence

that the tendency to simultaneously classify spirals based on both the bulge size and

arm winding is flawed since these are often independent parameters (Freeman, 1970;

Hart et al., 2017a, 2018; Masters et al., 2019). However, in any general morphological

classification scheme, the distinction between smooth early-type galaxies and structured

late-type galaxies is accepted as being a fundamental difference.

Having established the types of galaxies we see in the Universe, the question arises

of why different galaxies should exhibit such variety in appearance. Spiral galaxies

are generally bluer in colour (e.g. Holmberg 1958), are forming stars at a higher rate

(e.g. Roberts 1963; Kennicutt 1983), are located in less-dense environments (Dressler,

1980), have stronger net angular momentum (Emsellem et al., 2007; Cappellari et al.,

2011b; Graham et al., 2018), and are less massive (Blanton & Moustakas, 2009) than

ellipticals and lenticulars, suggesting an evolutionary sequence of galaxies transitioning

from late to early types as they grow and fall into gravitational wells. However, the

exact mechanisms by which a spiral galaxy can cease its star formation, lose internal

non-axisymmetric structure, and redistribute its angular momentum during this process

are still not fully understood and are matters of active research.

1.2 Spiral galaxies

A simple model of a spiral galaxy comprises a dynamically hot core forming a bulge

component, and a rotation-supported disk component (Freeman, 1970). Current research

suggests that these components are distinct in their stellar populations (Kennedy et al.,

2016b; Coccato et al., 2018; Breda & Papaderos, 2018) and kinematics (Taranu et al.,

2017; Zhu et al., 2018; Tabor et al., 2019). Although the bulge and disk dominate a spiral



1.2. Spiral galaxies 6

galaxy’s light and mass (Mackereth & Bovy, 2020), other fainter components exist. For

example, the stellar halo is a faint extended spherical component which exists in the

Milky Way (e.g. Kinman et al. 1966; Searle & Zinn 1978; Mackereth & Bovy 2020) and

other spiral galaxies (e.g. Monachesi et al. 2016). There is also tentative evidence for the

separation of the disk component into distinct thin and thick disks based on their typical

scale heights in other galaxies (Burstein, 1979; Yoachim & Dalcanton, 2006; Comerón

et al., 2015; Kalinova et al., 2017) and the Milky Way (Gilmore & Reid, 1983), but the

distinctness of these sub-components is disputed by some authors (e.g. Bovy et al. 2012,

2016).

1.2.1 Disk growth

It is thought that disk galaxies form and grow hierarchically. Initially small density

perturbations in the early Universe grow and accrete dark matter through gravity (White

& Rees, 1978) and gain angular momentum due to interactions with neighbouring dark

matter protohalos (Silk, 2001). These halos then accrete gas (Fall & Efstathiou, 1980)

which dissipates energy to collapse into a star-forming disk (Binney, 1977; Kereš et al.,

2005).

Colour and stellar population gradients are observed in most galactic disks

(Gonzalez-Perez et al., 2011; Kennedy et al., 2016a,b; Ellison et al., 2018), suggesting

that they grow “inside-out” (e.g. Coccato et al. 2018; Sacchi et al. 2019). This scenario

is backed up by studies of galaxy populations over different redshifts, showing that

the typical sizes of galaxies grow rapidly as they build mass (e.g. Trujillo et al. 2007;

van der Wel et al. 2008; van Dokkum et al. 2008, 2013). However, neither of these

approaches fully measures the exact growth rate of individual disk galaxies. Colour

gradients (or mean stellar age gradients; e.g. Sánchez-Blázquez et al. 2014; González
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Delgado et al. 2015; Zheng et al. 2017) are generally unable to imply the formation

sequence of a galaxy in a fully quantitative manner, while studies of galaxies at different

redshifts can only measure the average growth of galaxy populations. This issue is

further discussed in Chapter 6.

1.2.2 Bars

The majority of spiral galaxies host a bar (Sellwood & Wilkinson, 1993; Knapen et al.,

2000; Eskridge et al., 2000; Aguerri et al., 2009). The exact processes by which

a bar forms, grows, and interacts with the other galactic components are areas of

active research. It is thought that bars are long-lived (Gadotti et al., 2015) disk-related

phenomena capable of redistributing the angular momentum within their host galaxies

(Simkin et al., 1980; Weinberg, 1985; Knapen et al., 1995; Minchev & Famaey, 2010).

They can also be responsible for large-scale redistributing of a galaxy’s gas (Hernquist

&Mihos, 1995;Martin & Friedli, 1997) and dust (Sánchez-Menguiano et al., 2015), and

can therefore affect the spatial distribution of stellar populations (Di Matteo et al., 2013;

Gavazzi et al., 2015; Seidel et al., 2016; Molaeinezhad et al., 2017; Fraser-McKelvie

et al., 2018, 2019). Bars can also influence the structure and number of spiral arms

(Block et al., 2004; Salo et al., 2010; Dobbs & Baba, 2014; Hart et al., 2017b).

In dynamical models, most stars in the bar region are trapped on orbits which are

elongated in the direction of the bar’s axis (Contopoulos & Papayannopoulos, 1980;

Athanassoula, 1992) with little mixing between bar- and disk-related orbits, making the

bar a distinct component of a spiral galaxy. This separation is in contrast with spiral

arms, for which it is generally accepted that stellar and gaseous matter is constantly

passing through, and which therefore do not have stellar or gas constituents that are

distinct from the disk component.



1.2. Spiral galaxies 8

(a) NGC 2841 (b) M33 Triangulum (c) M51a Whirlpool

Figure 1.3: Examples of the threemain classes of unbarred spiral galaxies. a: NGC2851,
a flocculent galaxy with a fractured spiral pattern.1 b: The Triangulum Galaxy M33, a
many-arm spiral galaxy.2 c: The Whirlpool Galaxy M51a, a grand design spiral with
two clear arms.3

1.2.3 Spiral structure

Spiral arms are associated with locally-high star formation rates (Toomre, 1977; Calzetti

et al., 2005; González Delgado et al., 2017) which in turn have been found to affect the

local gas and dust properties (Grabelsky et al., 1987; Holwerda et al., 2005; Sakhibov

et al., 2018; Kreckel et al., 2019). However, there is evidence to suggest that the exact

effects that spiral arms have on the local stellar populations (Dobbs & Pringle, 2010;

Sánchez-Gil et al., 2011; Hart et al., 2017b), gas properties (Sánchez-Menguiano et al.,

2017, 2020), and global structural parameters (Bittner et al., 2017) of a galaxy depend

on the dominant type of spiral structure.

There are broadly three such types of spiral structure, examples of which are shown

in Figure 1.3. “Flocculent” spirals have no clearly-defined spiral arms, and show instead

patchy discontinuous structure throughout their disk, like NGC 2841 in Figure 1.3a. The

majority of spiral galaxies are “multi-arm” like M33 in Figure 1.3b, with three or more

arms which can show breaks along their lengths. By contrast, “grand design” spirals

1Source image at wikisky.org
2Source image at https://photojournal.jpl.nasa.gov
3Source image at http://www.spacetelescope.org

wikisky.org
https://photojournal.jpl.nasa.gov
http://www.spacetelescope.org
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— like M51a in Figure 1.3c — exhibit a pair of well-defined high-contrast arms which

extend over most of their radius (Elmegreen & Elmegreen, 1982). Recent studies have

shown that the Milky Way is likely a flocculent (Quillen et al., 2018) or multi-armed

(Hunt et al., 2018) barred (Blitz & Spergel, 1991; Anders et al., 2019) spiral galaxy (see

Xu et al. 2018 for a review).

Just as the Hubble (1936) and de Vaucouleurs (1963) morphological classifications

are capturing the imprint of different physical processes occurring on a galaxy scale,

the above classification of spiral galaxies based on the type of spiral structure is likely

to be physically-motivated, since different mechanisms are thought to be responsible

for generating them (Dobbs & Baba, 2014; Bittner et al., 2017). However, those exact

mechanisms which give rise to spiral structure— and how they vary to induce the above

distinct forms of such structure — are poorly understood.

In some galaxies, the presence of grand design structure could be due to the influence

of a bar (Sellwood & Sparke, 1988) or tidal interactions from a nearby galaxy (Oh et al.,

2008; Dobbs et al., 2010; Struck et al., 2011; Kendall et al., 2015). The leading model

for the nature of coherent spiral structure — regardless of the excitation mechanism —

is a quasi-stationary density wave. This model was developed by Lin & Shu (1964,

1966) as an explanation for the propagation of large-scale structure in a stable disk with

a nearly fixed pattern speed. Such a model with its single radially-invariant pattern

speed neatly explains the apparent lack of extremely tightly-wound spiral arms in nearby

grand design galaxies which should be expected if the spiral arm co-rotates with the

stellar disk (Kalnajs, 1973; Bertin et al., 1989). Although some studies find evidence

supporting this model (e.g. Egusa et al. 2009; Miller et al. 2019), recent observations

suggest that it does not fully explain the spiral structure in all galaxies (e.g. Hart et al.

2017a, 2018; Masters et al. 2019). The quasi-stationary density wave model in grand

design spiral structure is further discussed in Chapter 3.
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By contrast, simulations suggest that the primary driver of flocculent spiral structure

is stochastic self-propagating star formation, whereby star formation causes shock waves

in an unstable gas disk which then induce further star formation in neighbouring regions,

preferentially propagating along spiral pathways due to the disk’s rotation (Mueller

& Arnett, 1976; Gerola & Seiden, 1978; Dobbs et al., 2018). Arms produced in

this manner — or by similarly stochastic mechanisms — may be transient in nature

(Sellwood & Carlberg, 1984, 2014). This model appears to explain the spiral structure

in most nearby flocculent spiral galaxies well (e.g. Jungwiert & Palous 1994; Thornley

& Mundy 1997b; Mineikis & Vansevičius 2010; Tenjes et al. 2017). However, others

have also found evidence for some underlying density wave structures to still be present

in flocculent galaxies (Thornley, 1996; Thornley & Mundy, 1997a; Berman, 2003),

possibly providing an explanation for the handful of galaxies for which two or more

entirely different forms of spiral structure can be observed in different photometric

bands in a single galaxy (Grosbol & Patsis, 1998; Eskridge et al., 2000; Kendall et al.,

2011).

1.3 Spectral fitting

This thesis makes use of full spectral fitting to study stellar populations. In principle,

the spectrum of a galaxy contains a wealth of information about the composition of the

galaxy’s stellar, gas, and dust contents, as well as the kinematics of the gas and stars.

However, in practice, obtaining such information to perform a “fossil record” analysis

is not straightforward and requires careful analysis.

Early works studying the chemical compositions of different stellar populations in

the Milky Way aimed to distinguish the formation history of the different components

of the Galaxy (e.g. Hearnshaw 1972; Demarque &McClure 1977; Searle & Zinn 1978).



1.3. Spectral fitting 11

These studiesmade use of the locations of stellar populations in the Hertzsprung–Russell

diagram, but others (e.g. Tinsley 1968; Searle et al. 1973; Bruzual 1983) began the more

sophisticated approach of using stellar evolution models to directly infer the ages and

metallicities of populations in observed spectra, initially through broad-band photometry

or individual line indices (Wood, 1966; Faber, 1972; Worthey, 1994; Kauffmann et al.,

2003) and later by using the entire visible spectrum. This approach is now widespread,

with many libraries of stellar population templates publicly available (e.g. Leitherer

et al. 1999; Bruzual & Charlot 2003; Maraston 2005; Vazdekis et al. 2010; Maraston

& Strömbäck 2011). Walcher et al. (2011) and Conroy (2013) provide detailed reviews

of the applications of and processes involved in creating stellar population models, but

some key information relevant to the material in this thesis is described here.

1.3.1 Stellar population models

Creating a model spectrum of a stellar population such as that of a galaxy requires

several ingredients, which are illustrated in Figure 1.4. Firstly, a library of stellar spectra

is required. This library is often a collection of observed spectra of Milky Way stars,

and there are now a number of such collections (e.g. Prugniel & Soubiran 2001; Le

Borgne et al. 2003; Valdes et al. 2004; Sánchez-Blázquez et al. 2006; Rayner et al.

2009; Chen et al. 2011). These empirical libraries suffer from poor coverage in some

regions of parameter space (notably in that they lack high-mass, low-metallicity stars),

and their quality is limited by the spectral resolution and calibration of the observations.

An alternative approach is to use purely theoretical stellar spectra. Although theoretical

libraries (e.g. Lejeune et al. 1997, 1998; Westera et al. 2002; Coelho et al. 2005, 2007;

Martins et al. 2005; Munari et al. 2005) cover a wide range of star types, they are

still unable to fully model all absorption features when compared to observed spectra

(Kučinskas et al., 2005; Kurucz, 2011) or even each other (Martins & Coelho, 2007).
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Figure 1.4: The creation of a synthetic composite stellar population (CSP) spectrum such
as that of a galaxy requires several ingredients. Measured stellar spectra are combined
with model isochrones and an initial mass function (IMF) shape to create single stellar
population (SSP) spectra. These SSPs are then combined with star-formation and
chemical evolution models, and a model wavelength-dependent dust extinction curve is
applied. Figure originally shown as Figure 1 in Conroy (2013).
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These stellar spectra must be combined with an initial mass function (IMF) describ-

ing the zero-age relative frequency of stars of different masses. Despite extensive studies

into the form of the IMF, significant uncertainties remain which can affect the results

of stellar population modelling (Tinsley, 1980; Maraston, 1998; van Dokkum et al.,

2008; Conroy et al., 2009; Pforr et al., 2012). The IMF and stellar spectra must also be

combined with model isochrones, describing how a given stellar population evolves over

time through parameter space. Uncertainties in isochrones are large in the rapid later

phases of stellar evolution — such as the evolution of stars after the asymptotic giant

branch (post-AGB stars) — which can also affect stellar population modelling (Charlot

et al., 1996; Maraston, 1998, 2005; Yi, 2003; Lee et al., 2007; Conroy et al., 2009; Ge

et al., 2019).

1.3.2 Deriving star-formation histories

Notwithstanding the uncertainties in each ingredient used in constructing single stellar

populations (Conroy et al., 2009, 2010; Conroy & Gunn, 2010), many works have

successfully used them to measure star-formation histories (SFHs) and shown that the

results obtained are broadly reliable (e.g. Cid Fernandes et al. 2005; Li et al. 2017;

de Amorim et al. 2017; Cid Fernandes 2018; see also Chapter 5). Several tools to

measure the SFHs of galaxies using single stellar population templates (SSPs) exist.

Parametric implementations use a generalised and parametrised star-formation history

shape (and a dust extinction law) to create a composite stellar population (CSP; as

shown in Figure 1.4) which best matches the galaxy spectrum (e.g. Franzetti et al. 2008;

Moustakas et al. 2011; Chevallard & Charlot 2016; Carnall et al. 2018; Boquien et al.

2019; Smethurst et al. 2019). While a parametric implementation can be computationally

fast, the choice of SFH shape can severely bias the fitting results, particularly for star-

forming galaxies (Lee et al., 2009, 2010; Maraston et al., 2010; Wuyts et al., 2011; Pforr
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et al., 2012).

By contrast, non-parametric fitting routines (e.g. Heavens et al. 2000; Cappellari &

Emsellem 2004; Cid Fernandes et al. 2005; Ocvirk et al. 2006b; Tojeiro et al. 2007;

Koleva et al. 2009; Sánchez et al. 2006) fit the stellar population templates to the galaxy’s

spectrum without any assumption regarding the shape of the star-formation history or

the level of dust extinction. The drawbacks of this flexible approach are that the resulting

star-formation histories or dust model are not physically motivated, and that there are

many more degrees of freedom which can result in unconstrained fits and degeneracies,

so careful interpretation of results is required. Nevertheless, Cid Fernandes et al. (2005),

Panter et al. (2007), Li et al. (2017), de Amorim et al. (2017), Ge et al. (2018), Cid

Fernandes (2018) and others have shown that different non-parametric fitting tools give

generally consistent results.

1.4 Integral-field spectroscopy

Integral-field spectroscopic (IFS) observations obtain spectra atmultiple locations across

an imaging field using an integral-field unit (IFU), combining the spatial information of

two-dimensional imaging with the diagnostic power of spectroscopy. A single observa-

tion can therefore be considered as a “datacube”.

Although integral-field spectrographs have been in development and use for several

decades (e.g. see Bacon et al. 1988, 1995; Courtes et al. 1988; Barden & Wade 1988;

Guerin & Felenbok 1988; Garcia et al. 1994; Arribas et al. 1998a,b for early examples),

large-scale galaxy IFS surveys have been more recent undertakings. SAURON (Bacon

et al., 2001) obtained integral-field spectroscopy for the inner regions of 72 early-type

galaxies, and was later extended to a sample of ∼ 300 with ATLAS3D (Cappellari

et al., 2011a). More recently, CALIFA (with a sample of 600 galaxies; Sánchez et al.
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2012), SAMI (3400 galaxies; Croom et al. 2012), and now MaNGA (10,000 galaxies;

Bundy et al. 2015) are providing extensive data to probe the variation of stellar and gas

properties across galaxies of all types to better understand their formation and evolution.

The MaNGA survey is detailed in Chapter 2, and a succinct comparison of these IFS

surveys is outlined by Sánchez (2015).

In the context of spiral galaxies, modern IFS surveys have been previously used to

understand how the properties of gas in the interstellar medium is affected by galaxy

properties (e.g. Sánchez-Menguiano et al. 2019; Mingozzi et al. 2020; Schaefer et al.

2020) and by spiral arms (e.g. Sánchez-Menguiano et al. 2017; Ho et al. 2017; Sakhibov

et al. 2018; Poetrodjojo et al. 2018). Other studies have focused on understanding the

kinematics of galaxies and their structural components (e.g. Falcón-Barroso et al. 2006,

2017, 2019; Tabor et al. 2017, 2019; Zhu et al. 2018), the dynamics of bars (e.g. Barrera-

Ballesteros et al. 2014; Aguerri et al. 2015; Cuomo et al. 2019; Garma-Oehmichen et al.

2020), or on stellar population parameters such as variations in the IMF (Parikh et al.,

2018).

Many other studies of the stellar populations in spiral galaxies with IFS surveys have

focused on how average stellar properties — particularly age and metallicity — vary

with radius (e.g. Goddard et al. 2017; Li et al. 2017; Boardman et al. 2020), and have

generally found a trend of the stellar populations at the centres of spiral galaxies being

older and more metal-rich than their outskirts. This approach has been extended by

Sánchez-Blázquez et al. (2014) for example, who find that these age gradients are not

significantly affected by the presence of bars. However, this result has recently been

challenged by Fraser-McKelvie et al. (2019).

Some work has started to go beyond mean stellar ages and metallicities, towards

using full star-formation histories to understand how a full “fossil record” approach can

help in studying a galaxy’s active galactic nucleus (Mallmann et al., 2018), structural
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components (Cid Fernandes et al., 2013), star formation rate (González Delgado et al.,

2016), disk growth (Pérez et al., 2013; Ibarra-Medel et al., 2016; González Delgado

et al., 2017), and contribution to the Universe’s star-formation history (Sánchez et al.,

2019). Such fossil record studies are possible since the spatial distributions of different

stellar populations contain imprints of the growth and dynamics of the galaxy. This

approach — of making full use of stellar population fitting — is the one that we

primarily use throughout this thesis. Some further background to fossil record analysis

with integral-field spectroscopy is discussed in later chapters, especially in Chapters 4

and 6.

1.5 Outline of this thesis

This thesis makes use of star-formation histories measured using spectral fitting methods

applied to integral-field spectroscopic observations from the SDSS-IV MaNGA survey.

In Chapter 2, we describe the data from the MaNGA integral-field spectroscopic survey

and some technical details regarding the specific spectral fitting tools used in this

thesis. Chapter 3 describes an initial application for which the stellar populations in

spiral galaxies can be used to test the quasi-stationary density wave model of spiral

structure. In Chapter 4, we outline a general approach to studying the spatially-resolved

fossil records of spiral galaxies, and explore some more ways in which such an approach

can be used to better understand the properties and nature of the bar and spiral arms. We

then perform some tests and improvements to these spectral fitting methods in Chapter 5.

Chapter 6 studies the fossil records of a large population of spiral galaxies to uncover

their historical growth sequences. Finally, the general conclusions of the thesis and

some related future work are outlined in Chapter 7.



Chapter 2

Data and technical methods

This Chapter details some of the key data and software used in this thesis. Most

importantly, the acquisition and reduction of MaNGA data is described in Section 2.1.

Additionally, throughout this work some data from the Galaxy Zoo:3D citizen science

project are used, so this is also described in Section 2.2. Finally, this work makes

significant use of the spectral fitting code Starlight and single stellar population (SSP)

templates, so brief descriptions of these are also outlined in Sections 2.3 and 2.4.

2.1 SDSS-IV MaNGA

MaNGA is one of the three major programmes of the fourth generation of the Sloan

Digital Sky Survey (SDSS-IV; Blanton et al. 2017). It is the largest integral-field spec-

troscopic galaxy survey to date, and will acquire observations of over 10,000 galaxies

by its completion in late 2020. Observations began in the summer of 2014 and as of

writing in early 2020, 8405 galaxy datacubes have been observed, reduced, and released

in the most recent internal data release. The survey’s overview and science goals are

described by Bundy et al. (2015). The section outlines some of the key details regarding

17
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the design, data, observations, reduction, and sample selection of MaNGA, but further

details are found within the technical references given in each subsection.

2.1.1 Instrumentation

In common with all current and previous SDSS programmes, MaNGAmakes use of the

Sloan telescope (Gunn et al., 2006). Its spectroscopic data collection is done using the

BOSS spectrograph (Smee et al., 2013), but adapted to be used with specially-designed

integral-field units (Drory et al., 2015).

2.1.1.1 The Sloan telescope

MaNGA observations are acquired using the 2.5 m SDSS telescope at the Apache

Point Observatory (APO), located in the Sacramento Mountains of New Mexico, USA.

The telescope was initially commissioned for imaging and spectroscopy for the first

generation of the Sloan Digital Sky Survey SDSS-I, and was designed to have a large

(3°) field of view (FOV), making it ideal for the MaNGA survey. Its first light was in

May 1998, and has been fully operational since 2000. The full details of the telescope’s

design and construction are described by Gunn et al. (2006).

An interesting design feature is the telescope’s location on the side — rather than

the top — of the observatory’s peak, as shown in Figure 2.1. It is situated on a platform

projecting ∼ 20 m into the prevailing wind, eliminating wake turbulence from the ridge.

For the same reason, during observations the telescope’s entire enclosure is moved

downwind of the telescope by means of a roll-away crane structure (Figure 2.1, lower

panel). This also reduces heat contamination in observations.
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Figure 2.1: The 2.5 m SDSS telescope at APO. Top: The telescope’s enclosure housing
the telescope during the day. Note the side door of the enclosure for scale. Bottom: The
telescope at sunset, with the enclosure rolled away for observing. Photos taken by the
author, April 2018.
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Figure 2.2: A typical spectral resolution R spectrum for a MaNGA galaxy using the
BOSS spectrograph (Smee et al., 2013). The feature at ∼ 6000 Å is due to the effects of
the dichroic beamsplitter of the BOSS spectrograph, where the coverage of the red and
blue arms of the spectrograph overlap. The feature at ∼ 8000 Å relates to a single-pixel
discontinuity in the red arm’s CCD detector (Yan et al., 2016b).

2.1.1.2 The BOSS spectrograph

The two spectrographs used for MaNGA are the BOSS spectrographs, described by

Smee et al. (2013). The total wavelength coverage makes use of the full optical window,

over the range of 3600–10300 Å. This range is achieved through two “arms” which cover

the blue (3600–6300Å) and red (5900–10300Å) regions separately. The overall spectral

resolving power R —defined as the ratio of the FWHMof the line spread function (LSF)

to the wavelength — is a function of wavelength, and varies from R ∼ 1500 at the blue

end of the spectrum to R ∼ 2500 near the red end, as shown in Figure 2.2.

2.1.1.3 MaNGA integral field units

The fibres in MaNGA integral-field units (IFUs) are hexagonally packed and are each

separated by cladding and a small buffer region. This results in a relatively poor fill
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Figure 2.3: A 127-fibre IFU. Left: hexagonal packing of fibres within the IFU. Right:
The ends of these fibres are held in place by a ferrule, which allows it to be plugged
into an SDSS plate. See fingertips for scale. Image courtesy of SDSS (https://www.
sdss.org/surveys/manga/).

Figure 2.4: An SDSS plate loaded into a cartridge, ready to be loaded onto the
telescope. Shown is an SDSS-III BOSS plate (Dawson et al., 2013), but MaNGA
plates are similar. Image source: https://commons.wikimedia.org/wiki/File:
SDSS_spectrograph_cartridge.JPG

https://www.sdss.org/surveys/manga/
https://www.sdss.org/surveys/manga/
https://commons.wikimedia.org/wiki/File:SDSS_spectrograph_cartridge.JPG
https://commons.wikimedia.org/wiki/File:SDSS_spectrograph_cartridge.JPG
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fraction of 56%, but improved fibre throughput and decreased breakages (an important

consideration for a long survey) as compared to an IFU design comprising fibres in

concentric rings (Law et al., 2015). MaNGA observations utilise five different sizes of

IFUs, with sizes of 19, 37, 61, 91, and 127 fibres, granting fields of view ranging from

12 to 32 arcsec. The full specifications regarding the requirement of these sizes of IFU

is described by Wake et al. (2017), and the manufacturing and design considerations of

these units is described by Drory et al. (2015).

Each IFU is encased in ametal “ferrule” as shown in Figure 2.3, which is plugged into

an aluminium plate, where each plate’s holes are uniquely drilled for every observation.

During drilling (done off-site), the plates are deformed so that the fibres align with

the principal ray at the focal plane of the telescope. Plugging is done by hand during

daytime, and the plugged plates are loaded onto “cartridges” prior to a night’s observing,

as shown in Figure 2.4. During observing nights, these cartridges are loaded onto the

telescope by hand using a trolley. This procedure is outlined by Drory et al. (2015).

Each plate has a unique four-digit number, and each IFU has a unique four- or

five-digit number, so galaxies in this thesis are commonly referred to by their plate-IFU

designation. The first two or three digits denote the IFU size, so for example galaxy

8132-12702 was observed using the second of the 127-fibre IFUs on plate number 8132.

2.1.2 Sample selection

All MaNGA target galaxies are located in the region covered by the SDSS-II imaging

footprint (described by Abazajian et al. 2009). As a compromise between sample size,

spatial coverage, and spatial resolution, there are three main subsamples within the

MaNGA target selection, which are more fully described by Yan et al. (2016a) and

Wake et al. (2017):



2.1. SDSS-IV MaNGA 23

• The Primary sample accounts for 45.1% of the full sample, for which observations

extend out to at least 1.5 Re in at least 80% of cases (where Re is the elliptical

semi-major effective radius), thereby covering the majority of a galaxy’s light.

The sample is designed to have an approximately flat distribution in stellar mass

M? within the range 109–1011 M� h−2 so that trends with mass are able to be

measured with a statistically powerful number of galaxies at either end of the

sample. However, to avoid the model dependencies in measurements of M?, the

sample is in practice selected to have a flat distribution in the K-corrected i-band

magnitude Mi, which is a good proxy for stellar mass. No bias is added in the

colour selection; the Primary sample at any given mass is volume-limited. As a

result, the sample is simply defined by selecting from a redshift window at any

given Mi. This window is defined to be at the lowest possible redshift whilst still

satisfying the selection criteria.

• The Secondary sample accounts for 35.7% of MaNGA IFU usage. It is sampled

in the same way (i.e. with a flat distribution in Mi but volume-limited at any given

M?), but with coverage extending further, to 2.5 Re. Due to the requirement

of greater spatial extent, the Secondary sample is selected from galaxies at a

higher redshift window at each Mi than the Primary sample. Since this results in

poorer signal-to-noise and lower spatial resolution in kpc, the Secondary sample

is primarily designed for emission-line studies.

• The Colour-Enhanced sample constitutes 15.0% of the MaNGA galaxy sample,

for which observations extend to 1.5 Re. This sample targets regions of the

colour–magnitude space which have few galaxies, for example the “green valley”,

high-mass blue, or low-mass red galaxies. The Primary and the Colour-Enhanced

samples together form the Primary+ sample.
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Figure 2.5: The selection for the main MaNGA samples in luminosity–redshift space.
The Primary and Secondary samples are indicated by shaded regions, and the dots
indicate the Colour-Enhanced sample. Figure taken from Yan et al. (2016a, Figure 1)

The remaining 4.2% allocation of IFUs is given to ancillary projects targeting specific

rare classes of galaxy, repeat observations (in cases of overlapping plates), or to observe

random “filler” galaxies.

The MaNGA targeting criteria result in the full sample having a median redshift

of 0.03. The luminosity–redshift selection windows for the main samples is shown in

Figure 1 of Yan et al. (2016a), which is reproduced here as Figure 2.5.

2.1.2.1 Sample weights

It is important to emphasise that although the samples are selected to be volume-limited

at any single given stellar mass, the overall full sample and all of the main subsamples

are not. Specifically, the requirement of flat distributions in Mi results in a significant

over-abundance of high-mass galaxies compared to a volume-limited sample.
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However, since the MaNGA selection criteria are well-defined, it is straightforward

to weight each galaxy in any of the samples so that the properly weighted sample

represents a volume-limited one, as described by Wake et al. (2017). We use these

weights to calculate population averages, so that the weighted average corresponds to

that of a fully representative sample of galaxies within the MaNGA stellar mass range.

In practice, this requires high-mass galaxies to be assigned a low sample weighting and

vice-versa in the Primary and Secondary samples. The sample weighting of each galaxy

in the Primary+ sample also accounts for the over-sampling of unusual colour space by

the Colour-Enhanced sample. As a result, a galaxy in the Primary sample for example

will have three associated sample weightings; one for using that galaxy as part of the

Primary sample, one for the Primary+ sample, and one for the entire (Primary+ and

Secondary combined) sample.

2.1.3 Observations

MaNGA observations use half of the dark time at APO, with the other half taken by

the extended Baryon Oscillation Spectroscopic Survey (eBOSS; Dawson et al. 2016;

Morganson et al. 2015; Clerc et al. 2016). To ensure full coverage between initial fibre

locations, MaNGA observations are made in a three-point dither forming an equilateral

triangle. Each exposure takes fifteen minutes, and repeated observations are required

to reach an overall minimum signal-to-noise ratio of 5 Å−1 per fibre at 1.5 Re in the r

band. Each set of exposures is required to have consistent seeing at 2 arcsec or better.

On average, this requires 3.3 sets of three exposures per plate. The full details of the

observing strategy based on considerations of the hardware is described by Law et al.

(2015).
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2.1.4 The Data Reduction Pipeline (DRP)

The raw spectrum from each fibre and each exposure is flux-calibrated to better than

5% accuracy as detailed by Yan et al. (2016b). The individual spectra from all fibres of

an IFU are then reduced and combined into a three-dimensional datacube by the Data

Reduction Pipeline (DRP), which is described by Law et al. (2016).

TheDRPperforms sky subtraction—which is particularly important for the outskirts

of galaxies where there is low observed surface brightness — using the 92 sky fibres

located on each plate. The main sky lines impinging on the spectrum are located

redwards of ∼ 8000 Å. Each of the sky-subtracted spectra of a single galaxy are then

combined and constructed into a datacube, for which the astrometry is typically accurate

towithin 0.1 arcsec. The resulting spatial point spread function (PSF) in the datacube has

a Gaussian profile with a median full width at half maximum (FWHM) of 2.54 arcsec.

As well as constructing a flux datacube, the DRP also provides other measurements,

such as a corresponding datacube of each pixel’s inverse variance in its flux (“IVAR”),

a mask cube to denote any pixels for which data reduction failed, and a measurement of

the line-spread function (LSF) cube.

2.1.5 The Data Analysis Pipeline (DAP)

A Data Analysis Pipeline (DAP) — described by Westfall et al. (2019) — provides

high-level analysis products of each MaNGA observation. These include measurements

of stellar and gas kinematics, emission-line strengths and equivalent widths, and various

spectral indices resolved across the galaxy. These data products are acquired through

extensive use of the fitting routine pPXF (Cappellari & Emsellem, 2004), concurrently

fitting the continuum and stellar absorption lines with stellar template spectra from

the MILES library (Sánchez-Blázquez et al., 2006; Falcón-Barroso et al., 2011) and an
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emission-line spectrumusing a series ofGaussian profiles. Any choice of stellar template

library has potential to induce bias in the measurements of absorption-line features (and

therefore also emission-line strengths and widths when lines and continuum are fitted

simultaneously as in the DAP), but Belfiore et al. (2019) showed that these systematic

effects are generally smaller than the noise in the MaNGA spectra.

2.2 Galaxy Zoo:3D

One of the aims of any large integral-field spectroscopic survey is to understand how the

gas and stellar properties— such as kinematics, metallicities and elemental abundances,

electron temperature, ionisation parameters, star-formation histories, and many others

— vary systematically between the different distinct components of galaxies. To do so,

it is necessary to identify which spatial regions of each IFS datacube correspond to the

different galaxy components such as bulges, disks, spiral arms, and bars. The separation

between bulge and disk regions can be done in an automated fashion with elliptical

profile fitting, using packages such as Galfit (Peng et al., 2002). For example, Simard

et al. (2011) published a catalogue of two-dimensional bulge+disk decompositions of

> 106 SDSS galaxies using r- and g-band imagery with which it is straightforward to

identify these components in MaNGA observations. This decomposition can also be

done from the galaxy’s kinematics (Tabor et al., 2017, 2019).

By contrast, automatic identification of non-axisymmetric structures such as spiral

arms and bars is a significantly more difficult problem to solve, and has not yet been

performed for many galaxy surveys. A notable exception is the Spiral Arc Finder and

Reporter (SpArcFiRe; Davis & Hayes 2014) tool, which can successfully measure

parameters relating to the number, winding, and length of spiral arm “segments” in

large numbers of spiral galaxies. However, SpArcFiRe is not reliably able to directly
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Figure 2.6: In Galaxy Zoo:3D, users are shown a galaxy image (left), and asked to draw
on regions corresponding to the spiral arms, bar, any foreground stars, and the galaxy’s
centre. The resulting maps of users’ vote (right) can be used to differentiate between
the non-axisymmetric components of the galaxy in a MaNGA datacube.

extract the image regions corresponding to spiral arms, and crucially requires human

verification to remove false positives in the identification of individual arms (Hart et al.,

2017a).

Instead, an alternative approach being developed specifically to solve this problem

for galaxies in the MaNGA survey is to use the assistance of up to hundreds of thousands

of volunteer “citizen scientists” as part of the Galaxy Zoo:3D project. Such an approach

reduces the net time required to visually inspect each individual galaxy (with repeated

classifications for reliability) to the point that developing a fully automated solution be-

comes unnecessary. “Citizen science” has been applied to morphological classifications

of many galaxies as part of the Galaxy Zoo project (Lintott et al., 2008, 2011) and since

to many other projects as part of the Zooniverse platform1.

Galaxy Zoo:3D2 (GZ:3D; Masters et al., in preparation) is an ongoing project on

the Zooniverse platform. Volunteer users are shown images of galaxies in the MaNGA

target catalogue and are asked to draw boundaries marking the edges of spiral arms

and bars, as well as identifying the position of the galactic centre and any foreground

1www.zooniverse.org
2www.zooniverse.org/projects/klmasters/galaxy-zoo-3d/classify

www.zooniverse.org
www.zooniverse.org/projects/klmasters/galaxy-zoo-3d/classify
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stars. The end result is an image with defined spiral and bar weights at each position,

determined by the number of users who designated that position as part of a spiral arm

or a bar, as shown in Figure 2.6. We make use of the spiral arm masks from GZ:3D in

Chapter 3 and more significantly in Chapter 4.

2.3 Spectral fitting with Starlight

There are several publicly-available tools to fit an input spectrum with a set of template

spectra. Since each of these packages tries to combine a set of template spectra to

match an input spectrum, the choice of fitting routine should in theory have no effect

on the measured results. However, some recent studies (e.g. Ge et al. 2018) appear to

suggest that this is not quite true in some situations. In any case, the choice of which

of the well-established and fully-tested tools to use is somewhat arbitrary, although they

each have slightly different design specifications. The following have all been used for

modelling MaNGA data:

• The Penalised PiXel-Fitting (pPXF; Cappellari & Emsellem 2004; Cappellari

2017) code was designed to provide extremely robust kinematic measurements,

and also measures stellar population compositions.

• Starlight (Cid Fernandes et al., 2005) was designed for accurate recovery of

stellar populations in any application. Its flexibility has led it to be used in a range

of settings, including at different redshifts.

• Pipe3D (Sánchez et al., 2016a) was developed as an adaptation of the earlier

FIT3D (Sánchez et al., 2006). Aswith Fitting IteRativEly For Likelihood analYsis

(firefly; Wilkinson et al. 2015, 2017), it was specifically designed for application

to integral-field spectroscopic data.
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It is worth noting that there are several other full spectral fitting codes available.

For example, STECMAP/STECKMAP (Ocvirk et al., 2006b,a), VESPA (Tojeiro et al.,

2007), ULySS (Koleva et al., 2009), and more recent innovations such as Bayesian

Analysis ofGalaxies for Physical Inference and Parameter EStimation (bagpipes; Carnall

et al. 2018), Code Investigating GALaxy Emission (CIGALE; Boquien et al. 2019),

and SNITCH (Smethurst et al., 2019) would all — in principle — be applicable to

MaNGA datacubes, as would the GIST pipeline (Bittner et al., 2019), which is a new

implementation of pPXF specifically designed for IFU datacubes.

However, for the vast majority of the spectral fitting work contained in this thesis, we

use Starlight to measure stellar populations. This decision was made for the following

main reasons:

1. Unlike many stellar population fitting algorithms (e.g. bagpipes, CIGALE,

SNITCH), we do not wish to impose any assumptions on the shape of the star-

formation history that we wish to measure. Starlight is fully non-parametric,

and also does not limit the “smoothness” of any derived SFH through the use of

regularisation, unlike the normal setup of pPXF for example. The implications of

this detail are discussed in later chapters.

2. Although they were well-tested on launch, Pipe3D and firely are comparably

newer, so had not yet been applied in many instances when the work here was

started.

3. Starlight is specifically designed for robust population analysis, rather than

primarily for studying kinematics.

4. Starlight has a flexible configuration which can easily be altered. For example,

it is able to fit spectra using an irregular grid of template spectra, whereas pPXF

is not in its standard setup.
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5. MaNGA’s continuum is well-calibrated, and its long wavelength range potentially

contains stellar population information. Starlight fits this continuum shape as

well as all absorption features, unlike pPXF.

6. Although other fitting tools can be significantly faster than Starlight (see e.g.

Ge et al. 2018, 2019), we have access to the University of Nottingham High

Performance Computing facility (Minerva/Augusta), so this is not a significant

concern.

7. Starlight has already been successfully applied to study the spatially-resolved

fossil record in integral-field spectroscopic galaxy surveys (Pérez et al., 2013; Cid

Fernandes et al., 2013, 2014; García-Benito et al., 2019; González Delgado et al.,

2017; Mallmann et al., 2018).

Starlight builds a model spectrum using Monte Carlo methods, first sampling a

broad range in parameter space before narrowing to a detailed fit. Some aspects of how

this is achieved are further discussed in Chapter 5, but the full details of its spectral

fitting method is described by Cid Fernandes et al. (2005).

2.4 Single stellar population (SSP) template spectra

A key input in stellar population modelling with any spectral fitting programme is the

set of template spectra. Most studies of fitting galaxy spectra make use of single stellar

population (SSP) models. A single SSP spectrum represents how a model population

of stars — all with a given chemical composition (usually a single metallicity parameter

but occasionally more complex; see Vazdekis et al. 2015) — appears after a given

time interval since an idealised instantaneous star-formation burst. These spectra are
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Figure 2.7: SSP spectra from the E-MILES library (Vazdekis et al., 2016) for populations
of different ages (denoted by different colours) at solar (solid lines) and twentieth-solar
(dashed lines) metallicities.

built from observed spectra of stars, combined with a model isochrone (defining the

distribution on the Hertzsprung-Russell diagram of stars of the given age) and an initial

mass function (IMF). Each of these ingredients suffers from uncertainties (see Conroy

2013 for a review), so the choice of which template library to use can affect any scientific

results (e.g. MacArthur et al. 2004; Conroy et al. 2009, 2010; Cid Fernandes et al. 2014;

Ge et al. 2019; Belfiore et al. 2019).

However, despite small uncertainties and discrepancies between model libraries,

there is agreement on how a general SSP spectrum changes as a function of population.

Examples of stellar population spectra of different ages and metallicities are shown in

Figure 2.7. The continua of the youngest templates appear brighter and bluer than the

oldest ones, and the absorption features show strong trends with age and metallicity.

The spectra shown are from the E-MILES library (Vazdekis et al., 2016), which are

an extension of the earlier MILES library (Vazdekis et al., 2010; Falcón-Barroso et al.,

2011). Further details on these libraries are discussed in later chapters.
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2.4.1 MaStar

The template and test spectra in any spectral fitting routine should be observed in as sim-

ilar ways as possible, to reduce any unintended side-effects of systematic uncertainties

in flux calibration or spectral resolution (Conroy & Gunn, 2010). Ideally, this means

that the spectrum to be modelled should be observed using the same instrument under

the same conditions as the spectra used to build the SSP models. In practice, this is

almost never achieved.

To solve this problem for MaNGA, MaStar (Yan et al., 2019; Aguado et al., 2019)

is an ongoing project to obtain stellar spectra using the MaNGA instrumentation by

“piggybacking” onto SDSS-IV APOGEE-2N (part of the APO Galactic Evolution Ex-

periment, a major programme of SDSS-IV obtaining high-quality NIR stellar spectra;

Blanton et al. 2017; Majewski et al. 2017) observations during bright time at APO.

When this project is complete, it will be possible to build stellar population templates

with nearly-exactly matching quality to the MaNGA galaxy spectra. At the time of

writing, templates with only a limited range of stellar population ages have been created

(Maraston et al., 2019).



Chapter 3

A direct test of the quasi-stationary

density wave model of spiral structure

in a grand design galaxy

As a pilot study to see what can be done with the integral-field spectroscopic data

from MaNGA, in this chapter we make use of spectral fitting to investigate how stellar

population analysis can help to understand spiral structure in a grand-design spiral

galaxy.

The exact nature of the arms of spiral galaxies is still an open question (Dobbs

& Baba, 2014), but the leading model is that they are the products of density waves

that propagate around the disk, with the spiral arms being visibly enhanced by the

star formation that is triggered as the passing wave compresses gas in the galaxy disk

(Roberts, 1969; Bertin, 2014). To avoid the “winding problem”, whereby a radially-

varying wave angular speed causes the spiral arms to wind up over short timescales, a

persistent wave must propagate with an approximately radially-invariant angular speed,

its pattern speed ΩP. Testing this model of such a “quasi-stationary” density wave arm

34
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therefore ideally requires measurements of the radially-dependent pattern speed ΩP(r),

which is difficult to achieve. In this chapter, we outline a novel technique using stellar

population analysis to infer ΩP(r) and test the quasi-stationary density wave model in a

grand-design spiral galaxy.

3.1 Introduction

The hypothesized existence of quasi-stationary waves is based on the large number of

“open” spiral patterns seen in nearby galaxies, implying that spiral structure is unlikely

to change significantly on short timescales. Solutions and models of the nature of such

constant spiral arms emerged from work in the 1960s on self-exciting density waves in

stellar and gaseous disks (Lin & Shu, 1964, 1966; Kalnajs, 1965). With this came the

realisation that the prevalence of long-lived large-scale spiral arms in galaxies means

that a single global spiral mode dominates the process (Toomre, 1969; Bertin et al.,

1989), primarily driven by the gas dynamics of the disk (Bertin & Lin, 1996). As such

a global density wave propagates coherently around the galaxy triggering star formation

where it compresses gas, whereby it should create a quasi-stationary spiral pattern across

the face of disk galaxies (Bertin, 2014; Zhang, 2016).

In theory, the quasi-stationary nature of the density wave model can therefore be

tested by measuring ΩP and showing that it does not vary with radius in the galaxy.

Unfortunately, this measurement is difficult because ΩP is only indirectly connected

to observables such as the stellar rotation speed (Tremaine & Weinberg, 1984; Font

et al., 2011; Beckman et al., 2018). However, an alternative approach is to measure

the combined effects of the stellar rotation and the pattern speed on the distribution

of stellar populations around the galactic disk. In a quasi-stationary model of spiral

waves, the stars and gas which comprise the inner part of a galactic disk rotate faster
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than the spiral pattern speed. In this region, gaseous material entering the concave edge

of the spiral density wave will compress and cause a burst of star formation (Roberts,

1969; Gouliermis et al., 2017; Schinnerer et al., 2017). These new stars continue to

move ahead of the spiral arm with the older stellar and remaining gaseous material,

retaining their spiral structure for a short while before being mixed into the disk (Egusa

et al., 2011). Outside a certain radius (known as the corotation radius, denoted here by

RCR), material orbits the galactic centre at a slower rate than the pattern speed thanks

to a combination of the material’s rotational velocity Ω(r) gradient and a fixed pattern

speed, and so gas compression is expected to occur when the convex edge of the spiral

arm sweeps through the gaseous disk. Young stars are then left behind the concave

spiral arm edge.

As time progresses, stars which formed at the peak of the density wave will therefore

move away from spiral arms at a rate that depends on the relative speeds of stars and

wave. Thus, the offset between such stars and the current location of the density wave

provides a direct measure of the speed at which this wave is propagating. Using such

offsets to determine pattern speeds is not new: it has been employed to good effect using

the observed offset between the dense molecular gas that is currently being compressed

by the spiral wave and young hot stars that formed previously in the spiral arm and have

now moved from the peak of the wave (Egusa et al., 2004; Tamburro et al., 2008; Egusa

et al., 2009), including in theMilkyWay (Dias et al., 2019). The resulting colour gradient

across an arm has also been used to the same effect (Gonzalez & Graham, 1996; Puerari

& Dottori, 1997; Martínez-García et al., 2009; Martínez-García & González-Lópezlira,

2013; Miller et al., 2019; Abdeen et al., 2020).

Material passing through the spiral arm at its angular speed Ω(r) will travel around
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the galaxy by an angle of θm(r) over a time interval δτ, since

Ω(r) =
θm(r)
δτ

. (3.1)

If this material contains an imprint of the effects of the spiral arm— for example young

stars which were formed at the peak of the density wave — then it will trace the spiral

structure, but offset by θm(r) from where the arm affected this material. However, over

the same time interval δτ, the arm itself will have also moved around the disk by a small

angle θP(r) due to the pattern speed, as

ΩP(r) =
θP(r)
δτ

, (3.2)

so from the observed angle offset δθ(r) between any two tracers

ΩP(r) = Ω(r) −
δθ(r)
δτ

, (3.3)

as outlined by Egusa et al. (2009). The presence of the spatial offsets between spiral

structure seen in different tracers identified in the above previous works lends some

weight to some form of a density wave model of spiral structure. However, in these

previous analyses the offset in time between the twophases δτ—essentially the timescale

for star formation — was also unknown, so had to be solved for simultaneously. The

price paid for deriving this extra parameter was thatΩP had to be assumed to be constant

with radius, preventing such a method from being used as a test of the quasi-stationary

nature of the density wave picture.

However, we have now reached a point where the quality of optical spectroscopy

and the associated modelling techniques allow one to extract a stellar population of a

specified age from spectral data, so that ΩP can be measured as a function of radius
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to see how constant it really is. In this chapter, we use the detailed information on

stellar populations of the grand-design spiral galaxy UGC 3825, extracted from spectral

mapping, to measure the offset between young stars of a known age and the current

location of star formation occurring in the spiral arm in which they formed, allowing

the first direct measure of ΩP at a range of radii.

3.2 UGC 3825

As a test case, we have selected the galaxy UGC 3825 (MaNGA plate-IFU 8132-

12702). This isolated (Verley et al., 2007b; Argudo-Fernández et al., 2015) system

has a symmetric grand-design structure, which makes it a prime candidate for being

the product of a global density wave of internal — rather than tidal — origin (Bertin,

2014; Pettitt et al., 2017; Aramyan et al., 2017). It also does not contain a bar or a

significant bulge (Karachentsev & Karachentseva, 2019), which might complicate the

interpretation of its spiral structure, and it is at an ideal intermediate inclination to the line

of sight at 28° according to the NASA-Sloan Atlas (NSA; Blanton et al. 2011) axis ratio

measurements (assuming that the galaxy is an intrinsically flat circular disk), allowing us

both to identify its spiral structure and to measure the rotational motion of material via

the Doppler shift. At 1010.56M� it is a relatively high-mass spiral galaxy lying within the

blue star-forming main sequence (g−r = 0.56) according to photometric measurements

from the NSA (Blanton et al., 2011). It also has a low redshift of z = 0.0276, so it was

observed with MaNGA’s largest 127-fibre IFU, thereby providing simultaneous detailed

spatial and spectral information.
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3.3 Analysis Methods

Tomeasure the pattern speedΩP(r) usingEquation 3.3, spiral structuremust bemeasured

in two tracers with a known associated time interval δτ, and the radially-dependent

angular offset δθ(r) must be measured between them. Finally, the velocity of material

through the arms Ω(r) must also be determined.

3.3.1 Spectral Fitting

At each location across the face of the galaxy, we decompose the MaNGA spectrum

into the contributions from stars of differing ages and that from current star formation,

allowing us to map the distribution of all these various components. For this, we use a

combination of two spectral fitting software packages; pPXF (Cappellari & Emsellem,

2004) and Starlight (Cid Fernandes et al., 2005). We fit each spaxel’s spectrum

individually to ensure that we retain all of the spatial information possible. This will

result in a decreased signal-to-noise per Ångstrom (SNR) at the edges of the galaxy, but

within the region of interest in the galaxy’s disk, no spaxel has a SNR less than 5. Any

noise on a pixel-by-pixel level is smoothed out later when we measure offsets; we only

consider variations in a population’s flux on large scales of many spaxels combined.

More detail on the effects of low signal-to-noise on the fitting results are discussed later

in Chapter 5.

3.3.1.1 Template Spectra

Each spaxel’s spectrum of UGC 3825 was fitted using a set of 270 single stellar pop-

ulation (SSP) template spectra from the MILES project (Vazdekis et al., 2015). The

MILES templates have a wavelength range similar to MaNGA (3540 Å to 7410 Å),
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Figure 3.1: The adopted set of SSP template spectra used in fitting. Black points indicate
the location in parameter space of SSPs from the MILES library.

with SSPs available for a large number of different ages and metallicities. We use

templates covering a wide range of ages (27 values between 3 × 107 (≈ 107.5) years and

13×109 (≈ 1010.1) years) andmetallicities (10 values of [M/H] between -1.79 and +0.40)

as indicated in Figure 3.1. Such fine sampling of the age parameter space is employed

to achieve the temporal resolution needed to separate out the young stellar components

sought in this analysis; the coarser sampling in metallicity is entirely adequate for this

work while keeping the total number of templates within the maximum that the software

can process. We assume a Kroupa (2001) revised stellar initial mass function (IMF)

with “BaSTI” isochrones (Pietrinferni et al., 2004).
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3.3.1.2 Measuring Hα flux

As a first step to extract and remove emission-line contributions from the spectra,

pPXF (Cappellari & Emsellem, 2004; Cappellari, 2017) was used to simultaneously fit

the shape and kinematics of both the stellar spectra and a full set of emission lines,

whose profiles were assumed to be Gaussian. The resulting Hα emission-line flux

measurements provide the tracer of ongoing star formation, since Hα luminosity LHα is

directly proportional to the local star-formation rate (Kennicutt, 1998).

3.3.1.3 Deriving star-formation histories

The spectra were initially logarithmically binned to allow the kinematics to be derived.

After the emission lines had been subtracted out, the remaining stellar spectra were

rebinned to a linear scale and fitted using the Starlight (Cid Fernandes et al., 2005;

Asari et al., 2007) code that is optimised for modelling stellar populations. To reproduce

the observed spectra in the fitting process, we also allowed for dust obscuration using a

variable-strength Cardelli et al. (1989) reddening law.

The resulting output from Starlight provides the contribution of each SSP of

specific age and metallicity to the spectrum at each location across the face of the

galaxy. Thus, we are now in a position to create maps showing how stars with differing

properties contribute to the total light of the galaxy. In this case, we are interested in

mapping out the young stars, so we extract the contribution from all the SSPs with ages

of less than 6 × 107 years.
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Figure 3.2: UGC 3825 and its star formation tracers used here. a: SDSS imagery (Fukugita et al., 1996), showing 5 arcseconds for
scale. b: Ongoing star-formation, traced by the Hα emission line. c: 4020 Å flux of young (≤ 6 × 107 years) stars. In each panel, the
outline denotes the region within which at least 25% of Galaxy Zoo:3D users agreed on the presence of a spiral arm.
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3.3.2 Spiral arm tracers

Figure 3.2 shows the resulting distribution of Hα emission (representing regions of

ongoing star-formation) and the map of young (≤ 6 × 107 years) stars. As a fiducial,

the figure also shows the location of the spiral arm regions determined as part of the

ongoing Galaxy Zoo:3D (GZ:3D) citizen science project (see Section 2.2), although this

information on the locations of the arms is not required or used in the analysis here. For

UGC 3825, 8 users drew spiral arms, so the fiducial in Figure 3.2 is a contour denoting

the contiguous region where at least 2 users defined as being part of the spiral arms.

The resulting LHα map is consistent with that measured using similar methods by

the MaNGA DAP (Westfall et al. 2019; Belfiore et al. 2019; see Section 2.1.5) and the

overall results do not change depending on which measurements are used. The broad

agreement in the shape of the two spiral tracers — despite the emission-line information

being removed before performing the Starlight fits — provides some confidence that

the spectral fitting methods are measuring what we require. It is also worth noting that

the structure within the arms in both tracers is at the ≈ 2.5 arcsec level, which is the

MaNGA PSF. Fitting each spaxel independently therefore does not introduce significant

spaxel-to-spaxel noise over the level of the intrinsic signal.

3.3.2.1 Determining the time offset δτ

The youngest SSP template age used in the fit is 3×107 years, but the fitting process will

attribute all younger stars — which we know exist thanks to the presence of ongoing

star formation indicated by the Hα emission-line map — to this population as well.

We therefore assume that this very youngest template’s ‘true’ age is approximately half

of this age, 1.5 × 107 years, and all other templates’ weights account for stars of their

listed age. By weighting by Starlight’s fit’s template weights, we find the mean age



3.3. Analysis Methods 44

of all stars younger than 6 × 107 years over the entire MaNGA field of view to be

1.9 × 107 years. Due to the assumptions in estimating the effective age of the youngest

template, we conservatively assign an uncertainty in this age as 1.0 × 107 years. The

peak in Hα emission occurs very soon after the onset of star-formation, and hence the

temporal offset between the young population and the Hα emission is δτ = 19±10 Myr.

3.3.2.2 Determining the angular offset δθ(r)

Even in these rawmaps shown in Figure 3.2, it is discernible that over most of the galaxy

the young stellar population is found on the leading edge of the spiral arm. This is what

one would expect from the spiral density wave picture, as the material in the inner parts

of a galaxy is predicted to circulate at a higher angular velocity than the spiral pattern,

so gas clouds overtake the arms and collapse to form stars in the density wave. These

young stars continue to overtake the spiral arm to emerge out of the leading edge after a

time interval determined by the difference between the pattern and material speeds, as

defined in Equation 3.3.

We can render this description more quantitative by measuring the small angular

offset in azimuth between these two spiral arm tracers as a function of radius, δθ(r),

by cross correlating data from the maps of current star formation and the young stellar

population. As a first step, we deproject the maps to face-on using centre coordinates,

inclination, and position angle measurements determined from the best-fit parameters

to the gas disk kinematics,1, and convert the Cartesian images to polar ones, binned in

radius with a step-size of∆r ≈ 0.16 kpc. When the NSAmeasurements are used instead

for the centre, inclination and position angles (assuming the galaxy disk is intrinsically

a flat circular disk), the results are unchanged.

1Thesemeasurements weremade using amethod similar to that of Andersen&Bershady (2013) which
was implemented on the MaNGA observations of UGC 3825 by K. Westfall in work not yet published.
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Figure 3.3: Cross-correlating allows us to determine the angular offset between the two tracers. Polar-coordinate maps of the Hα
emission line and young stars from Figure 3.2 are shown in a and b. The galactic centre is at the bottom of the map, and the black
outlines indicate the location of the same GZ:3D spiral arm mask shown in Figure 3.2. The cross-correlation signal between these
maps is also shown in c, with the cross-correlation angle δθ(r) shown as a red line. The red dotted line indicates the uncertainty in
the cross-correlation angle ∆δθ(r), defined using Equation 3.4.
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For each such radius, we determine the offset between the spiral features in the Hα

and young stellar map by cross-correlating the signal in the polar maps, displayed in

Figure 3.3. The boundary of the polar-coordinate maps at ±2π is entirely arbitrary and

the correlation must “wrap” to ensure that the signal is that of the spiral arms and not

that of the image boundary. For this reason, we actually employ a convolution algorithm

between the two tracers, which acts as a close proxy for cross correlation with easier

handling of the boundary wrapping. The convolution makes use of the convolution

theorem, which states that the convolution f ∗ g between two signals f and g can be

written as f ∗g = F −1{F { f } · F {g}} where F denotes a Fourier transform. We expect

a spiral arm enhancement in flux in either tracer to be approximately symmetrical about

its maximum at a given radius r , in which case the convolution and cross-correlation

methods produce identical results. Regardless, we are only interested in the location of

the peak of the convolution/cross-correlation signal, which is unaffected by the symmetry

of the spiral arm signals. The location of the maximum in this convolution signal is

refined to a sub-pixel value by fitting a 2nd-order polynomial around the peak.

The region of r < 3.2 kpc (approximately 0.32 Re using the elliptical Petrosian

effective radius measurements Re from the NSA) in Figure 3.3 is ignored when calcu-

lating ΩP(r) since the azimuthal signal of Hα variations here is found to be too small

to reliably measure δθ(r). We also ignore the region of r > 9 kpc, as the MaNGA IFU

covers less than 50% of the azimuthal range here due to the non-circular boundary.

A conservative estimate for the uncertainty ∆δθ(r) in this offset can be obtained from

the ratio of the full-width-at-half-maximum (FWHM) of the peak in the convolution

signal to the signal-to-noise ratio (SNR) of the signal at each radius r . Since there

are no regions of the convolution dominated by noise rather than signal, the radially-

dependent convolution SNR is in turn estimated as the ratio of the peak height H(r) (i.e.

the maximum strength of the cross-correlation signal at r) to the standard deviation of
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the cross-correlation signal σδθ(r); i.e.

∆δθ(r) =
FWHM(r) × σδθ(r)

H(r)
. (3.4)

The radially-varying FWHMallows the value of∆δθ(r) to account for the radial variation

in the MaNGA beam size effects in the polar-coordinate plots. At low r , the beam covers

a large range in θ. The cross-correlation signal’s peak will therefore be proportionally

wider, increasing∆δθ(r). At large radius, the beamwill cover a small range in θ, allowing

us to obtain a tighter constraint on the value of δθ(r).

3.3.3 Measuring the angular velocity of circular orbits Ω(r)

The other ingredient needed to determine the pattern speed is the angular speed of

material following a circular orbit in the galaxy,Ω(r). We use gas velocitymeasurements

from the MPL-6 version of the MaNGA DAP to determine the angular velocity of

material Ω(r) since the very young stars this material traces will not yet have been

dynamically heated from their purely circular trajectories (Gerssen et al., 1997).

Using the same process as described in Section 3.3.2.2, the gas velocity map can be

remapped into polar coordinates, as shown in Figure 3.4. At each radius, the observed

line-of-sight velocity will vary sinusoidally with azimuthal angle, and a simple least-

squares fit yields the amplitude of this variation at each radius,Vgas(r). This is illustrated

for r = 6 kpc in Figure 3.4. The angular speed can then be calculated as

Ω(r) =
Vgas(r)

r × sin(i)
(3.5)

where i is the inclination angle of the galaxy to the line of sight (i = 0 for a face-on

galaxy) derived from the galaxy’s kinematics in Section 3.3.2.2. The error in Ω is
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Figure 3.4: The line-of-sight gas velocity map (top left) is transformed to polar coordi-
nates (top right). At any given radius r (for example r = 6 kpc indicated by the dashed
line), the velocity variation with azimuth is modelled as a sine wave (bottom). The value
ofVgas at this radius is defined as the amplitude of the best-fit sine wave (Vgas = 87.6 km/s
at r = 6 kpc).
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dominated by the contribution from the uncertainty in the sinusoidal fit, and so this

value is adopted.

3.4 Results

The resulting pattern speed ΩP(r) using Equation 3.3 is shown in Figure 3.5. We find

that ΩP(r) has very little (if any) trend with galactocentric radius r , and within the

uncertainties of the complex measurements is consistent with having a constant value

of 33 km s−1kpc−1. Such constancy was in no way imposed by the analysis, so the result

of this analysis for UGC 3825 is therefore entirely consistent with the predictions of a

quasi-stationary density wave.

At small radii — as expected from the qualitative analysis of offsets in Figure 3.2

— matter is rotating faster than the derived pattern speed, but eventually the measured

angular speed of material drops to where it is rotating at the same speed as the spiral

pattern, at the corotation resonance RCR. The location of this resonance in Figures 3.3

and 3.5, at a radius of RCR ≈ 6 kpc (0.6 Re), is broadly consistent with estimates for

other galaxies using less direct techniques (e.g. Tamburro et al. (2008) who find that

0.8 / RCR/Re / 2.2 in most galaxies) and with the predictions for a modal picture of

quasi-stationary density waves for which it is expected that 0.6 6 RCR/Re 6 1.2 (Bertin

& Lin, 1996; Bertin, 2014).

3.4.1 Testing with an older stellar population

If the picture established here is correct, then it should be possible to repeat the analysis

using a somewhat older stellar population that will have had time to travel further from

the peak of the spiral density wave. In practice, it appears that the residual spiral
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Figure 3.5: The derived pattern speed ΩP(r) for UGC 3825 using this method is shown in green. This is the value of δθ
δτ (r) (plum

solid) subtracted from the angular velocity of material Ω(r) (gold solid), as defined in Equation 3.3. The estimated 1 σ uncertainties
in these quantities as defined in Sections 3.3.2.2 and 3.3.3 are denoted by dotted lines. The light blue dashed line shows a constant
pattern speed consistent with the measured ΩP(r). The horizontal axis is limited here to the region where at least 25% of the GZ:3D
users agree on the location of the spiral arms. At r < 3.2 kpc, the azimuthal change in the Hα emission-line map becomes too
unreliable to measure a cross correlation, as explained in Section 3.3.2.2.
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feature fades very rapidly into the noise from the more general disk population, but

we were able to extract a consistent signal from a portion of the southern spiral arm

for an intermediate-age population combining the templates with ages between 0.2 and

1.3 Gyr. This population is dominated by B- and A-type stars. We find that the flux-

weighted average age of these stellar populations is at the very youngest end of this range,

due to the strong dependence on stellar age of the population’s luminosity. Therefore

adopting a luminosity-weighted age of ≈ 0.2 Gyr, the results from the angular offset of

these somewhat older stars from the Hα emission-line map — which we have shown

in Figure 3.6 — are entirely consistent with the pattern speed derived in Figure 3.5,

giving some further confidence in both the method and the model of a quasi-stationary

density wave. Similarly, the same cross-correlation method applied between the spiral

arms traced by these intermediate-age stars and the youngest stars produces consistent

results, albeit with larger uncertainties.

3.5 Conclusions

We have shown that the spiral structure present in different tracers — in this case the Hα

emission line representing ongoing star formation, and two stellar populations of differ-

ent ages — can be measured separately using spectral fitting methods. In UGC 3825,

the presence of an offset in the spiral structure between tracers of different timescales

since star formation provides evidence for the spiral arms being consistent with a density

wave model, and also reassures that the spectral fitting techniques employed here are

reliable. We found that the measured spiral pattern speed is entirely consistent with

being constant with radius. A coherent story therefore emerges in which the observed

spiral structure is consistent with a quasi-stationary internal-origin density wave.

However, it has been suggested (and evidence is making it increasingly clear) that



3.5. Conclusions 53

such amodel can only explain the spiral structure found in a fraction of all galaxies (Meidt

et al., 2009; Hart et al., 2017a; Pringle & Dobbs, 2019). Since different mechanisms

for producing spiral arms should result in significantly different radial profiles in pattern

speed (Bertin, 2014; Baba et al., 2015), future studies could distinguish between such

physical processes using this new technique. Large spectroscopic surveys of galaxies

like MaNGA will ultimately allow us to fully determine the circumstances under which

galaxy spiral arms are produced by long-lived density waves.

This pilot study confirms that there is a wealth of information contained within the

spatial distributions of stellar populations of different ages, motivating amore systematic

study of the full star-formation histories first with a single galaxy in Chapter 4, leading

to a larger survey in Chapter 6.



Chapter 4

Time-slicing spiral galaxies

Spectra of galaxies contain a wealth of information about the stellar populations from

which they are made. With integral-field unit (IFU) surveys, such data can be used to

map out stellar population properties across the face of a galaxy, allowing one to go

beyond simple radial profiles and study details of non-axisymmetric structure. To-date,

however, such studies have been limited by the quality of available data and the power

of spectral analysis tools. This chapter makes the case for taking the next step, and

studies the barred spiral galaxy MCG+07-28-064 from observations obtained as part of

the SDSS-IV MaNGA survey. We aim to highlight that there is a wealth of untapped

information on the spatial distribution of star-formation histories (SFHs) available in the

current generation of IFU galaxy surveys, and as an example we explore what can be

learned about bars and spiral arms when approached in this way.

4.1 Introduction

By analyzing the full spectrum of an unresolved stellar population, it is possible to extract

detailed information about the population’s star formation history (SFH) by measuring

54
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the fraction of stars of different ages present. Early works by Panter et al. (2003), Ocvirk

et al. (2006b), Mathis et al. (2006), Tojeiro et al. (2007), Koleva et al. (2009) and others

showed that spectral analysis of large low-redshift spectroscopic survey data can reveal

information about the evolution of star formation in the Universe back to redshifts of

z ≈ 2.

With the advent of large integral-field spectroscopic surveys such as the Calar Alto

Legacy Integral Field Area survey (CALIFA; Sánchez et al. 2012), the Sydney-AAO

Multi-object Integral field spectrograph (SAMI; Croom et al. 2012), and MaNGA

(Bundy et al., 2015), the populations of different regions of galaxies can be charac-

terised. This can provide a valuable insight into the formation processes and the internal

dynamics of galaxies, since these will leave a signature imprint in the stellar populations

contained within. González Delgado et al. (2015) showed that the SFHs of galaxies

vary with radius and that this has a significant connection to galaxy morphology. They

found evidence for inside-out growth of galaxies, an effect which Ibarra-Medel et al.

(2016) subsequently found to be strongest in currently star-forming spiral galaxies. This

picture will be explored further in Chapter 6. Backing up these findings, Rowlands

et al. (2018) also showed that the fractions of stars of different ages residing in different

regions of a galaxy are connected to the local gas conditions in the system. Measuring

the spatially-resolved SFHs with MaNGA can also help in understanding the known

evolution of galaxy populations over cosmic time (Sánchez et al., 2019) as well as the

effects of AGN activity on the conditions in the central regions of galaxies (Mallmann

et al., 2018).

Statistical studies using large samples of galaxies are useful to help us understand

the general evolution and growth of galaxies, but by only measuring variation in the

SFHs with galactic radius some subtle details are being “washed out”. Most low-redshift

disc galaxies host non-axisymmetric structures such as spiral arms and bars (Knapen
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et al., 2000; Eskridge et al., 2000; Masters et al., 2011), which are likely to affect

different stellar populations in different ways. For example, it is known that azimuthal

variation in the current star formation rate can arise as a result of the presence of bars

(Martin & Friedli, 1997; Verley et al., 2007a) and spiral arms (Chapter 3; Gonzalez

& Graham 1996; Puerari & Dottori 1997; Dametto et al. 2019), and so the spatially-

resolved fossil record of stellar populations are likely to contain the historical imprints

of these structures. Additionally, bars are associated with stable orbits (Contopoulos

& Papayannopoulos, 1980; Athanassoula, 1992) and hence flattened stellar population

gradients (Fraser-McKelvie et al., 2019), while young stars are often associated with

spiral arms (Roberts, 1969).

To gain a more complete picture of the spatially resolved SFHs of disc galaxies

beyond the radial variations of previous large-scale works, we should generate two-

dimensional maps of stars of different ages and test how these correlate with galaxy

components including non-axisymmetric structures. Cid Fernandes et al. (2013, 2014)

showed that it is possible to observe the distinct structures of stellar populations of

different ages using spectral synthesis of CALIFA datacubes. In this chapter, we explore

how similar methods could be reliably applied to a MaNGA datacube in preparation

for larger studies, and to then investigate in what ways non-axisymmetric structures

vary between the present-day distributions of different stellar populations. The work

presented here also discusses whether such an approach can help to understand the

dynamics of bars and spiral arms. To this end, a pilot study is presented of full-spectral

fitting on a datacube to find the fractions of light and mass in stars of different ages and

metallicities. We take care to preserve the full spatial information available in MaNGA,

in order to build maps of stars of different ages.
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4.2 Galaxy MCG+07-28-064

For the purposes of this exploratory study, we have selected MCG+07-28-064 (MaNGA

plate-IFU 8332-12701) as an example galaxy to test the population analysis technique.

It serves as an ideal test case galaxy for this purpose, since it shows clear spiral and bar

structure and is located in a region with low Galactic extinction (E(B−V)MW = 0.014).

According to the NASA-Sloan Atlas (NSA; Blanton et al. 2011), it has a redshift of

z = 0.028, and a photometry-derived mass of 109.78 M�.

Aswell as being in theMaNGA sample, MCG+07-28-064 is part of the initial sample

of galaxies for the Galaxy Zoo:3D programme (GZ:3D; see Section 2.2), providing

locations of bar and spiral arm features which we can use in the analysis described here.

4.3 Spectral Fitting

A number of spectral fitting tools are publicly available. As discussed in Section 2.3,

we use Starlight (Cid Fernandes et al., 2005), which has previously been successfully

applied to analyse stellar populations of CALIFA and MaNGA datacubes (Pérez et al.,

2013; Cid Fernandes et al., 2013; Mallmann et al., 2018). For a given input spectrum,

Starlight utilises Monte Carlo techniques to find a best-fit combination of template

spectra, also allowing for a variable-strength dust extinction.

We apply Starlight to each spectrum in the MaNGA datacube of MCG+07-28-

064 using Starlight’s “long fit” settings — including long Markov chains and the

requirement to retain at least 97% of the fit’s total light, for example—which prioritises

robustness over speed, as recommended by Ge et al. (2018) and Cid Fernandes (2018).

It is common to bin neighbouring spatial pixels (“spaxels”) together when fitting to

ensure a minimum signal-to-noise. However, to ensure that we are not blending any
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non-axisymmetric structures into the surrounding disc, we perform the fits on every

available spaxel. This results in lower signal-to-noise in individual spaxels in the faint

outskirts of the galaxy (the consequences of which are discussed further in Chapter 5)

but here we focus only on the brighter bar and spiral arm regions.

We allow Starlight to fit for extinction using a Calzetti (2001) curve, and use a

wavelength range for the fit of 3300 to 8900 Å to make greatest possible use of all of the

spectral information available in both MaNGA and E-MILES. Since stellar populations

of different ages dominate different wavelengths in the spectrum, using such a long range

in the fit is essential to constrain the full SFHs.

Starlight does not fit emission lines, so these must either be removed or masked

before fitting. Although many authors (e.g. Cid Fernandes et al. 2013) choose to mask

them, we make use of the MaNGA DAP emission-line measurements (Westfall et al.

2019; Belfiore et al. 2019; see Chapter 2) and subtract them from our spectra, allowing

us to retain and fit all absorption line information which might otherwise be masked.

This is particularly important for the Balmer lines, a key age diagnostic. Once the

emission lines have been removed, each spectrum is de-redshifted and rebinned onto a

linear wavelength base before being fit with Starlight.

4.3.1 Template spectra

The template spectra we use in fitting are synthetic single stellar populations (SSP) from

E-MILES (Vazdekis et al., 2016). We use a set of 78 SSPs — indicated in Figure 4.1 —

with 14 ages (0.03, 0.05, 0.08, 0.1, 0.2, 0.3, 0.45, 0.7, 1, 1.75, 2.5, 4, 6.5, and 10 Gyr)

and 6 metallicities ([M/H] = −1.79,−1.49,−0.96,−0.66,−0.25,+0.26), avoiding the six

templates (0.03–0.1 Gyr at [M/H] = −1.79, and 0.03–0.05 Gyr at [M/H] = −1.49)

which fall outside the recommended safe ranges specified by Vazdekis et al. (2016). We
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Figure 4.1: The set of SSP template spectra used in fitting in Chapter 4. As in Figure 3.1,
black points indicate the location in parameter space of SSPs from the E-MILES library.

have tested how our derived SFHs vary if we include a finer sampling in age and found

that reducing the total number of SSPs from the 270 used in Chapter 3 — almost the

maximum of 300 allowed in Starlight — to these 78 resulted in entirely consistent

results, but significantly reduced computing times. The templates all assume a Kroupa

(2001) IMF, Pietrinferni et al. (2004) isochrones, and a Milky Way [α/Fe] (“baseFe”).

Before fitting, each of the template spectra have been Gaussian-smoothed to match the

wavelength-dependent spectral resolution of the MaNGA spectra.

4.3.1.1 Treatment of α-element enhancement

It is not straightforward to predict how the assumptions made in the fitting processes

affect the accuracy of the returned SFHs. An example of this is in the alpha enhancement.

This is a measure of the over-abundance of the α-elements (primarily O, Mg, Si, Ca,
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and Ti) relative to that of iron. Since these α-elements are thought to be formed on

short timescales in Type II supernovae while Fe is formed in Type Ia which have longer

timescales (Tinsley, 1979), measurements of the variation in [α/Fe] of individual stars

in the Milky Way have been used to study the possible formation sequences (Fulbright,

2002; Nissen & Schuster, 2010) and kinematics (Feltzing et al., 2019) of our galaxy.

Varying the alpha enhancement will affect the relative strengths of absorption lines in

a stellar population spectrum, and exactly how Starlight might try to adjust its fit to

account for the restriction to a single (potentially erroneous) value of [α/Fe] is uncertain.

Although the E-MILES templates’ variation of alpha-enhancement is limited to be

Milky Way scaled — in which [α/Fe] is a function of [M/H] according to observations

of the Solar neighbourhood — the earlier MILES models as used in Chapter 3 (which

have a shorter wavelength range; Vazdekis et al. 2010; Falcón-Barroso et al. 2011)

are also available with solar ([α/Fe] = 0) or alpha enhanced ([α/Fe] = 0.4, which is

representative of the most alpha-enhanced stars typically seen in the Milky Way; see

for example Nissen & Schuster (2010)). To test how the restriction to a single value of

[α/Fe] for each metallicity biases the results, we performed a test in which the basic

SFH of a spectrum obtained using twelve MILES SSPs (4 ages × 3 metallicities ×

1 alpha-enhancement) was compared with that using 36 SSPs (4 ages × 3 metallicities ×

3 alpha-enhancements). By comparing the results from each fit, we found that although

our resulting metallicity distributions may be affected by limiting the available SSP

templates to a single [α/Fe], the age distributions are unaffected, so we conclude that

this assumption does not impact on the measured SFHs significantly.

4.3.1.2 Treatment of young populations

We have also tested adding a set of theoretical templates from González Delgado et al.

(2005) covering the range of 1 to 50 Myr to the E-MILES set described above, and



4.3. Spectral Fitting 61

found that the SFHs at times greater than 50 Myr to be generally unaffected. To avoid

complications and additional uncertainties related to mixing two different population

libraries, the results here are using only the E-MILES library. This of course limits the

range of ages for which we are able to measure SFHs. A more detailed discussion of

work to incorporate these younger templates to probe the structure of populations at a

greater range of stellar ages is contained in Chapter 5.

4.3.2 Handling Starlight output data

For each spectrum in MCG+07-28-064, Starlight returns the weight assigned to each

template in its best fit at a reference wavelength, in this case taken as 4020 Å. By

retaining all of these weights at each position in the MaNGA datacube, we produce a 4D

output cube (x, y,age,metallicity) from the 3D (x, y, λ) MaNGA datacube. Using this

output, it is therefore possible to sum the relevant template weights to find the fraction

of stars at a specific location within a particular metallicity or age range. Here we use

the Starlight SSP weights to build maps of the flux produced by stars of each age, and

can also find the mean metallicity of those stars across the face of the galaxy.

There are many uncertainties involved in full spectrum fitting (Conroy, 2013; Cid

Fernandes et al., 2014), particularly in the ability to break the age-metallicity degeneracy,

although the broad wavelength range of MaNGA spectra helps here. As a result, many

spectral fitting tools such as pPXF (Cappellari & Emsellem, 2004) include regularisation

to force the resulting SFHs to have a smoothed distribution. Since Starlight does not

include regularisation, we smooth the grid of SSP weights in the age axis to produce

maps of stars of different ages to ensure we are not over-interpreting extremely large or

small weights given to a few SSPs (Cid Fernandes et al., 2005; Cid Fernandes, 2018).

It is also worth noting that the metallicity of young stellar populations is not easily
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determined, since these populations do not show strong metal absorption features. For

populations younger than ≈ 0.1 Gyr, Starlight assigns weights to all metallicities

approximately evenly, resulting in all populations at these ages to appear to have a mean

metallicity of ≈ −0.75.

These issues are explained in more detail in Chapter 5.

4.4 Time slicing

The spectral fitting on the datacube for MCG+07-28-064 can be visualised by the

animation shown in Figure 4.2, showing the flux contribution of stars as a function of

age in different parts of the galaxy, coloured by those stars’ mean metallicity. For each

frame, we interpolate over the SSP weights using a Gaussian of width 0.4 dex in age to

create a flux map of the stars of each age. We then find the mean metallicity of those

stars at each point in the galaxy, which is indicated using the colour of each pixel.

In the animation, stars of varying ages exhibit varying radial and azimuthal structures.

The fitting of each spaxel was performed entirely independently, so the presence of any

such age-dependent structures provides some confidence in performing spectral fitting

in a spaxel-by-spaxel manner. To highlight the importance of retaining the full spatial

information from MaNGA, we focus here on the variation of azimuthal structure in

populations of different ages.

4.5 Results

To quantify the structural variations seen in Figure 4.2, we generated images of each

stellar population time slice (smoothed to 0.4 dex in age), and measured parameters
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Figure 4.2: Top: Animation showing the spatially resolved flux (colour-coded by the
mean metallicity) of stars as a function of age, running from 10 to 0.03 Gyr. Middle:
Weighting function used. In each frame, the Starlight output is smoothed in age using
a Gaussian weighting function centred on the frame’s age with a width of 0.4 dex. Red
points indicate the SSP ages used in the fit. Bottom: Colour map indicating the flux
(in units of 10−14 erg s−1 cm−2 Å−1 spaxel−1) and light-weighted mean metallicity (in
units of log(Z/Z�)) of the stellar population. Dashed vertical lines indicate the SSP
metallicities used.
Note that the metallicities of stellar populations younger than ∼ 0.1 Gyr are unreliable,
since these populations have very few metallicity-related spectral features.
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relating to the spiral arms and the bar.

4.5.1 Measuring spiral arm and bar parameters

The bar structural parameters aremeasured using the Fast Fourier Transform bar analysis

method of Kraljic et al. (2012). The presence of a bar is inferred by a strong m = 2

Fourier component. The length is inferred by measuring the phase of the second mode,

Φ2(r), within the bar region. A bar is deemed present if Φ2(r) is constant to within

5°, and the radii that this occurs for correspond to radii at which a bar is present. The

length, strength, and angle of the bar are measured for age slices centred on each of

the SSP ages used in the fitting. These FFT methods do not intrinsically provide an

estimate for the uncertainties in each of the bar length, strength, and angle. We expect

that uncertainties in these measurements will be dominated by noise in the time slice

images, so we estimate them through a basic bootstrapping approach by measuring the

bar parameters in each of four half-images (N, E, S, W) of the time slice separately and

measuring the deviation of these measurements from that of the full time slice.

To define the spiral arm contrast S(t) for a given population age t, we first measure

the radial flux profiles of the galaxy within the spiral arm fs(r, t) and disc regions

fd(r, t) separately as a function of radius r at that age t. These are obtained using the

Galaxy Zoo:3D spiral masks, where the spiral region is defined as that where at least

40% of users have marked as being part of the spiral arms, and the disk region as that

where less than 20% of users marked as being spiral arms. The specific thresholds used

are somewhat arbitrary, since a spiral arm wave does not normally have a clearly-defined

edge. However, these thresholds were chosen to ensure that a sufficient number of

spaxels are included in both regions. Using these, we define a radially-dependent spiral
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contrast

S(r, t) =
fs(r, t) − fd(r, t)

fd(r, t)
, (4.1)

and then take the median value of this quantity over all radii for a given time slice t as the

single-valued spiral arm contrast S(t). An uncertainty in this measurement is estimated

by considering the uncertainties in measuring fd(r, t) and fd(r, t) due to the scatter of

individual spaxel fluxes at a given r and t, and propagating these using Equation 4.1.

4.5.2 Variation in spiral arm and bar properties in different time

slices

Figure 4.3 shows how these bar and spiral arm parameters change with stellar population

age, for time slices centred on each SSP age used in the fit. The same parameters

measured for the Hα emission map — which represents the very latest star formation

in the galaxy — is consistent with those measured for the youngest populations, despite

emission lines being excluded from the stellar population fitting. We also measured S

and the bar parameters for u-, g-, r-, i- and z-band images. For consistency with the

time slice measurements, these images were generated from applying the SDSS filter

functions to the MaNGA datacube rather than using the higher-resolution and larger

FOV in the raw SDSS imaging. The broad-band structural measurements show general

agreement with the results from the stellar populations, (expecting that the redder bands

are most sensitive to older populations), but highlight the amount of extra information

which can be obtained from this stellar population analysis.

The bar is detected in stellar populations of all stars younger than 4 Gyr, and

exhibits variation in its length at different stellar ages. It is not clear that this variation

necessarily reflects the historical bar growth, or whether it is an imprint of the original

radial distribution of stars which became locked into the bar when it formed. However,
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Figure 4.3: Bar and spiral parameters as a function of stellar age. Filled points are
from the stellar population analysis, and the cross shows the results from the same
measurements of Hα emission. Uncertainties are indicated by dotted lines. Coloured
lines indicate the measurements obtained from the SDSS bands.
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Figure 4.4: Top left: SDSS gri band image of galaxyMCG+07-28-064 showing outlines
for the spiral mask from Galaxy Zoo:3D. Top right: Hα emission line flux map from
the DAP. Bottom row: Maps of the stellar populations centred on ages of 0.3 Gyr and
0.05Gyr, highlighting the observed change in bar angle between these stellar populations
as indicated by the white lines. Both stellar maps are created as in Figure 4.2, by
smoothing all SSP weights with a Gaussian of width 0.4 dex centred on the labelled
age. In both time slices, the 4020 Å flux (measured in 10−14 erg s−1 cm−2 Å−1) and
the light-weighted mean metallicity (in log(Z/Z�)) of each spaxel is represented using
the colour scheme shown underneath. The metallicities of the youngest stars are not
trustworthy, as explained in Section 4.5 and further discussed in Chapter 5.
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since the bar instability is fundamentally a disk-related phenomenon, in either scenario

it reflects the inside-out growth of the disk in this system. The other clear feature in

the bar is the discontinuity in its position angle at the youngest ages, which we have

highlighted in Figure 4.4. If the spiral arms are assumed to be trailing, this offset implies

that stars are forming preferentially on the leading edge of the bar, as might be expected

in this shock-forming region (Martin & Friedli, 1997; Verley et al., 2007a). The offset

is only seen in stars younger than 0.1 Gyr because they have not had time to mix around

their orbits, populating the whole bar potential. The agreement of the young stars’ bar

position angle with the independently-derived result from the Hα map adds significant

confidence in the stellar population analysis.

A clear trend with age is also apparent in the spiral arm contrast S(t). In the oldest

stars the arms are not detected, while in most stellar population ages between 0.2 and

2 Gyr there appears to be about a 75% enhancement of stellar density in the arms,

which rises further in stars younger than 0.1 Gyr toward the Hα contrast. Again, this

picture is consistent with what might be expected in such a grand-design spiral galaxy,

with the oldest stars forming a well-mixed population that is too dynamically hot to

show the imprint of the arm, the intermediate-age stars making up the relatively modest

density contrast representative of a spiral density wave, and the youngest stars showing

the disproportionately-enhanced star formation that such a density wave can produce

(Lin & Shu, 1964; Roberts, 1969).

4.5.3 A spurious population at 2.5 Gyr?

By contrast, the apparent increases in bar length and angle in Figure 4.3 at a stellar age of

2.5 Gyr are not real, and are a reflection of the level of systematic errors and degeneracies

present in this analysis. Inspection of Figure 4.2 at 2.5 Gyr indicates that these features
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Figure 4.5: A time slice similar to those shown in Figure 4.4, but for a stellar population
centred on 2.5 Gyr. The underlying bar of stars of Z ≈ 10−0.5 Z� is contaminated by
a spurious population of Z ≈ 10−1.2 Z� stars, which are responsible for the skewed bar
angle and length measurements in Figure 4.3.

are driven by an apparent population of low-metallicity stars of this age at the ends of

the bar, shown in the time slice shown in Figure 4.5. The existence of such a trapped

population would be fascinating, but based on our understanding of the dynamics of

bars it seems more likely that their presence arises from either cross-talk between stellar

population templates or from the lack of extremely young templates available in the fit,

using stars with these properties to fill in some systematic shortcoming in this complex

fitting process. These potential limitations will be addressed in more detail in Chapter 5.

4.6 Discussion and Conclusions

The above pilot analysis shows that there is a great deal of detailed information that

can be derived on stellar populations from spectral fitting to IFU data. The coherence

of the structures that emerge from this analysis — and their broad consistency with
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expectations in the context of galaxy evolution — indicate that our analysis allows us to

extract information from spectra that would otherwise not be available. It is important to

note that this coherence is in no way imposed on the analysis; since the spaxels are fitted

individually, if the process were just fitting noise then the lack of information would

be reflected in largely featureless noisy images. Further reassurance is offered by the

consistency between the spatial properties of the youngest stellar populations derived

from the absorption-line spectra and the results obtained entirely independently from

the Hα emission-line image extracted from the same data cube.

We have shown an example where careful analysis of the full spatial variation in

the measured star-formation histories can reveal interesting properties of the bar and

spiral arms. We found that the bar’s length in MCG+07-28-064 varies according to

stellar population age, which we interpret as evidence for the inside-out formation of the

galaxy’s disk. We also found that the bar varies in position angle, which we attribute

to shock-driven star formation occurring on its leading edge. The spiral arm contrast

is strongest in the youngest stellar populations as expected, but stars as old as 2 Gyr

still exhibit spiral structure at a level detectable in time slice analysis, indicative of an

underlying density wave.

However, we have highlighted an example of an occasion where systematic errors

and degeneracies when fitting so many parameters to each spectrum result in spurious

features in the extracted time slices. More work will be presented in Chapter 5 to

understand and quantify the covariances that will exist in this kind of study, but this

initial study shows that such effects are not likely to compromise the analysis of higher

surface-brightness features if proper care is taken in the interpretation of the results.

Having established the viability of deriving time slices for the full two-dimensional

structure of galaxies usingMaNGA IFU data cubes in this pilot study, it would now seem

timely to expand analysis of this type to the large sample of galaxies becoming available
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in this and other surveys. Detailed stellar population analysis that goes beyondmeasuring

the spatial variation in mean properties will allow us to understand the structure and

growth of spiral galaxies and their azimuthal structures like bars and spiral arms in a

way that has never been accessible before.



Chapter 5

Improvements and tests to spectral

fitting

We have demonstrated the ability of time slicing methods to extract new insights into

the structure and dynamics of individual galaxies. However, we have also highlighted

occasions where small deficiencies in the spectral fitting techniques may potentially

affect results, for example in Section 4.5.3. Before we apply this type of analysis to

large populations of galaxies to make full use of the power of MaNGA’s sample size,

we must ensure that we have properly accounted for the limitations in stellar population

fitting with Starlight and hence adopted the best possible approach. In this chapter,

we will describe the population analysis methods outlined in the previous chapters in

more detail, and discuss some tests and improvements to the method to allow for a larger

study of measuring the spatial distributions of stellar populations in many galaxies.

72
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5.1 Treatment of emission lines

We begin by adopting a similar technique to that employed in Chapters 3 and 4 by

retaining the approach of fitting each spectrum in each galaxy using Starlight (Cid

Fernandes et al., 2005). Before fitting, we de-redshift each spectrum using the NSA

redshift measurements and the DAP’s (Westfall et al. 2019; see Section 2.2) stellar

velocity measurements. As before, we also remove emission lines from each spectrum

prior to fitting. In Section 3.3.2, we found that measuring the emission line spectrum

using pPXF gave the same results as using the DAP emission-line spectrum. We will

use the DAP measurements from here onwards to avoid unnecessary steps in the fitting

processes, and also since there has been significant work done for the most recent

versions to ensure their robustness (Belfiore et al., 2019).

5.2 Error and flag spectra

As previously, the de-redshifted and emission-subtracted MaNGA spectra are rebinned

onto a linear wavelength scale (as required by Starlight) before fitting.

As well as the input spectrum’s wavelengths and flux, it is also recommended (but

not required) to provide Starlight with an error spectrum to indicate the uncertainties

on each pixel of the input spectrum. For this error spectrum eλ, we use the reciprocal

of the square root of the DRP’s spaxel-by-spaxel measurements of the inverse variance

(“IVAR”), which estimates flux uncertainties during data reduction (see Section 2.1.4).

As recommended, we also provide a full mask spectrum for each spaxel (rather than

a general mask applied to all spectra), which removes DRP- or DAP-designated artifacts,

and regions for which the DAP was unable to measure an emission line. This ensures

that Starlight is only attempting to fit spectra — and regions of spectra — for which
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we are confident the results will be reliable.

5.3 Template stellar population spectra

We previously used SSP template spectra from the MILES library (Sánchez-Blázquez

et al., 2006; Vazdekis et al., 2010; Falcón-Barroso et al., 2011) in Chapter 3 covering

3540.5–7409.6 Å, and the longer templates from the related E-MILES library (Vazdekis

et al., 2016) in Chapter 4 covering 1680–50000 Å. To make the best possible use of the

wavelength range ofMaNGA,wewill continue to use the E-MILES library. We therefore

use a combination of nine ages (log(age/years) = 7.85, 8.15, 8.45, 8.75, 9.05, 9.35, 9.65,

9.95, 10.25) and six metallicities ([M/H] = −1.71,−1.31,−0.71,−0.40,+0.00,+0.22)

from the standard E-MILES library, assuming a Chabrier (2003) IMF, Girardi et al.

(2000, “Padova”) isochrones, and Milky-Way [α/Fe] (“baseFe”). We do not expect the

exact choice of IMF or isochrone to significantly affect the results, and we found in

Section 4.3.1.1 that the baseFe templates are sufficient to derive a star-formation history.

To sample the full star-formation histories in a large sample of galaxies, we

also now include the younger templates of Asa’d et al. (2017) covering six ages

(log(age/years) = 6.8,6.9,7.0,7.2,7.4,7.6) and the two recommended metallicities

([M/H] = −0.41,+0.00), which are generated using the same method as the E-MILES

set of Vazdekis et al. (2016), but with the earlier Bertelli et al. (1994) iteration of

the Padova isochrones. Unfortunately there is no publicly-available combination of

SSP templates from the Asa’d et al. (2017) and E-MILES libraries with identical

isochrones, but as stated above, we do not expect isochrone shapes to affect our results.

This is particularly true for the youngest populations, which will be dominated by the

well-constrained main sequence.

Combining these two libraries allows us to exploit the high spectral resolution of
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Figure 5.1: The adopted set of SSP template spectra used in fitting Chapters 5 and 6.
Black points indicate SSPs from the Vazdekis et al. (2016) E-MILES library and blue
points indicate those from Asa’d et al. (2017). The red-shaded region indicates the ages
for which the template weights are ignored; see Section 5.5.
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both MaNGA and E-MILES templates, while still being able to fully fit the whole of

the star-formation histories of star-forming regions without combining different libraries

produced in completely different ways. The resulting base size of 66 SSP templates

is a compromise between manageable computation times when applied to samples of

hundreds of galaxieswhilst retaining a fine enough sampling to characterise themeasured

star-formation histories. The template ages were chosen so that they are approximately

evenly spaced in log-space, as shown in Figure 5.1. We find that the smoothed SFHs

using this SSP base and the larger sets used in Chapters 3 and 4 are entirely consistent.

We limit the fit to the wavelength range of 3541.4 to 8950.4 Å, within which the

raw E-MILES templates have a constant FWHM of 2.51 Å. To ensure that the model

and measured spectra have consistent resolution, we Gaussian-smooth each of the SSP

templates to degrade them to the wavelength-dependent resolution of the median spaxel

spectrum from all galaxies in our science sample of Chapter 6, using the rest-frame line

spread function (LSF) measured by the MaNGA Data Reduction Pipeline (DRP; see

Section 2.1.4). Each spaxel in each galaxy has a unique rest-frame LSF due to different

velocity shifts, as well as variations in observation conditions. However, these effects

are small in comparison to the overall wavelength-dependent LSF function, so to avoid

excessive computation times required to recreate the SSP spectra for each individual fit,

the median LSF of all spaxels is used for all fits.

5.4 Starlight configuration

As before, we use Starlight in a “long fit” mode to prioritise robustness over

computation time, based on the recommendations from extensive testing of Starlight

by Ge et al. (2018) and Cid Fernandes (2018). For example, we enforce long

Markov chains (i.e. N_chains = 12 in the Starlight “config” file), long fitting
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loops (N_loops_FF = 8, N_loops_EX0s = 8), and hard parameter convergence

criteria at all stages (IsGRTestHard_FF = 1, IsGRTestHard_BurnIn = 1,

IsGRTestHard_EX0s = 1).

Since the DAP robustly models the emission lines, we use Starlight in its “NO-

CLIP” mode to ensure that all of the diagnostic absorption lines are fully fitted rather

than masked during the fit. The small number of wavelength pixels for which the DAP

was unable to model either the continuum or emission lines reliably are masked before

being fit with Starlight. To ensure that the star-formation history of each spaxel is

measured as fully as possible, we require Starlight to retain at least 97% of its fit’s

total light during the “EX0” phase of reducing the number of templates used in the final

fit (i.e. EX0s_method_option = CUMUL and EX0s_Threshold = 0.03). We also

require the final fit to include weights assigned to at least 30% of the base (template)

spectra (fEX0_MinBaseSize = 0.30).

The light weights we use from the fits (where relevant) are those contributed by each

template at 4020 Å (l_norm = 4020.0) as used by Cid Fernandes et al. (2005). In

almost all science analysis we ensure that we use either the mass weights — using the

implicit mass-to-light ratios included in the SSPmodels and assuming a flatΛCDM cos-

mology with H0 = 70 km/s/Mpc— or only compare the spatial variation of flux weights

of a specific age, rendering the exact choice of reference wavelength unimportant, since

the mass-to-light ratio has only a moderate dependence on metallicity.

Any given model may represent the entire spectrum well at all wavelengths except

that at which we measure the weights. We therefore allow the sum of weights at this

wavelength to be between 50% and 150% of the input spectrum (fn_low = 0.5 and

fn_upp = 1.5) to ensure that the best fit of the whole spectrum is used.

From the Starlight mass weights, a measure of the total stellar mass within the
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MaNGA FOV can be readily calculated. Reassuringly, we find that these stellar masses

agree well with those measured by the NASA-Sloan Atlas (NSA; Blanton et al. 2011);

we discuss this further in Section 6.8.1. The E-MILES library contains stellar mass

loss predictions for each of the SSP templates, allowing a measurement of the current

mass and an initial mass at time of formation for each population contained within each

spectrum. Unless otherwise stated, any quoted galaxy stellar mass measurements in this

chapter and in Chapter 6 are those measured by Starlight, and the mass weightings

used in this work are the present-day masses of each template, to avoid reliance on

the mass loss predictions. In any case, we find that all results presented in Chapter 6

are entirely unaffected by the distinctions between Starlight- and NSA-measured total

masses, and between initial and current SSP mass weights.

5.4.1 Treatment of dust extinction

Starlight has the capacity to fit a general dust law with extinction AV, and also include

an extra extinction AY
V which is applied only to specified templates in the fit. This

extra parameter could, for example, allow for the possibility that the youngest stellar

components are affected by dust extinction to a greater extent than those populations

which would be expected to be free of their birth clouds. The exact values of AY
V

measured by Starlight would in that case be an interesting parameter to model and

investigate. However, in practice, we found that this extra degree of freedom caused

Starlight’s fits to be drawn towards negative extinctions when we included a AY
V term

for all populations younger than 107.05 years. This is likely due to the combination of

the limited wavelength range for which these youngest templates dominate the spectrum

due to their extreme colours, and the lack of any significant spectral information beyond

their continuum shape. To the best of our knowledge, the AY
V parameter in Starlight

has not successfully been applied to any real spectral fitting to date.
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We therefore include a single Calzetti et al. (2000) dust law in the fit, which has

the same AV for all templates. We allow AV to vary in the range of −1 ≤ AV ≤ 8

(AV_low = -1.0 and AV_upp = 8.0), and we find that over 90% of the spaxel fits in

most galaxies are within the range 0.1 ≤ AV ≤ 0.8.

5.4.2 Kinematics

We use the stellar velocity dispersion σ?measured by the MaNGA DAP (Westfall et al.,

2019) as an initial kinematic guess for the de-redshifted input spectrum’s Starlight

fits, but allow its value to vary as a free parameter in the range of σ? = 20 to 900 km/s

(vd_low = 20.0, vd_upp = 900.0). Similarly, despite de-redshifting each spectrum

individually using theDAP’s stellar velocityV?measurements, this is a free parameter for

Starlight to vary in the range of V? = −600 to 600 km/s (v0_low = -600.0, v0_upp

= 600.0) to find its best possible fit, using V? = 0 as the initial guess. In practice, we

find that Starlight’s fits are consistent with V? = 0, with little deviation in σ? from

the DAP measurements. Unlike other spectral fitting tools such as pPXF (Cappellari &

Emsellem, 2004), Starlight is not fine-tuned for measuring stellar kinematics, and we

do not expect Starlight’s exact measurements of σ? to impact the measured SFHs.

5.5 Cross-talk between the oldest and youngest tem-

plates

We would not expect the star formation rate or chemical evolution to vary significantly

within the last 108 years in the majority of cases (see e.g. Schönrich & Binney 2009), but

initial tests with Starlight revealed that there was a significant correlation between the

weights assigned to templates of ' 109.5 years and those of / 107.2 years, resulting in a
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Figure 5.2: Left: Derived unsmoothed star-formation histories for a large sample of
spiral galaxies, showing an unphysical peak at ∼ 107 years. Right: The average radial
4020 Å flux profiles of the same galaxies.

sharp peak in the SFH at ∼ 107 years. An example of this is shown in Figure 5.2. This

effect was found to be present in all locations of all galaxies regardless of signal-to-noise

or the strength of dust extinction, and often resulted in an implied recent SFR of the

galaxy to be at least an order of magnitude greater than at any previous time in its history,

of up to ∼ 25 M�/yr in some cases. Cid Fernandes & González Delgado (2010) also

observed similar effects, and argued that this phenomenon is related to the known “UV

upturn” seen in old stellar populations, which is normally attributed to planetary nebula

cores; see Yi (2008) for a review. The cause and presence of this excess of blue light is

not accounted for in the old SSP template spectra, so Starlight is forced to attribute it

to another population. This false attribution is given to the youngest stellar populations,

since these have the most similar spectral properties to the cause of the UV upturn: a

blue continuum and few absorption features.

As a result, the implied flux profiles of populations of different ages were affected.

In Figure 5.2, a clear trend of more extended distributions exhibited by younger stellar

populations is bucked by that of the very youngest stars, which instead seem to partially

track the distribution of the oldest stars. When analysed in a large sample of galaxies
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Figure 5.3: As Figure 5.2, but for a subsample of twelve galaxies, and with the lower
bound of the fitting window increased to 3700Å. The spurious SFH peak (and associated
radial flux profiles) is broadly unchanged. The heavy black line indicates the average
SFH of the twelve galaxies.

such as will be explored in Chapter 6, this would significantly distort the results. We

have therefore explored a number of different possible mechanisms to remove this bias.

5.5.1 Limiting the fitting wavelength range

Using a test subsample of twelve galaxies, we first attempted to mitigate this effect by

fitting only from 3700Å instead of 3541.4 Å to avoid the worst-affected wavelengths, but

found this had no measurable effect on the unphysical derived star-formation histories,

as shown in Figure 5.3. We chose not to increase this lower wavelength limit further to

avoid impacting the valuable Balmer absorption series.

5.5.2 Forcing a flat recent SFR

We then performed another fit with Starlight but where we had combined all of the

templates younger than 107.5 years for each metallicity into a single template respre-

senting a flat SFR over that time interval, and used these two templates (corresponding
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Figure 5.4: As Figures 5.2 and 5.3, but for a subsample of twelve galaxies, and with the
most recent SFH forced to be flat: all SSPs younger than the youngest shown have been
combined into a single template.

to the high and low metallicities available at these ages) in the fit instead of the original

eight over this time interval, since we know that the SFR is very unlikely to change

significantly over that time. The flat-SFR templates are defined as

SZ
flat =

(
SZ

1 × t1
)
+

8∑
n=2

[
SZ

n × (tn − tn−1)
]

(5.1)

where SZ
n is the spectrum of the nth youngest SSP template with metallicity Z and

age tn. This assumes that a stellar population of any arbitrary age t is represented by

the youngest E-MILES SSP spectrum for which that SSP’s age is greater than t; i.e.

SZ
t ≡ SZ

min{n : tn≥t}.

As shown in Figure 5.4, the Starlight results of this approach shows that enforcing

a flat SFR in the youngest templates has no noticeable effect (< 0.1 dex) on the SFH in

ages ≥ 107.5 years at all. However, the youngest populations still show less extended

radial distributions than those of 108 years, indicating that the correlation has simply

moved to the combined SSP template. This is not noticeable as a peak in the SFH since

this “peak” has now been spread over the full range of ages for which we combined the
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templates.

5.5.3 Limiting the range of available SSP templates

Similarly, when we compared Starlight fits using only those SSP templates for which

tn > 107.5 years (i.e. reduce the base shown in Figure 5.1), we found that the excess of

hot stars was simply assigned to whichever stellar population was youngest. The rest

of the star-formation histories were unaffected. We concluded that the youngest stellar

population available in the Starlight fit would always have a “cross-talk” effect with

populations ' 109.5 years. The flux assigned to the youngest populations will always be

a combination of the “true” flux from stars of that age, as well as a spurious contribution

from the hot stars present but not modelled in older populations.

5.5.4 Adopted approach

It may be possible to effectively separate these two effectswhen stellar populationmodels

are able to fully model the hot stellar remnants or other factors responsible for the UV

upturn. However, for the purposes of the work presented in this thesis, the weights

and fluxes of stellar populations younger than 30 Myr are fundamentally unreliable,

so we resolve to ignore these populations entirely and do not use them in deriving the

Starlight-measured star formation histories. The SFHs are not likely to have varied

over this time period (Schönrich & Binney, 2009), but such young stellar populations

are clearly present in many galaxies, so by including these SSPs in the fit but ignoring

their weights allows the spectrum to be fully modelled and does not limit the results

from our analyses.

Based on this analysis, we advise users of Starlight and other stellar population

fitting software to carefully consider the effects of attempting to measure star-formation
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histories to young ages without accounting for the limitations of SSP models to include

the UV upturn. Cautious interpretation of all derived SFHs is essential to determine

which parts of a SFH are likely to be correctly measured. On the other hand, we

do see that the older populations are almost entirely unaffected however the youngest

populations are modelled, so are likely to be robustly reliable.

5.6 Effects of low signal-to-noise

Many authors spatially bin neighbouring spaxels of integral-field spectroscopic data to

create regions with approximately constant signal-to-noise ratio (SNR) before fitting.

However, since we wish to retain and measure the full spatial information of the stellar

populations — and therefore fit each spectrum independently instead of binning — we

require the Starlight fits in regions with low SNR to be reliable. Ge et al. (2018)

showed that Starlight may exhibit bias in the fitting of spectra with low SNR, but

Cid Fernandes (2018) contend that these effects are not significant in most physical

applications and with the robust Starlight configuration used here. To assess this

conclusion, we have performed a series of tests laid out here.

5.6.1 Average fits of regions with low signal-to-noise ratio

To test how the signal-to-noise ratio (SNR) of a spectrum in a MaNGA datacube may

affect the fitting results from Starlight, we combined spectra of a single galaxy (plate-

IFU 8329-12701) within different SNR bins to form a single integrated spectrum for each

bin. In combining spectra from the MaNGA datacube, emission lines were removed

and the spaxel spectra de-redshifted and interpolated onto a common wavelength base

before summing. Each single spaxel’s SNR was then defined as the median value over
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Figure 5.5: The combined SNR of the spectra created in Section 5.6.1 by summing
individual spaxel spectra in different SNR bins. All combined spectra have high SNR,
typically above 100.

the fitting wavelength range (see Section 5.3) of the ratio between the spaxel’s flux

spectrum and the reciprocal of the square root of the inverse variance spectrum (as

measured by the DRP; see Section 2.1.4).

We chose to combine spaxel spectra in SNR bins of width 2, centred on every

even value. A single spectrum was created by combining all spectra from spaxels with

SNR between 3 and 5, another from spaxels with SNR between 5 and 7, etc., up to

a spectrum comprising the sum of all spaxels with a SNR between 29 and 31. As

shown in Figure 5.5, each of the combined spectra’s signal-to-noise ratio is greater

than 60 and most are greater than ∼ 200. These combined spectra were then fit using

Starlight with an identical configuration to that of the science fitting to see how their

measured star-formation histories varied from the average of their constituent parts. In

the absence of any systematic bias in Starlight, it would be expected that the average

SFH measured in all individually-fitted spaxels in a given SNR bin should be the same
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Figure 5.6: The mean age of spaxels in different signal-to-noise ratio bins (blue) in
a spiral galaxy compared to the mean age of the spectrum of all spaxels combined
(black squares). There is no significant bias in the average age measured by Starlight
compared with varying SNR.

as the SFH measured from the average spectrum of those spaxels.

We find that the light-weighted mean age of the summed spectrum is always within

0.2 dex of the mean age of all individual spaxels (separately fitted) in a given SNR bin,

indicating that signal-to-noise effects do not significantly bias the average results (see

Figure 5.6). However, perhaps surprising, we find that the full star-formation histories

of the summed spectra are most discrepant for the bins of larger SNR, as shown in

Figure 5.7. This is likely due to an effect of small systematics (e.g. sky subtraction or

flux calibration) dominating over random noise when summing spectra of already-high

signal-to-noise ratios. In summing high-SNR spectra, the modest reduction in combined

SNR is outweighed by the increase in systematic errors when considering the fine detail

required tomeasure a SFH. The fact that these effects have less significance inmeasuring

the average properties highlights the level of extra complexity involved in measuring
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SFHs over mean ages.

5.6.2 Recovery of a single stellar population

To further examine whether the above effects are due to systematics in the spectra

rather than in Starlight, we tested how well Starlight is able to return the age and

metallicity of a single stellar population with known parameters. We can create spectra

representing single stellar populations of any age and metallicity by interpolating over

the grid of E-MILES SSP template spectra. We produced spectra representing 200 ages

and three metallicities using a bilinear interpolation in 2D log space of the 66 SSPs used

in the fitting. We then degraded these spectra to signal-to-noise ratios of 5, 10, 15, and

20 by adding Gaussian noise, and also applied a dust extinction with AV = 0.2 using a

Calzetti et al. (2000) extinction curve. We blurred these 2400 individual spectra to the

MaNGA LSF using the same approach as in Section 5.3, and then applied Starlight

using the same SSPs and Starlight configuration as described in Sections 5.3 and 5.4

and as used in science cases, to compare how well the populations are recovered under

different circumstances.

5.6.2.1 Light-weighted measurements

The 0.3-dex smoothed distributions of light weights measured from the Starlight

output of these known SSPs is shown in Figure 5.8, for signal-to-noise ratios of 5, 10,

and 15 and each metallicity. Results for a signal-to-noise ratio of 20 were unchanged

from that of 15. Starlight is able to recover the mean age of input stellar populations

of all ages older than ≈ 108 years even with an input spectrum signal-to-noise ratio of 5,

highlighting the diagnostic power of using such a long wavelength range to model the

large-scale continuum in fitting. There is also no significant increase in Starlight’s
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Figure 5.8: Distributions of the measured flux weights given by Starlight in fits of
stellar populations of known age, for signal-to-noise ratios of 5 (left column), 10 (middle
column), and 15 (right column). Input spectra are interpolated from the grid of E-MILES
SSPs at Z = Z� (top row), 10−0.625Z� (middle row), and 10−1.25Z� (bottom row). The
recovered weight distributions are smoothed by 0.3 dex, and the green line indicates
equality between input and output ages.
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ability to recover the input population beyond a SNR of 10. It is not necessarily clear

howmuch the boundary between the two template libraries affects Starlight’s inability

to recover stellar populations younger than ≈ 107.5 years, or whether it is purely due to

the lack of diagnostic spectral information at these ages.

However, a small bias towards younger ages is seen in many cases. This effect is

indicated in Figure 5.9, where themeasured light-weightedmean ages of the unsmoothed

SSPweight distributions are younger than the input age formost populations, particularly

in the case of Z = 10−0.625Z�. For input populations older than 108 years, this bias

is at a level less than 0.3 dex (and so is within the width of the smoothing applied to

the SFHs), and does not show any clear trend with age. The measured light-weighted

median age agrees well with the mean age in almost all cases, indicating symmetrical

distributions about the measured mean value.

5.6.2.2 Mass-weighted measurements

In Figure 5.10, we show the same fits’ smoothed distributions of mass weights. Here,

the input populations are accurately recovered, but a tendency to also include small

levels of older populations is highlighted. This is a consequence of the combination of a

strong trend in mass-to-light ratio with stellar population age and the robust Starlight

configuration used. As Starlight fits the input spectrum (i.e. in light space), we force

it to assign a weight to at least 30% of all SSP spectra to ensure full SFH recovery in

science cases, as explained in Section 5.4. In the case of a single input stellar population,

this will result in small spurious weights being given to other templates, and this noise

becomes amplified in old populations when considering mass weights.

These extra weights are reflected in increased noise in the offset between the mass-

weightedmean recovered and input ages, shown in Figure 5.11. For populations younger
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Figure 5.9: Layout as Figure 5.8, but showing the offset ∆ between the light-weighted
mean (black) — or median (red) — age of the raw (i.e. unsmoothed) Starlight fits and
the input spectrum age. Lower values of ∆ indicate an underestimate in the measured
ages. Dotted lines indicate one standard deviation of the output flux weights about the
mean value.
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Figure 5.10: As Figure 5.8, but showing the smoothed distribution of mass weights.
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Figure 5.11: As Figure 5.9, but showing the offsets in mass-weighted mean and median
ages.
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than ≈ 2× 107 years (where we have chosen to ignore the population weights in science

cases anyway, as described in Section 5.5.4), this noise dominated over Starlight’s

ability to recover the input ages. In older populations, while the bias towards younger

ages seen in the measured light-weighted mean ages is eliminated, the scatter around

the true value is instead increased, but at a level low enough to not significantly impact

science results.

5.6.2.3 Effects of kinematics and dust

To test whether these results are improved when Starlight does not also have to model

the kinematics of the input spectrum, we repeated these test, but with the velocity and

dispersion fixed to the known input values. The results were entirely unchanged.

We also performed these same tests with AV = 0 and AV = 0.8 (instead of AV = 0.2

as used above) to check that Starlight is still able to recover populations in low- and

high-extinction environments, and found the results to be unchanged here too.

5.6.3 Recovering of a known star-formation history

Finally, to simulate the effects of low SNR on a spectrum comprising multiple stellar

populations (such as would be found in real galaxies), we created spectra of three

different star-formation histories (SFHs) using the 66 E-MILES template SSPs. The

different SFHs reflect different cases:

A: a flat SFH, where the star-formation rate is defined as SFR(t) = 0.1 M�yr−1 for all

lookback times t;

B: a peaked and then declining SFH (as seen inmany galaxies) with a star-formation rate

represented by SFR(t) =
[
0.2 + N1.5

9.2 (log(t))
]

M�yr−1, where Nσ
µ (x) denotes a
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Gaussian function of x centred on x = µ with standard deviation of σ dex;

C: a declining and rejuvenating SFH with a star-formation history represented by

SFR(t) =
[
1.2 − N0.8

8.1 (log(t))
]

M�yr−1.

In building these SFHs, we assign weights to each SSP assuming that they represent

all star-formation between their nominal age and the next-youngest SSP, as we did in

Section 5.5.2.

We also included two different metallicity distributions which do not varywith stellar

population age:

X: a flat distribution over the range of metallicities in the E-MILES templates, where

the relative flux of each SSP of any given age is defined by Fi = 1;

Y: a peaked distribution where the relative flux of each SSP is defined at each age t by

Fi = N
0.3
−0.71(log(Zi/Z�)).

These spectra were then degraded to different SNRs of S/N = 3, 5, 7, 10, 15, 20, and

30. When each of these 42 spectra of known SFHs were fit using Starlight, we found

the general shape of SFR(t) is recovered in all cases, as shown in Figure 5.12. For a

SNR greater than 5 (the lowest typically found in the outskirts of MaNGA galaxies in

the Primary or Primary+ samples), the derived SFHs show very good agreement (within

0.15 dex at all lookback times) to the input SFHs. This is also shown in Figure 5.13,

where a simple χ2 goodness-of-fit measurement is obtained between the input SFH

and each of the recovered SFHs. Starlight is able to recover SFHs A and B for all

cases with S/N ≥ 10, and while the measurement of SFH C is worse, it is recovered

equally well for S/N ≥ 7 in metallicity distribution X and S/N ≥ 15 for metallicity

distribution Y.
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This test again highlights that, even when any given part of the spectrum may be

dominated by noise, using such a longwavelength range allows Starlight to still be able

to infer a large amount of information from the entire spectrum. It also illustrates that,

even when the systematic effects discussed in Section 5.6.1 are negligible, combining

regions of an integral-field spectroscopic datacube into regions of high SNR does not

necessarily improve the reliability of the fit in any significant way.

5.6.4 Implications

We assume throughout this thesis that the E-MILES model spectra are accurate repre-

sentations of the stellar populations they represent. A full test of whether this is indeed

the case is beyond this thesis, but the tests shown here imply that if this is true, we expect

Starlight to be able to recover the true SFHs under all the conditions analysed in this

thesis. Notwithstanding this robustness, we must ensure that the low signal-to-noise

regions of the galaxy are not affecting our results in ways we don’t anticipate. Therefore,

in all stages of our science analysis we ensure that we weight spaxels by their flux or

mass in deriving results, thereby ensuring that the central regions (with higher SNR and

therefore with probably good fits) are emphasised, and low signal-to-noise regions are

down-weighted.

5.7 Example spaxel fits

Having assured ourselves that the fitting approach described here should provide reliable

results, Figure 5.14 shows the Starlight fits to four different spaxel spectra from the

MaNGA galaxy with plate-IFU 8329-12701. Even in the spaxels at large radii and

therefore with low signal-to-noise ratio, the residual spectrum shows no strong features;
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Figure 5.14: Emission-subtracted (black) and the Starlight best-fit model spectra (red)
for four different spaxels of the MaNGA spiral galaxy 8329-12701. The lower panels
indicate the residuals from the model spectrum in flux units. The spectra shown are from
spaxels at different coordinates, radii R, and signal-to-noise ratios S/N as indicated.



5.7. Example spaxel fits 100

10 4

10 3

10 2

SF
R 

(M
 y

r
1 )

(37, 37) :  R = 0Re,  S/N = 70.4

10 3

2 × 10 3

3 × 10 3

SF
R 

(M
 y

r
1 )

(25, 28) :  R = 0.7Re,  S/N = 22.4

10 4

10 3

SF
R 

(M
 y

r
1 )

(41, 62) :  R = 1.2Re,  S/N = 8.1

108 109 1010

Lookback time (yr)

10 7

10 6

10 5

10 4

10 3

SF
R 

(M
 y

r
1 )

(58, 20) :  R = 1.5Re,  S/N = 4.9

Figure 5.15: The 0.2-dex-smoothed star-formation histories derived from the fits shown
in Figure 5.14.
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the absorption lines are fit to the same standard as the continuum. The derived star-

formation histories of these spaxel fits are shown in Figure 5.15.

5.8 Conclusions

We have outlined the details of the spectral fitting techniques which can be applied to a

large sample of galaxies. We have shown that deficiencies in the SSP template spectra

can result in unphysical star-formation histories and therefore unreliable measurements

of the spatial distribution of stellar populations in galaxies. However, in the process, we

showed that the uncertainties surrounding the treatment of the very youngest templates

do not significantly impact the derived SFHs over other lookback times. We therefore

concluded that until population libraries can accurately model the UV upturn, the best

approach in future applications is to allow the youngest populations to be used in the fits,

but ignore the weights attributed to them in subsequent analysis. We also showed that

Starlight is able to both recover single stellar populations and measure star-formation

histories under a large range of conditions — including signal-to-noise ratios as low as

5 — so fitting individual spaxels will not significantly impact any results.



Chapter 6

Excavating the fossil record of stellar

populations in spiral galaxies

The growth of galaxies of all types is thought to generally occur “inside out”. In this

scenario, the mass that galaxies add over time is built up on their outskirts, causing

a measure of half-light or effective radius to increase substantially over time. This

model has been backed up by cosmological simulations, and observations of galaxies at

different redshifts. However, this growth is expected to leave specific signatures in the

stellar population fossil record; in the absence of significant stellar migration, any given

galaxy’s outskirts would comprise only young stars, while the central regions would be

dominated by older populations. Pushing this picture further, the detailed composition

of stars of different ages as a function of radius would provide a measurement of how

fast a galaxy has grown over time in both mass and physical size.

We have now established that time-slicing methods can successfully be used to study

spiral and bar structures in individual nearby spiral galaxies. We have also detailed and

tested a robust implementation of stellar population fitting which can be applied to a

large sample of galaxies. By combining the power of these analysis techniques with

102
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the large sample size of MaNGA, we therefore now take the next step and study the

fossil records of a sample of spiral galaxies. In this chapter, we study the signatures of

disk growth in ≈ 800 spiral galaxies contained in the fossil record, using time-slicing

techniques.

6.1 Introduction

Understanding how, when, and where galaxies built their mass is key to cosmology and

astronomy. Analysis of the evolution of the masses and sizes of galaxies has generally

been limited to comparisons of different galaxy populations at different redshifts. Studies

done in this manner have shown that galaxies have grown in radius whilst building their

mass (e.g. Trujillo et al. 2007; van der Wel et al. 2008; van Dokkum et al. 2008, 2013;

Patel et al. 2013; Papovich et al. 2015; Whitney et al. 2019), giving rise to the concept of

“inside out” formation. It is thought that such growth in the most massive galaxies has

been due to some combination of multiple minor mergers (Naab et al., 2009; Furlong

et al., 2017), gas accretion (Conselice et al., 2013), and quasar feedback (Fan et al.,

2008). These approaches have given us a good insight into how the average properties

of galaxies have evolved over cosmic time, but because we cannot track the evolution

of any individual system in this way, it is difficult to go beyond such global properties.

Although some studies of galaxies at different redshifts have managed to show inside-

out growth in disk-like galaxies (e.g. Trujillo et al. 2006; Patel et al. 2013), most are

restricted to the highest mass galaxies, so this picture of inside-out growth is normally

limited to early-type galaxies.

An alternative approach which is more suited to late-type galaxies is to explore the

stellar populations in different regions of a galaxy, particularly through studying how the

mean stellar age varies with radius. This requires high-quality spectral data at multiple
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locations across the face of a galaxy, and so has only been undertaken in detail for

large numbers of galaxies since the advent of integral-field spectroscopic surveys such

as the Calar-Alto Legacy Integral Field Array (CALIFA; Sánchez et al. 2012), Sydney-

AAOMulti-object Integral field spectrograph (SAMI; Croom et al. 2012), and MaNGA

surveys. Using such a “fossil record” approach applied to integral-field spectroscopic

data has revealed that most galaxies exhibit negative age gradients (e.g. Mehlert et al.

2003; Sánchez-Blázquez et al. 2014; González Delgado et al. 2015; Goddard et al.

2017) — with younger outskirts than centres — or earlier formation times of the central

regions (e.g. Ibarra-Medel et al. 2016) providing more evidence for a dominant “inside

out” growth mode occurring in galaxies of all Hubble types. This is also backed up by

Sacchi et al. (2019) for the case of NGC 7793, who find that broad-band observations

of resolved stellar populations in this nearby spiral galaxy indicate a clear gradient in

stellar age.

By applying stellar population modelling methods to integral-field spectroscopic

data from the CALIFA survey, Cid Fernandes et al. (2013, 2014), Pérez et al. (2013),

González Delgado et al. (2017), and García-Benito et al. (2019) have shown that it is

possible to reveal much more about a galaxy’s history by deriving full star-formation

histories rather than mean ages. We have shown previously that such analyses of the

spatial variation in stellar populations of spiral galaxies can help us understand the

structure of the spiral arms and bars, but here we investigate how such approaches can

also help us study the evolution and growth of populations of galaxies.

Comparative studies of the masses and sizes of galaxies at different lookback times

are most effective to measure the growth of early-type galaxies since these are typically

the most massive and luminous objects at any given redshift so are easy to identify.

By contrast, a fossil record analysis acts as a complementary approach best suited to

— but by no means limited to; see e.g. Lacerna et al. (2020) — studying the growth
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of late-type galaxies, as such galaxies have in general had continued growth over the

last several Gyr, where archaeological methods are most sensitive. Of course, there

exists a population of spiral galaxies which are passive (see for example Masters et al.

2010; Fraser-McKelvie et al. 2016) — contrary to the well-known relation between

the morphology and star formation rate (Tully et al., 1982; Baldry et al., 2004) — so

a morphological classification does not always define the extent of the star-formation

history of each galaxy. However, for consistency, we have chosen to study a galaxy

population selected on their morphology rather than colour, to better understand how

this well-defined galaxy class have evolved over time.

In this chapter, we perform full spectral fitting of spiral galaxies from the MaNGA

survey (Bundy et al., 2015) and measure spatially-resolved star formation histories, to

uncover their formation sequences. In Section 6.2, we outline the data we use from the

MaNGA survey and Galaxy Zoo. In Section 6.3 we describe how a sample of spiral

galaxies from theMaNGA target list was selected. We then explain how the derived star-

formation histories are processed in Section 6.4. The mean age and metallicity gradients

are derived in Section 6.5. In Sections 6.6 and 6.7 we analyse the star-formation histories

and spatially-resolved stellar populations in more detail, and infer the evolution of the

mass–size relation in Section 6.8. Finally, we discuss the interpretation and context of

the results in Section 6.9.

6.2 Data

6.2.1 MaNGA

The MaNGA product launch 8 (MPL-8) internal data release contains completed ob-

servations of 6778 galaxies, providing a large sample of galaxies of all Hubble types.
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In this work, we make use of some of the analysis outputs of MaNGA’s data analysis

pipeline (DAP; Westfall et al. 2019; see Section 2.1.5) for MPL-8. Specifically, we use

the measured stellar velocities V?, deprojected radii R, and emission line spectra, all of

which are derived using full spectral modelling. Since this chapter contains analysis

of a full sample of spiral galaxies from MPL-8, we make extensive use of the MaNGA

sample weightings, which are described in more detail in Section 2.1.2.1.

6.2.2 Galaxy Zoo

We also make use of the morphological classifications of each MaNGA galaxy provided

by volunteer “citizen scientists” as part of Galaxy Zoo (Lintott et al., 2008, 2011). The

second phase of the project (Galaxy Zoo 2, hereafter GZ2; Willett et al. 2013) includes

publicly-available detailed classifications of galaxies based on SDSS DR7 imaging. The

users’ classifications are weighted and combined to obtain a consensus fraction for each

answer to each question for each galaxy, using methods described byWillett et al. (2013)

and Hart et al. (2016). We use the redshift-debiased and user-weighted probabilities —

which we denote as pclassification — from the Hart et al. (2016) catalogue.

6.3 Sample selection

A sample of spiral galaxies was drawn from the MPL-8 data release using the recom-

mendations of Willett et al. (2013, Table 3); see also Masters et al. 2019 for another

recent implementation. We first remove the 45 galaxies in the matched MPL-8/GZ2

catalogues that more than 50% of GZ2 users have classified as having some form of

star or artifact in the image. To filter out elliptical galaxy morphologies, we select the

4201 galaxies with pfeatures or disk > 0.43 and at least 20 classifications in this question,
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as recommended by Willett et al. (2013).

Since we are interested in the variation in stellar population properties across the

face of each spiral galaxy, we remove edge-on galaxies from this sample. This cut can

be made with either the GZ2 classifications — specifying pnot edge-on > 0.8 — following

Willett et al. (2013), or using an axis ratio cut — requiring b
a ≥ 0.4 — following Hart

et al. (2017a). To select only face-on galaxies, we choose galaxies that satisfy theWillett

et al. (2013) criterion and have an axis ratio of b
a ≥ 0.5 (corresponding to an inclination

of i ≤ 60° assuming the galaxies can be modelled as a thin intrinsically circular disks).

We used this higher axis ratio cut compared to that used by Hart et al. (2017a) to ensure

that we have selected only galaxies for which the radial structure is clearly resolvable

with MaNGA. Of the 5902 MPL-8 galaxies for which GZ2 classifications are available,

this leaves a sample of 1686 close-to-face-on disky galaxies. Of these, 1314 galaxies

satisfy the Willett et al. (2013) requirement for spiral galaxies of pspiral > 0.8 and 20

individual classifications in this question.

We then remove 109 galaxies which have flags for bad or questionable-standard

data in the MaNGA DRP, or for which the MaNGA MPL-8 DAP dataproducts are

unavailable. To ensure consistency in the spatial resolution relative to the galaxy size,

we remove galaxies which are part of MaNGA’s Secondary sample (see Chapter 2). For

the final sample of spiral galaxies, we therefore select only those 795 which are in the

Primary+ MaNGA sample, for which MaNGA observations extend to at least 1.5 Re.

The median redshift of galaxies in our sample (weighted by the MaNGA Primary+

sample weighting) is z = 0.026, and 75% of the (weighted) sample are at redshifts

z < 0.03. The MaNGA observations typically therefore reach to around 8 kpc in radius,

depending on the intrinsic size of the galaxy.
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6.4 Spectral fitting and time slicing

We fit each spaxel of each galaxy in the sample using the method developed and outlined

in Chapter 5. From the SSP template weights obtained in the Starlight fits, we are

able to reconstruct the star formation history (SFH) and metallicity distributions at every

location in each galaxy in the spiral sample. From the SFHs, it is straightforward to

reconstruct an image of the total flux emitted by — or mass contained in — stars of

any given age. To ensure that we are not over-interpreting small-scale noise in the

age-distributions of weights assigned to individual templates, we first smooth the SFHs

before any analysis is done on these images. We have smoothed the distribution of

template weights by 0.3 dex in age, but smoothing by any factor between 0.2 and 0.5 dex

does not affect results significantly.

As an illustration, Figure 6.1 shows an animation of a single galaxy (MaNGA

plate-IFU 8329-12701) from the spiral sample, stepping through stellar population ages

from 17 Gyr down to 30 Myr, highlighting the wealth of information contained in the

spatially-resolved SFHs available using Starlight and MaNGA. Such animations can

be made for any of the galaxies in the sample, but here we show an example of a

galaxy observed using the largest-sized (127-fibre) IFU to demonstrate the amount of

information potentially available through such time slicing.

It is worth emphasising that we can only measure the current location of stars in the

galaxy, so that we can only treat a “time slice” at any given stellar age as an approximation

of the structure of the galaxy at that time, since we cannot undo the effects of dynamical

heating or radial mixing and migration. However, Martínez-Lombilla et al. (2019)

showed that the shape of vertical colour gradients seen in edge-on disk galaxies imply

that radial migration occurs at a slower rate than the intrinsic growth of the galactic

disk. Simulations of galactic disks also suggest that stellar populations are in general
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Figure 6.1: Similar to Figure 4.2, but for MaNGA plate-IFU 8329-12701. Top: An-
imation of a MaNGA spiral showing the spatially resolved flux (colour-coded by the
metallicity) of stars as a function of age, from 10 to 0.03 Gyr. Middle: Weighting
function used. The Starlight output is smoothed to 0.3 dex in stellar age. Red
points indicate the SSP ages used. Bottom: Colour map indicating the flux (in units of
10−14 erg s−1 cm−2 Å−1 spaxel−1) and metallicity (in units of log(Z/Z�)) of the stellar
population. Dashed vertical lines indicate the SSP metallicities used.
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equally likely to migrate inwards or outwards (Avila-Reese et al., 2018), and only by

sufficiently small distances that this effect has onlyminor effects on the radial distribution

of populations (Avila-Reese et al., 2018; Navarro et al., 2018; Barros et al., 2020), so

here we assume that the current distribution of a given stellar population is — to a first

approximation — representative of the distribution of star formation in the galaxy at the

corresponding lookback time.

Clearly this assumption does not hold true for spiral structures, since such distribu-

tions will become diluted rapidly with the disk’s rotation. However, for the youngest

stellar populations, we showed in Chapter 4 that interpreting spatially-resolved star-

formation histories in this “time-slicing” approach can help to understand spiral arms

and bars. Mallmann et al. (2018) also showed that a similar approach can be used to

understand the properties of AGN, and other studies with CALIFA showed that this

approach can offer clues to the history of a galaxy’s radial profile (Cid Fernandes et al.,

2013, 2014; Pérez et al., 2013; González Delgado et al., 2014).

6.5 Mean ages and metallicities

A first-order measurement of the SFHs resolved across the face of a galaxy is that of the

mean age or — with a similar calculation — of spatially-resolved metallicity. Using the

mass weights assigned to each SSP template by Starlight in the fits for each spaxel

spectrum, we derive mass-weighted mean log(age) and log(metallicity) maps for each

galaxy like the one shown in Figure 6.2. We then plot the light-weighted median of all

spaxels’ mean log(age) and log(metallicity) within radial bins of width 0.045 Re (where

Re is the elliptical Petrosian effective radius measurements from the NSA) against the

elliptical galactocentric radius R (in units of Re), and find a best-fit straight line to these

data using a least-squares fit. The fitting is only performed out to 1.2 Re to avoid the edges
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Figure 6.2: Amap of the light-weightedmean log(age) (top) for a single galaxy (MaNGA
plate-IFU 8329-12701). The dashed ellipse denotes 1.2 Re, and the colour scale is
indicated against the y-axis of the bottom panel. The values of this map are plotted
against radius (bottom), where the colours and opacities of the spaxel points represent
their mean ages and total contained flux respectively. The median spaxel value within
radial bins of width 0.045 Re (where each spaxel is weighted by its contained flux) is
shown as black circles. The best-fit straight line to these points is shown as a black solid
line. This line’s gradient (−0.17 dex/Re) and value at 1 Re (4.87 Gyr, indicated by black
dotted lines) are used in Figure 6.3. The vertical dashed line indicates the maximum
radial limit of the region within which the best-fit straight line is calculated.
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Figure 6.3: Mass-weighted mean ages at 1 Re (vertical axis, where Re is the elliptical
Petrosian radius measurements from the NSA) and mean age gradients (horizontal
axis) for each galaxy, coloured by the galaxy’s total stellar mass. Each data point’s
transparency is defined by the MaNGA Primary+ sample weighting. The weighted
histograms at the top and right indicate the distributions of ages and their gradients
respectively, where the grey line indicates the distribution of the whole sample and the
coloured lines indicate those for each of the three mass bins.

of the hexagonal-shaped IFU FOVs and to ensure consistency between galaxies. From

these best-fit lines, we obtain a mean age and metallicity gradient, and a characteristic

age and metallicity value of the stellar populations located at 1 Re, a measure which

Sánchez et al. (2016b) showed to be representative of the galaxy as a whole. This process

is illustrated for a single spiral galaxy (MaNGA plate-IFU 8329-12701) in Figure 6.2.

The distributions of age gradients and ages at 1 Re are shown in Figure 6.3, and

equivalent metallicity measurement in Figure 6.4. We find that, on average, a majority

(approximately 60%) of the spiral sample exhibit slight negative age gradients, implying

younger outskirts. This agrees with the general picture found by others (Sánchez-
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Figure 6.4: As Figure 6.3, but for mass-weighted mean metallicities and their gradients.

Blázquez et al., 2014; González Delgado et al., 2015; Zheng et al., 2017; Goddard et al.,

2017) and is usually taken to be evidence for inside-out formation being dominant in the

most massive galaxies. When the sample is split into three mass bins (of M < 109.71 M�,

109.71 < M < 1010.22 M�, and M > 1010.22 M� 1), we find that the approximately 80%

of the highest-mass galaxies exhibit negative age gradients while only 50% of the lowest-

mass galaxies galaxies do. This difference suggests that inside-out formation is more

dominant in high-mass galaxies.

We find that most (≈ 60− 80%) galaxies in all mass bins also exhibit slight negative

metallicity gradients, and Figure 6.4 highlights a strong mass-metallicity correlation

too, as first suggested by Lequeux et al. (1979).

1The mass bin thresholds used here were chosen such that a volume-limited sample of spiral galaxies
selected in the method described in Section 6.3 would contain equal numbers of galaxies in each bin,
determined using the “EWEIGHT” sample weighting for the Primary+ MaNGA sample.
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6.6 Mass buildup times

Measuring only a mass-weighted mean age or metallicity does not make use of all of

the available information in the age distribution of SSP template weights. From a full

spectrum fitting approach, it is also possible to use the width of the distribution in stellar

age, as well as its mean value. To this end, from a given smoothed SFH, we define the

time T95 by which 95% the total stellar mass of that spectrum was built up. We measure

a T95 for all light within R < 1.2 Re of each galaxy. We find that T95 correlates with

the total stellar mass of the galaxy, as shown in Figure 6.5: all galaxies with present-

day stellar masses within 1.2 Re of M? ≥ 2 × 1010M� formed the bulk of their mass

at least 5 Gyr ago, while most of those with stellar masses M? ≤ 1010M� were still

building their mass as recently as ≈ 2 Gyr ago. This effect is reflected in the known

relation between the stellar mass and star formation rates in galaxies, and the results

shown here agree well with other fossil record studies (Thomas et al., 2010; Pacifici

et al., 2016), empirical modelling (Rodríguez-Puebla et al., 2017; Behroozi et al., 2019),

and theoretical modelling (Henriques et al., 2015; Hill et al., 2017) including previous

analysis of MaNGA galaxies (Ibarra-Medel et al., 2016). There is a population of low-

mass spiral galaxies with large values of T95, but no equivalent population of high-mass

galaxies with small build-up times, highlighting that low-mass spiral galaxies have had

more varied histories than their high-mass counterparts, as found by Ibarra-Medel et al.

(2016).

Using the spatial information available with MaNGA, we are also able to measure

how the local value of T95 varies with galactic radius R in galaxies of different masses,

using the same total stellar mass bins as in Figures 6.3 and 6.4. In Figure 6.6, T95 for

each spaxel in the sample of spiral galaxies plotted against the galactocentric radius

shows that the stellar populations currently at the centres of high-mass galaxies formed
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Figure 6.5: Time since 95% of the total stellar mass within 1.2 Re had been assigned in
the Starlight fits (T95) for galaxies of different present-day stellar masses. All spiral
galaxies with high present-day mass built the bulk of their mass at early times, but most
low-mass galaxies were building their mass more recently. The transparency of each
point is defined by the galaxy’s MaNGA Primary+ sample described in Chapter 2.
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Figure 6.6: Time since 95% of the stellar mass built up (T95) in each spaxel of each
galaxy in the spiral sample. Each spaxel in each galaxy is shown as a point, with
the opacity defined by the product of the total spaxel flux and the galaxy’s MaNGA
Primary+ sample weight. Colours denote the galaxy’s total present-day mass. Solid
lines represent a weighted running median, and dashed lines are one-third and two-third
weighted percentiles. The outskirts of galaxies of all masses built up at approximately
similar times, but the centres of massive galaxies formed significantly earlier than those
of low-mass galaxies.
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Figure 6.7: Distribution of gradients of T95 vs. galactic radius R for galaxies of different
masses. Most galaxies show evidence for inside-out formation, and the effect is strongest
in high-mass galaxies.
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on average significantly earlier (by ≈ 0.7 dex or a factor of 5) than those in low-mass

galaxies. By contrast, the galaxy’s outskirts built up at approximately the same time

regardless of the mass of the host galaxy: at ≈ 1 Re, the discrepancy in T95 is much less,

at ≈ 0.3 dex (or a factor of 2).

To quantify this effect, we obtained a straight-line fit to the radial profiles of log(T95),

weighting spaxels by their flux. We find that the majority of galaxies (> 80%) in each

mass bin show a negative gradient, as we show in Figure 6.7, implying younger outskirts

than galactic centres. Assuming that the stellar populations of any given age have not

significantly migrated since their birth, this is evidence for inside-out growth occurring

in the great majority of spiral galaxies. We find strongest evidence in the highest-mass

galaxies, for which > 90% exhibit negative gradients in T95. These results are consistent

with the mean age gradient analysis of Section 6.5, which is not surprising since both

approaches are measures of the age distributions contained within the derived SFHs.

However, directly determining a quantity such asT95 is returning something much closer

to a physical measurement of how the mass of the galaxy has built up over time.

When a 90%, 75% or 50% threshold was used instead of the 95% threshold results

shown here, we found no change to the qualitative conclusions. The higher 95%

threshold was used to ensure that the buildup time of more galaxies and spaxels was

within the range 0.8 ' T95 ' 5 Gyr where spectral fitting methods are most sensitive,

and avoids saturation at either extreme of the stellar age range we are able to measure.

6.7 Concentration of stellar components

Anothermore physically-motivatedway to expand beyondmeasuringmean age gradients

to infer the radial build-up of spiral galaxies is to analyse the spatial extent of individual

stellar populations of different ages. We showed in Chapter 4 that it is possible to
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measure such distributions directly using time-slicing techniques. The animation in

Figure 6.1 suggests systematic variation in how concentrated the stellar populations are

in one particular spiral galaxy. Older populations are most centrally-concentrated in the

bulge regions of the galaxy while the younger populations make up the more extended

disk. This illustrates the general consensus of the cores of galaxies having older ages

than the surrounding disks.

To quantify the variation in spatial extent of different stellar populations in the full

galaxy sample, we choose to measure a concentration of each stellar population in each

spiral galaxy. A concentration can be defined in a number of ways [for example as

defined by Conselice (2003)] which often require a larger FOV than MaNGA offers in

order to measure a background flux. Here we define the concentration c of a population

of stellar age t as

c(t) =
mr≤0.5Re(t)
mr≤1.2Re(t)

(6.1)

where mr≤kRe(t) is the mean mass contained in all spaxels within k × Re using the Re

elliptical Petrosian radius values of each galaxy from the NASA-Sloan Atlas (Blanton

et al., 2011). This measure ensures that the extent of each population is scaled by the

size of the present-day galaxy, and only requires data from within the MaNGA footprint.

The concentration c of stellar populations of different ages in each galaxy in the full

sample is shown in Figure 6.8. There is a clear trend of older populations being most

centrally-concentrated (with typical values of c ≈ 2.5 at t ≥ 2 Gyr), and the younger

stars in all galaxies exhibiting the most spatially extended distributions (with c ≈ 1 at

t ≤ 0.1 Gyr). This is unsurprising since this is simply a different way of presenting and

interpreting the same effects as in Section 6.6, but in a manner that utilises more of the

temporal information available to illustrate how radial gradients in mass-to-light ratios

(e.g. García-Benito et al. 2019) are created.
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Figure 6.8: Population concentration c of each galaxy’s stellar populations in the spiral
sample as a function of stellar age, where c at each time slice is defined by Equation 6.1.
Each galaxy’s line is weighted by itsMaNGAPrimary+weighting. The heavy line shows
the weighted median of all galaxies, and the dotted lines indicate the weighted one-third
and two-third percentiles. Top: All galaxies. Bottom: The same, but with galaxies
coloured by their total (present-day) stellar mass. The youngest stellar populations
are more spatially extended than the oldest populations in all galaxies, with the effect
strongest in higher-mass galaxies.
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We find that there is a strong dependence of c(t) on total (current) galactic stellar

mass. Using the same mass bins as in Figures 6.3 and 6.4, we find that in the highest-

mass galaxies, the oldest (' 6 Gyr) stellar populations are almost three times more

concentrated than the youngest populations (/ 0.1 Gyr), while in the lowest-mass

galaxies this ratio is less than two.

By repeating this analysis using the mean 4020 Å flux mass in the definition of

c(t) (i.e. replacing mr≤kRe(t) with fr≤kRe(t)) in Equation 6.1), the results are unchanged.

This is unsurprising since the radial variation in mass-to-light ratio is unlikely to be

significant for any single time slice t.

This analysis reenforces the conclusion that inside-out growth is the primary forma-

tion mode in the majority of spiral galaxies, and that the effect is strongest in higher-mass

galaxies.

6.8 Mass–size distribution

Although the mass buildup times in Section 6.6 and the variation in concentration in

Section 6.7 both show evidence for inside-out formation being the dominant growth

mechanism in spiral galaxies, these analyses are still not directly comparable measure-

ments to those used in most studies over different redshifts. Previously, observational

evidence for inside-out formation in galaxies has come from analysing how the masses

and sizes of galaxies increase simultaneously over time, by measuring these properties

of different populations at different redshifts (e.g. van der Wel et al. 2008; Maltby et al.

2010; van der Wel et al. 2012; van Dokkum et al. 2013; Patel et al. 2013; van der Wel

et al. 2014; Papovich et al. 2015; Whitney et al. 2019). This comparison is something

that can be directly made using time-slicing methods with integral field spectroscopy

for a single galaxy population, to understand how the total mass and size growth has
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occurred over time.

6.8.1 Deriving integrated half-light and mass measurements

At each stellar age t, we define the stellar mass to be the sum of the masses in all

populations with ages ≥ t within 1.2 Re, using the smoothed distribution of weights

from Starlight. We can also define a measurement rl(t) of the light size of a time

slice t as being the radius of half the light contained within 1.2 Re (using Re elliptical

Petrosian radius measurements from the NSA) of all of the light emitted by stars older

than t. This definition is used since theMaNGA observations are limited in their fields of

view. This limitation prohibits us from reliably measuring a sky background, forbidding

a direct half-light radius measurement in a normal approach.

To ensure that the radius and stellar mass measurements defined here using the

Starlight fits are reliable, we compare these measurements for the present-day galaxy

(i.e. t = 0) with the known size and mass measurements of the galaxies in the NSA (see

Figure 6.9). We find that rl is a good proxy for the NSA elliptical Petrosian half-light

measurements, with an offset of ≈ 0.2 dex which is a consequence of both the limited

MaNGA FOV and the difference in wavelengths used. (The NSA radii are measured in

the r band imagery, but the measurements for the Starlight outputs are done on amodel

4020 Å image, which would be located in the g band.) We also find that the total stellar

masses determined by Starlight are consistent with the photometry-derived masses in

the NSA. Both mass measurements assume the same IMF, so a small observed offset is

likely due to MaNGA’s limited FOV.

Maltby et al. (2010) and van der Wel et al. (2014) showed that, unlike the early-

type galaxies, the mass–size relation for spiral galaxies is weak.2 However, using the

2The mass–size relations measured by these works use different methods for measuring galaxy radii.
They are therefore not quantitatively comparable so are not shown in Figure 6.9
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Figure 6.9: Comparison of the masses (top) and radii rl (middle) of the spiral sample
taken from the NASA-Sloan Atlas (Blanton et al., 2011) and measured by Starlight
within 1.2 Re. The dashed lines indicate equality. Both measurements are consistent
with the NSA values, with the offset in measured radius rl attributable to the limitations
of the MaNGA FOV. Bottom: We find no mass–size relation for the sample of spiral
galaxies at the present day when using the Starlight- or NSA-measured parameters
(red and blue respectively). The transparency of the points indicate the relative Primary+
MaNGA sample weighting for each galaxy.
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Starlight-derived measurements of the galaxies’ masses and sizes, we find no strong

mass–size trend in the present day sample of spiral galaxies at all; a Spearman rank test

results in a correlation p-value of only p = 0.84 for the measured data, and similar for

the NSA values. This lack of a relation may indicate that the Galaxy Zoo classifications

for low-mass galaxies may be slightly biased so that the smaller low-mass galaxies are

less likely to be classified as spirals.

6.8.2 Evolution of the mass–half-light-radius plane

Having reassured ourselves that our mass and rl radius measurements are appropriate

proxies for the photometric measurements in the present-day galaxies, we can now

explore how the mass–size plane changes over time. The upper panels of the animation

in Figure 6.10 shows the evolution of themass-rl plane over the last≈ 10Gyr. Figure 6.11

also shows the distribution of galaxies in themass–rl plane at four different redshifts. The

measurements shown are using Starlight’s current mass measurements of each SSP

template (see Section 5.4 for the distinction between current and initial mass weights).

In reality, the mass loss of each population will have been gradual over the galaxy’s

evolution rather than instantaneous as this approach implies. However, as stated in

Section 5.4, by instead adopting the initial mass — and therefore assume that no mass

loss occurs at all—we find no significant change to these results. The “reality” would of

course be between these two extremes. However, since the two cases reach near-identical

results, we present here only the results for the current mass template weightings to avoid

uncertainties in modelling time-dependent mass loss estimates separately for each SSP

at each time-step.

Assuming an absence of significant systematic radial migration effects, we find that

the growth in rl of these galaxies has only occurred over the last ≈ 3 Gyr, while the bulk
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Figure 6.10: Evolution of the mass–size plane of the spiral sample over time. The lookback time and corresponding redshift are
indicated at the top of the figure. The left column shows the mass–size plane for the light radius (rl, top) and mass radius (rm, bottom)
measurements. The right column indicates the overall change in each galaxy’s mass and size (in dex) from the first frame of the
animation. The redshift of each galaxy is accounted for, such that in any given frame the star-formation histories of each galaxy is
sampled at the difference between the frame age and the lookback time implied by the galaxy’s redshift.
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Figure 6.11: The distributions of galaxies at individual snapshots in Figure 6.10 showing the mass–rl (upper panels) and mass–rm
(lower panels) planes at selected redshifts z. The corresponding lookback times t are also indicated. As fiducials, the grey contours
and circle markers indicate the distribution of galaxies and the mean positions of each mass bin at z = 0, while the magenta contours
and coloured diamond points indicate the distribution and mean positions at each redshift’s time slice.
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of the growth in mass occurred before this. We also find that galaxies generally have not

changed their relative mass group, instead growing in mass and size at the same rates as

those of similar masses and sizes. This cohort behaviour implies that, although every

galaxy has had a unique formation history, tracing the average evolution of a galaxy

population (e.g. by measuring galaxy properties at different redshifts) is representative

of how most galaxies have evolved over the same time period.

6.8.2.1 Mass dependence

By splitting the galaxy into the subsamples of different mass bins as before, we find

that over the last 10 Gyr, the low-mass galaxies have grown significantly more in

mass (≈ 0.17 dex) but less in light radius rl (≈ 0.05 dex) than the high-mass galaxies

(≈ 0.14 dex growth in mass, ≈ 0.1 dex in rl). We also find an effect of downsizing; the

“turnup” time— at which galaxies stop growing significantly in mass and start growing

in light radius rl —occurred earlier in high-mass than low-mass galaxies (≈ 3.5 Gyr ago

compared to ≈ 1 Gyr ago).

6.8.3 Evolution of the mass–half-mass-radius plane

While the light-weighted radius measurements are directly comparable to the size evo-

lution of galaxy populations observed at different redshifts, the mass distribution of a

galaxy is more fundamental to its build-up. In Figures 6.10 and 6.11, we therefore also

show the evolution of the mass–size plane but using a half-mass size rm (equivalently

defined as the radius containing half of the stellar mass within 1.2 Re due to the limi-

tations of the MaNGA FOV) using the SSP template mass-to-light ratios. We find that

despite increases in the observed light size rl of the galaxy population, the corresponding

increase in the mass size rm of the same galaxies is minimal; we find an increase of
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/ 0.05 dex in size for almost all galaxies, even in those with low present-day stellar

masses. This weak evolution is in agreement with the results presented by Suess et al.

(2019a,b) using entirely independent approach to show that the half mass radius does

not evolve significantly compared to the evolution of the half light radius.

The physical size growth of spiral galaxies over the last 10 Gyr has therefore been

extremely small, at typically only 10% growth. Such an increase in mass radius —

however slight — requires a radial increase in the regions of ongoing star formation.

Since younger stellar populations dominate the light of a spiral galaxy at any time slice

or lookback time, the increase in measured radius in observations of the same galaxies

becomes significant. A small amount of star formation in the outskirts of the galaxies

will contribute a large amount to the light while contributing comparatively little to the

bulk of the galaxy, causing a strong mass-to-light gradient. Direct measurements of the

growth of galaxies fromobservations therefore produce an overestimate of the underlying

mass growth rate. This effect has also been recently quantified for cosmological galaxy

catalogs from CANDELS (Suess et al., 2019a,b), who showed that the half-light radius

growth of galaxies, both star-forming and quiescent, previously reported in many works

is significantly weaker for the half-mass radius.

Interestingly, it has been reported by Frankel et al. (2019) that the structure of stellar

populations seen in the Milky Way provide evidence for a slower growth in half-mass

radius than in the half-light radius, and the evidence presented here — as well as from

high-redshift surveys (see above) — suggests that this feature is common in the growth

of spiral galaxies. This slow size growth of spiral galaxies seems to be in tension

with predictions from semi-analytical models and hydrodynamics simulations of galaxy

evolution in the context of theΛCDM cosmology (see for a discussion Avila-Reese et al.

2018 and more references therein).
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6.9 Potential limitations

6.9.1 Limitations of the data

Due to the limited FOV of the MaNGA observations, we are unable to measure a true

half-light (or half-mass) radius for any given “time slice”, since we do not have any

background in the images. We are able to confirm in Figure 6.9 that the radius of half of

the light (or mass) contained within 1.2 Re is a good proxy for the present-day galaxy,

but we have no way of confirming this at other stellar population ages. However, since

we find that the oldest populations are most concentrated, the measured sizes in the

earlier age-steps in the mass–size evolution are likely to be closer to the true sizes. The

observed increase in size is therefore a conservative estimate of the real change. Since

little of a galaxy’s mass is located outside 1 Re (e.g. Pérez et al. 2013), we expect that

the mass radius rm measurements are likely to be close to true half-mass radii.

6.9.2 Stellar population models and spectral fitting

Although we showed in Chapter 5 that Starlight can measure stellar populations if the

models used to do so are correct, this work assumes that themodel spectrum templates of

the E-MILES (Vazdekis et al., 2016) and Asa’d et al. (2017) libraries are representative

of the true observed stellar populations. There are a number of unresolved problems in

the field of stellar population modelling; see Conroy (2013) for a comprehensive review.

For example, in Section 5.5, we described a correlation between weights assigned to

populations ' 109.5 years and those of / 107.2 years due to a deficiency in the SSP

templates. There is also uncertainty surrounding the shape of the IMF and ongoing

debate on whether it varies between and within galaxies (La Barbera et al., 2013; Alton

et al., 2017; Vaughan et al., 2018; Parikh et al., 2018). In principle, any variation of the
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IMF over cosmic time is likely to affect our analysis too.

We also assume here that stellar metallicity is a one-dimensional parameter. In

reality, the individual elemental abundances can vary from star to star. Further time-

slicing work can be done to measure the simultaneous change in star-formation histories

and metallacity evolution, including variation in α-enhanced metals, but this is beyond

the scope of this project. Although we are confident that the fitting methods used

here can break the age-metallicity degeneracy, the degeneracy between metallicity and

[α/Fe] is harder to assess. However, we showed in Section 4.3.1.1 that removing the

extra metallicity dimension appears to have little effect on the derived star-formation

history.

This work has also assumed a single Calzetti et al. (2000) exinction model which

affects every stellar population contained within a single spectrum equally. As we

discussed in Section 5.4.1, we expect that younger stellar populations are instead likely

to be affected by a greater amount of extinction, but we are unable to resolve this

difference in non-parametric fitting using Starlight. How this deficiency affects the

measured star-formation histories is not known.

Notwithstanding these shortcomings and assumptions used in the fitting process, the

resulting star-formation histories tell a consistent story of inside-out formation in spiral

galaxies with no noticeable artifacts, and the coherent structures visible in the time-

slicing of galaxy 8329-12701 shown in Figure 6.1 gives confidence in the fitting method

for the purposes described here. The clear inside-out formation reported here might even

be underestimated: Ibarra-Medel et al. (2019) have recently shown that any intrinsic

signature of inside-out growth is diminished by the instrumental/observational setting

and the stellar population modelling, mainly the age resolution of the SSP templates.
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6.9.3 Effects of radial mixing and mergers

Time-slicingmethods can only reveal the current locations of different stellar populations

in a galaxy. In this work, we have interpreted these present-day distributions to be

indicative of the radial distributions of star formation at the age of the stellar population,

andmake no attempt to correct for the effects of radial migration ormergers. Fortunately,

simulations suggest that the radial distributions of stellar populations in a galactic disk

are not significantly altered by radial migration (Avila-Reese et al., 2018; Navarro

et al., 2018; Barros et al., 2020), indicating that the assumptions made here are at least

approximately valid.

High-resolution simulations of Milky Way-like galaxies show that radial migration

has no preferential direction, with most stars being scattered similarly inwards and

outwards, by typically no more than 1–2 kpc (Avila-Reese et al., 2018). Instead, stars

are equally likely to move in either direction over their lives (Sellwood & Binney, 2002;

Avila-Reese et al., 2018), with observations implying that any resulting observed growth

as a result of migration occurs slower than the intrinsic growth of the disk (Martínez-

Lombilla et al., 2019). Any radial migration of an initially centrally-concentrated

distribution of stars is likely to become slightly less concentrated over time, an effect

which is observed in the stellar metallicity distributions of the solar neighbourhood in

the Milky Way (e.g. Feltzing et al. 2019; Frankel et al. 2018). A galaxy with a radial

distribution of star formation that is not varying over time would be observed using

time-slicing methods to have been slightly decreasing in measured radius over the same

time frame, since the oldest populations will have more time to disperse and would

therefore appear at larger radii. The measured variations of spatial distribution of stellar

populations of different ages in Section 6.7 are also therefore likely to be a close lower

limit on the true variation of the sizes of spiral galaxies over the same time period.

Similarly, the recovered change in light size rl in Section 6.8 is therefore a slightly
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conservative but representative estimate of how the galaxy evolved over the same time

period.

6.10 Conclusions

We have derived spatially-resolved star formation histories for a sample of 795 low-

redshift spiral galaxies using Starlight applied to integral-field spectroscopic obser-

vations from SDSS-IV MaNGA. From this fossil record analysis, we have built maps

indicating the regions in which stellar populations of different ages are located in any

given galaxy. We analysed the radial profiles of these “time slices” to extract the

historical growth of the population of spiral galaxies. The main findings are:

• We have quantified evidence for inside-out galaxy growth in three different ways,

which all indicate that such a growth mode is dominant in the majority of spiral

galaxies, and is most significant in high-mass galaxies:

– The mass-weighted mean age gradient of spiral galaxies tends to be slightly

negative; the outskirts are younger than the centres in ≈ 60% of all spiral

galaxies. This fraction rises to 80% for galaxies with stellar mass M >

1010.22M�.

– By measuring a time T95 by which 95% of the stellar mass had built up in

each location of the galaxy, we find that T95 decreases with radius in the

majority galaxies. Gradients in T95 are steepest in the highest-mass galaxies.

– The concentration c of each “time slice” was found for each galaxy. The

youngest stellar populations (younger than ≈ 108.5 years) are more radially

extended than the oldest (≈ 1010 years old) populations in all cases, and this

effect is most significant in high-mass galaxies.
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• By considering the simultaneous increase in stellar mass and the increase in light

radius with the addition of ever-younger stellar populations, we found that the

mass–size distribution of spiral galaxies evolves with very little change in rank;

galaxies grow in mass and size at similar rates to other galaxies with similar

masses and sizes. This suggests that a “like for like” approach when comparing

the sizes and masses of galaxy distributions at different redshifts is representative

of how the individual galaxies themselves have evolved.

• We found that over the last 10 Gyr, galaxies with high present-day stellar masses

have grown their half-light size by approximately twice the amount that low-mass

galaxies have, although low-mass galaxies have grown slightly more in mass.

• However, when the half-mass radius of the galaxies was used instead, we found

that spiral galaxies have barely altered their radial mass distributions over the

same time period. Although galaxies appear to grow in (light) size over cosmic

time, we show that this is an overestimate of their actual physical growth. This

apparent discrepancy is due to a small amount of star formation occurring in the

outskirts being able to dominate a galaxy’s light while contributing very little to

the physical bulk of the galaxy.



Chapter 7

Conclusions and Future Work

The evolution of spiral galaxies and the nature of their structural components still

contain unanswered questions despite decades of research. However, modern integral-

field spectroscopic galaxy surveys and spectral fitting codes offer exciting new tools to

address these questions. This thesis developed an approach of deriving star-formation

histories and then building maps of stellar populations of different ages to measure how

a galaxy’s structural parameters vary with stellar age. As we illustrated in Figures 4.2

and 6.1, such variation in a spiral galaxy’s structure can be significant. This thesis

demonstrated how the measurement of the spatial variation in star-formation history

across spiral galaxies in this manner can help to understand issues as varied as the nature

of non-axisymmetric structures such as bars and spiral arms, and the growth of spiral

galaxies over the last 10 Gyr.

Possible future expansion of this work includes applying fossil record analysis to a

larger sample to reveal how well current models can describe the bar and spiral structure

in a population of spiral galaxies, or applying these methods to answer other open

questions in galaxy structure and evolution.

134
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7.1 Conclusions

We applied stellar population fitting methods to spiral galaxies in the SDSS-MaNGA

sample, primarily using Starlight. Through analysis of the raw outputs from the

spectral fitting methods, we showed in Chapter 5 that such results require careful in-

terpretation due to the lack of hot old stars in the stellar population models, but that

the derived star-formation histories are likely to be reliable over most of the possible

range of stellar population ages despite this shortcoming. By creating test spectra with

known distributions in stellar population age, we also found that Starlight is able to

both determine the age of a single stellar population and recover a full star-formation

history to a reasonable accuracy, even in spectra with signal-to-noise ratios as low as 5

– 10, providing reassurance as to the reliability of these techniques.

7.1.1 The nature of non-axisymmetric structures

Chapters 3 and 4 highlight how there is a large amount of information contained within

the azimuthal variations of a spiral galaxy’s star-formation history that is missed by

studying only the radial variation. We showed that by preserving the full spatial infor-

mation available with integral-field spectroscopy, we can study the nature and structure

of spiral arms and bars.

7.1.1.1 Spiral arms

In Chapter 3, we presented a new direct test of the quasi-stationary density wave theory,

and applied it to UGC 3825, a grand-design spiral galaxy. This technique relies on

identifying spiral structure exhibited in two different tracers between which there is a

characteristic time delay. Through a spectral fitting approach, we derived a map of the
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location of young (≤ 60 Myr) stars, and compared this with a map of Hα emission

which is indicative of ongoing star-formation. The existence of an azimuthal offset

between these two tracers lends support to hypothesis that the spiral arms in UGC 3825

are created by a density wave.

We then showed that it is possible to measure the radial dependence of the spiral

pattern speed by cross-correlating the two spiral arm tracers. We found that the pattern

speed in UGC 3825 is consistent with being constant with radius, providing direct

evidence for the density wave spiral arms being quasi-stationary in nature. We also

found remarkably consistent results using spiral structure traced by an older (0.2 –

1.3 Gyr) stellar population, supporting the reliability of this new method.

From a “time slicing” analysis of the barred spiral galaxy MCG+07-28-064, in

Chapter 4 we also showed that it is possible to measure how the spiral arm contrast of

a spiral galaxy varies with stellar population age. These measurements were among the

first to make use of the spiral arm masks created as part of the Galaxy Zoo:3D citizen

science project. We found that the spiral contrast is greatest in the youngest stellar

populations— as expected, since spiral arms are sites of enhanced star formation— but

that a contrast was still measurable in stars as old as 2 Gyr. This result provides further

evidence for a density wave model of spiral structure being present in this two-armed

spiral galaxy.

7.1.1.2 Bars

In Chapter 4, we also measured how the structural parameters of the bar vary with stellar

population age in MCG+07-28-064, and demonstrated how this approach can reveal

interesting properties of the bar’s dynamics and history. For example, we found that

the bar’s length is greatest when traced by the youngest stars. Since a bar is associated
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with stable disk-related orbits, this variation of bar length with stellar population age is

circumstantial evidence for inside-out growth of the galaxy’s disk.

We also found that the bar in MCG+07-28-064 varies in position angle. Specifically,

we showed that the bar traced by stellar populations younger than 0.1 Gyr is angled 15°

ahead of the bar traced by older populations. Since we found the spatial distribution

of these young stars to be consistent with the morphology of the Hα emission line, we

attributed this angular offset as star-formation occurring on the leading edge of the bar.

7.1.2 The growth of spiral galaxies

Finally, in Chapter 6, we investigated what the radial variation of star-formation histo-

ries in a sample of ∼ 800 galaxies can reveal about how spiral galaxies have grown.

Consistent with previous stellar population studies, we found that most spiral galaxies

exhibit negative gradients in their mean stellar age (indicating that the central regions of

a galaxy are on average older than the outskirts), and that this gradient is most significant

in high-mass galaxies.

We then defined a T95 parameter, which measures the lookback time by which 95%

of the current stellar mass contained within a spectrum had been formed in the stellar

population fits. We found that T95 decreases with radius (i.e. as above, the inner regions

formed earliest) and that the radial gradient of T95 is strongest in galaxies with high

present-day stellar mass.

We also used the full age distribution available from a “time slicing” approach to

measure the relative spatial extent of stars of different ages. Specifically, we defined a

measurement of concentration c, which confirmed that the youngest stellar populations

are most extended and the oldest populations are most centrally-concentrated in spiral

galaxies. This difference was found to be most extreme in the highest-mass galaxies.
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Together, these analyses provide strong evidence for an inside-out growth mode

being dominant in all spiral galaxies, and also that this formation scenario is most

significant in high-mass galaxies. However, by making full use of the radial information

available with integral field spectroscopy, we showed that it is possible to go further

and reconstruct the evolution of each individual galaxy in the mass–size plane. These

measurements rely on radial migration not having significantly altered a galaxy’s stellar

population structure, an assumption which is supported by recent simulations.

We found that each individual galaxy has evolved in the mass–size plane in similar

ways, with no change in rank (i.e. galaxies do not mix within the distribution, and instead

move in similar ways to each other). This result supports the cosmological approach of

determining how the average distribution of the galaxy population at different redshifts

varies in the mass–size plane as a robust way to measure how galaxies themselves

evolve. We also showed that high-mass galaxies have grown more in light-radius than

their low-mass counterparts have over the last ∼ 10 Gyr. By contrast, we saw that the

relative stellar mass growth in low-mass galaxies over the same time period has been

greater than that of high-mass galaxies.

However, by measuring the growth of galaxies’ stellar mass-radius, we found that

the underlying physical size of a spiral galaxy has not significantly changed over the last

10 Gyr. We concluded that a fossil record analysis of a large sample of galaxies shows

that the growth of disks in spiral galaxies does occur inside-out, but that this expansion

is in large part due to a relatively small amount of bright star formation in the outskirts

of galaxies which does not significantly contribute to the physical bulk of the galaxy.
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7.2 Future work

The work in this thesis concerned the development of new approaches to measuring and

interpreting galaxy structure using integral-field spectroscopic galaxy surveys. We have

demonstrated that such approaches are reliable, and that they can be used to uncover a

large amount of information about a galaxy’s structural components. There are many

potential further applications of the methods outlined in this thesis.

7.2.1 Directly extending this thesis’ work

The work in this thesis studied the dynamics and history of a galaxy through a fos-

sil record approach. We showed that these methods work, and that they reveal more

about a spiral galaxy than simple radial age gradients. It would therefore be straight-

forward to apply these methods to other galaxy samples to reveal how the structure of

stellar populations in spiral galaxies varies with other galaxy properties.

7.2.1.1 Understanding spiral and bar structures in a population of galaxies

In this thesis, we showed that it is possible to study the properties of the bar and the

nature of spiral arms using a fossil record approach, but did not extend this work to more

than a single example galaxy in either case.

By applying the method of measuring the spiral pattern speed developed in Chapter 3

to a sample of galaxies, it may be possible to reveal how many spiral galaxies can be

explained by a quasi-stationary density wave model. Furthermore, Dobbs & Pringle

(2010) predict that the precise distributions of stellar populations around a spiral arm

are intrinsically linked to the excitation mechanism responsible for producing spiral

structure (see Figure 7.1). The time-slicing methods described in this thesis could in
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Figure 7.1: Simulations by Dobbs & Pringle (2010) predict different distributions of
stellar populations around spiral arms depending on the spiral structure mechanism.
Spirals with a fixed pattern speed top left, flocculent structure bottom left, or structure
excited by bars top right or tidal interactions lower right show different stellar age
distributions, denoted by the different colours. Figure taken from Dobbs & Pringle
(2010)
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principle be used to verify those predictions for barred and flocculent galaxies. Similarly,

in Chapter 4, we showed that an enhancement in stellar flux density is observed in stars

as old as 2 Gyr, which we argued is indicative of an underlying density wave. Since

Galaxy Zoo:3D spiral arm masks are available for ∼ 300 spiral galaxies at the time

of writing, this effect could be sought in a population of spiral galaxies. Using these

methods, it would therefore be possible to confirm whether different spiral mechanisms

are indeed responsible for the different spiral types described in Section 1.3.

In Chapter 4, we also revealed the changing morphology of a bar when viewed in

stellar populations of different ages. Fraser-McKelvie et al. (2020) have investigated the

morphology of Hα emission in bars in a large sample of galaxies, and found that the

galaxy’s stellar mass is a strong determinant of whether star-formation occurs within,

at the end of, or surrounding the bar. Further work could link the stellar population

morphologies to these trends.

7.2.1.2 The formation and quenching of lenticular galaxies

Although this thesis has exclusively focused on applications to spiral galaxies due to

their extended star-formation histories making them ideal candidates for fossil record

studies, further work could determine whether the inside-out growth trends seen in

spiral galaxies in Chapter 6 are also seen in lenticular galaxies. If so, this similarity

would be evidence for the hypothesis that the S0 morphology is a “faded spiral”, rather

than an entirely different class of galaxy. Caution in measuring spatial differences

in star-formation histories at large lookback times would be required, however, since

fossil record analyses are less sensitive to populations older than ∼5–8 Gyr.
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7.2.1.3 Metallicity evolution

The Starlight outputs include the full distribution of best-fit weights in age–metallicity

space, but this thesis has only made use of the stellar ages. Figures 4.2 and 6.1 showed

that the mean stellar metallicity of a spiral galaxy varies with stellar age. It would

be straightforward to investigate what drives this trend, and whether large changes in

metallicity are coincident with a peak in the star-formation history, which might be

indicative of infalling pristine gas driving new star formation.

7.2.1.4 IC 342

An ancillary programme of MaNGA is obtaining IFS observations across the face of

IC 342, which is an extremely nearby (∼ 3 Mpc; Saha et al. 2002) low-inclination

(i = 31°; Crosthwaite et al. 2000) massive spiral galaxy. Instead of a single IFU

being used to observe a single galaxy, IC 342 requires tiling using several individual

observations. This will result in a spatial resolution of ∼ 32 pc, compared to ∼ kpc

scales for the main MaNGA samples. These observations are still ongoing, but with

such a high spatial resolution on completion, a study of the stellar populations near the

spiral arms could produce high-quality pattern speed measurements using the method

described in Chapter 3. It would also be possible to perform the same spectral fitting

methods described in Chapters 5 and 6 to the full “megacube” of IC 342 to investigate

its disk growth in greater resolution than in this thesis.

7.2.1.5 Using MUSE

Similarly, the methods developed here could be transferred to applications with other

IFUs. For example, the state of the art multi-unit spectroscopic explorer (MUSE; Bacon

et al. 2010) at the VLT has a similar spectral resolution but superior spatial resolution
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(∼ 0.04 arcsec compared to ∼ 2 arcsec) to MaNGA, making it ideal to use the methods

described here to probe smaller spatial scales. However, at 4650–9300 Å, MUSE’s

wavelength range is more limited than MaNGA’s — and therefore cannot measure the

Balmer absorption series in galaxies nearer than z / 0.25 — and as only a single

integral-field unit, sample sizes are limited. By obtaining detailed observations of a

handful of galaxies, MUSE has already been used to study the role of spiral structure

at low redshift in regulating star formation (Kreckel et al., 2016) and affecting local gas

metallicity (Sánchez-Menguiano et al., 2016; Vogt et al., 2017), for example.

7.2.2 Cosmic star-formation histories

Applying fossil record methods to single-fibre spectra, Panter et al. (2003, 2007) derived

the star-formation and metallicity histories of the Universe. However, Kewley et al.

(2005) showed that since single-fibre spectroscopy probes different physical diameters

of galaxies of different redshifts, such results may be inaccurate. As a result, there has

been some work to use observations from integral-field spectroscopic galaxy surveys

to perform spectral fitting out to a larger consistent radius (e.g. López Fernández et al.

2018; Sánchez et al. 2019). These have shown consistency with observations of galaxy

populations at different redshifts, but Sánchez et al. (2019) find a peak in total star-

formation at z ∼ 1, slightly later than the z = 1.5 − 2.5 found by cosmological studies

(e.g. Madau et al. 1998; Madau & Dickinson 2014; Driver et al. 2018). However, this

measurement is probing large lookback times of up to 1010 years, where fossil record

analyses are less sensitive.

As a preliminary test for how the fossil record analysis described in this thesis

can be used to derive the star-formation history of the Universe, all galaxies in the

Primary+ and Secondary MaNGA samples of MPL-8 have been fitted using the method
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Figure 7.2: The star-formation history of the Universe revealed by fossil record analysis
of all galaxies in MPL-8, showing a peak at z ∼ 0.5 − 1. This is a preliminary result.

described in Chapter 5. To avoid the blurring effects of mixing spectra of galaxies at

different relative velocities, all emission-subtracted spaxel spectra of each galaxy were

rebinned onto a single rest-frame wavelength base using the MaNGA DAP’s stellar

velocity measurements, before summing all spaxels within 1.5 Re. After accounting for

the MaNGA sample weighting and for the different observed redshifts of each galaxy, a

preliminary cosmic star-formation history is shown in Figure 7.2. Even in this initial test,

the measured peak in star-formation history at z = 0.5− 1 is reassuringly approximately

consistent with that measured by Sánchez et al. (2019).

In Chapter 6, we demonstrated how a fossil record analysis of the mass–size plane

can simultaneously reveal the evolution in the average distributions as well as the growth

of individual galaxies within the population. Through a similar approach, Sánchez et al.

(2019) also derived the evolution of the galaxy SFR–mass “main sequence”, and showed

that currently quiescent galaxies dominated the Universe’s star-formation in earlier
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Figure 7.3: Animation showing the evolution of the specific star-formation rate–stellar
mass plane. High-mass galaxies appear to shut down their star-formation earlier than
low-mass galaxies. This is a preliminary result.
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times. An animation of the evolution of MPL-8 galaxies in the specific star-formation

rate–stellar mass plane is shown in Figure 7.3. Although this result is very preliminary

work, some features are seen which are consistent with the current understanding of

the evolution of star-formation rates in galaxies. For example, more massive galaxies

appear to become quiescent more rapidly than low-mass galaxies. Further work could

readily be done to determine exactly what role a galaxy’s stellar mass and present-day

morphology have had on its contribution to the Universe’s star-formation history or on

its evolution in the SFR–mass plane.

Even these preliminary results highlight how powerful and versatile the fossil record

analyses developed in this thesis can be in studying the evolution of the Universe, as

well as its constituent galaxies and their structural components.
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