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Abstract

Outer disk star formation is a relatively common occurrence with extended ultra-

violet (UV) bright regions observed in the outer disks of ∼30% of nearby spiral

galaxies. However, our current understanding of star formation is largely based on

observations of the bright, central regions of galaxies and may not be applicable to

outer-disks, which have low gas column densities dominated by neutral hydrogen

(H i) and low metallicity; an environment very different to the central regions of

galaxies. It is, therefore, essential to study and understand star formation in these

extreme environments to obtain a clear picture of star formation and evolution across

the entire star-forming disk. To further our understanding of star formation in these

regions I use images of young (. 150 Myr), high-mass (& 4 M�), resolved stellar

populations from the Hubble Space Telescope (HST) to directly trace recent star for-

mation in nearby galaxies. Using these stars, I develop a novel method to constrain

the initial mass function (IMF) and investigate the local star formation law (SFL)

and star formation thresholds in H i-dominated outer-disks.

I present the photometry and spatial distribution of resolved stellar populations in

the outskirts of NGC 2915, a blue compact dwarf with an extended H i disk. These

observations reveal an elliptical distribution of red giant branch stars, and a clumpy

distribution of main-sequence stars that correlate with the H i gas distribution. I

constrain the upper-end of the IMF and determine the SFL in this field, using the

observed main-sequence stars. Previously published Hα observations of the field,

which show one faint H ii region, are used to provide further constraints on the IMF.

The main-sequence luminosity function analysis alone results in a best-fitting IMF

with a power-law slope α = −2.85 ± 0.36 and upper-mass limit Mu = 60 ± 36 M�.

However, if it is assumed that all of the Hα emission is confined to H ii regions then

the upper-mass limit is restricted to Mu . 20 M�. For the luminosity function fit to

be correct the Hα observations have to be discounted, implying significant diffuse

ionized gas or escaping ionizing photons. Combining the HST photometry with H i

imaging the SFL is determined to have a power law index of N = 1.53± 0.21.

The photometry and spatial distribution of resolved stellar populations in the ex-

treme outer disk of M83, a giant spiral galaxy with an extended UV disk are also

presented. These observations show a clumpy distribution of main-sequence stars

that correlate with the H i gas distribution and a dominant, mostly smooth, dis-

tribution of red giant branch stars. The best-fitting IMF is determined to have a

power-law slope α = −2.35± 0.35 and an upper-mass limit Mu = 25± 32 M�. This
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IMF is consistent with the observed Hα emission, which is used to provide additional

constraints on the IMF and to rule out a standard Kroupa IMF. These results, along

with the previous analysis of the IMF in the outer disk of NGC 2915, indicate that

outer disk star formation is deficient in high-mass stars compared to a Kroupa IMF.

The local SFL is determined to have a power law index of N = 2.37 ± 0.09, which

is steeper than the Kennicutt–Schmitt SFL but is within the scatter of observations

in the outer disks of nearby spiral galaxies.

High-mass, main-sequence stars from the previous analyses are used to investigate

star formation thresholds in the extended gas disks of M83 and NGC 2915. An

analysis based on the Toomre stability parameter shows that star formation occurs

wherever the disk is locally unstable in M83; however, widespread star formation

is observed across the NGC 2915 field, which is found to be entirely stable. This

is consistent with previous results that show dwarf galaxies exhibit sub-critical star

formation. A metallicity dependent surface density criterion, which traces the tran-

sition from the warm phase to the cold phase of the interstellar medium is also

investigated. Star formation occurs predominantly in regions that are above the

critical surface density in both NGC 2915 and M83. Further investigation is re-

quired to determine if this surface density criterion can be used as a universal local

star formation threshold across all galaxy types.
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Chapter 1

Introduction

1.1 Outer disk star formation

Kennicutt (1989) studied the radial distribution of star formation and gas in a sample

of 15 spiral galaxies and found that, despite an abundance of neutral hydrogen

(H i) gas in the outer disks, star formation appeared to only be located in the

central regions of galaxies and was truncated compared to the H i disk. This result

indicated that star formation was suppressed in outer disks, possibly due to increased

gravitational stability in these regions. However, Kennicutt (1989) did find the

outer disks to be close to the critical density required for gravitational instabilities

to form, suggesting that star formation may occur in localised regions where gas

density enhancements occur, such as spiral arms. Confirmation of this idea was

provided by Ferguson et al. (1998) with the detection of localised regions of high-

mass, star formation beyond two optical radii1 in three nearby spiral galaxies. These

images showed that outer disk star formation occurs in small, faint, isolated regions

located along spiral arms coinciding with peaks in the H i gas distribution. This

discovery was followed by the detection of young B-type stars from observations

of resolved stellar populations in the extended H i disks of M31 and NGC 6822

(Cuillandre et al., 2001; de Blok & Walter, 2003), hinting that all extended H i disks

may harbour low-level star formation.

The study of outer disk star formation was revolutionised by the Galaxy Evolution

Nearby Explorer (GALEX). The high sensitivity and large field of view of GALEX

1r25, the radius where the surface brightness of the galaxy is 25 mag arcsec−2 in the B-band,
which typically defines the central star forming region of a galaxy.

1
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provided the unique ability to detect the ultraviolet (UV) continuum emission from

high-mass (M? & 5 M�), main-sequence stars in the outer disks of nearby galaxies.

Initial observations from GALEX revealed the presence of UV-bright complexes,

or extended UV (XUV) emission, beyond the optical radii of nearby spiral galaxies

M83 and NGC 4625 (Thilker et al., 2005a; Gil de Paz et al., 2005). These UV-bright

complexes occur throughout the extended H i disk, primarily located in peaks of the

H i gas along spiral arms (e.g. Bigiel et al., 2010). A search for XUV disks revealed

the presence of widespread massive star formation in the outer disks of ∼30% of

nearby galaxies, indicating that outer disk star formation is a common occurrence

in the local Universe (Thilker et al., 2007).

Outer disk star formation occurs at extremely low levels in an environment that is

characterised by low gas surface densities dominated by H i, low metallicity (com-

pared to the inner disk e.g. Gil de Paz et al., 2007) and long gas consumption and

dynamical time scales (Bigiel et al., 2010). These conditions are very different to

the central regions of galaxies (i.e. inside the optical radius) where star formation

has been studied extensively. Much of our current understanding of star formation

is based on such observations and despite the high occurrence of outer disk star

formation in the local Universe little attention has been paid to understanding star

formation in these environments.

Star formation is one of most extensively studied processes in cosmic evolution.

Despite this, star formation is not yet fully understood due to the many complicated

astrophysical processes involved (i.e. magnetohydrodynamics, radiative processes of

the interstellar medium (ISM) and gravitational collapse Krumholz, 2014). One of

the main goals of this field is to formulate an accurate prescription of star formation

that is able to reproduce observations across all star-forming conditions. The study

of star formation is a complex and broad topic, ranging from theory, to numerical

simulations and of course observations, which cannot be tackled in one thesis alone.

This thesis uses observations of star formation in the outer disks of nearby (D .

4.5 Mpc) galaxies to further our understanding of how star formation behaves in

low density regions. These observations can be compared to theories to aid in the

progress towards a complete picture of star formation across all environments.

A key element in our understanding of the behaviour of star formation is the stellar

initial mass function (IMF), which is an empirical relation describing the distribution

of initial masses of stellar populations. Knowing the IMF of a stellar population is

crucial for interpreting the observed luminosities of galaxies and for understanding

the evolution and formation of galaxies; high-mass stars produce most of the light in
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a galaxy and are responsible for chemically enriching and injecting energy into the

ISM, while the low-mass stars are responsible for most of the mass. Theoretically the

IMF should change with star forming conditions, (Krumholz et al., 2010; Elmegreen,

2004; Krumholz & McKee, 2008), yet studies of stars in clusters and associations in

the Milky Way and Magellanic Clouds have revealed a nearly constant IMF (Kroupa,

2001a, 2002). This has led to the common assumption of a “Universal IMF” (i.e. an

IMF that is independent of star forming conditions), which has been widely applied.

The assumption of a universal IMF is built on the basis that all stars form in clusters

(Lada & Lada, 2003). However, the fraction of stars that form in star clusters has

been shown to decrease with gas surface density and low surface brightness regions

should predominately produce stars that form in OB associations or even more

diffusely (Elmegreen, 2008; Kruijssen, 2012). The presence of diffuse UV emission

has been detected in galaxies (Hoopes & Walterbos, 2000; Hoopes et al., 2001;

Thilker et al., 2005a), which may indicate the presence of high-mass star forming in

the field (Massey et al., 1995). Studying star formation in low-density regions which

exhibit a diffuse mode of star formation is important as it may alter our view of the

IMF. Even in starburst galaxies, which have the highest star formation intensity in

the local Universe, on average only 20% of the UV light is contained in compact star

clusters, the rest being diffusely spread between clusters (Meurer et al., 1995).

Recent observation of star-forming galaxies in the local Universe have challenged

the assumption of a universal IMF (e.g. Meurer et al., 2009; Lee et al., 2009). These

studies found the observed Hα/FUV ratio to be lower than expected for the assumed

universal IMF in low surface-brightness and low luminosity galaxies, indicating a

deficiency of high-mass stars. Further evidence of this discrepancy is observed in

XUV disks galaxies. For example, M83 has a Hα profile that appears truncated

compared to the UV emission with only a subset of UV bright regions having Hα

counterparts, and NGC 4625 has a Hα profile that declines more rapidly than the

FUV and Hα/FUV ratios that are lower than expected in the outer disk (Thilker

et al., 2005a; Gil de Paz et al., 2005). While Meurer et al. (2009) argue that the

low Hα/FUV ratios are the result of an IMF deficient in high-mass stars, a variety

of other explanations have been posited. These include, stochastic sampling of the

universal IMF at low star formation intensities (as explored by Thilker et al., 2007;

Boissier et al., 2007; Fumagalli et al., 2011), escaping ionizing photons (Lee et al.,

2009; Hunter et al., 2010), ageing effects (Koda et al., 2012) or a combination of

these.
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If it is found that the IMF varies with star-forming conditions it will have far reach-

ing implications for our understanding of galaxy formation and evolution. A well

defined IMF is required to accurately determine the star formation rate (SFR) from

observable properties such as Hα and UV luminosities (Kennicutt & Evans, 2012;

Kennicutt, 1998a), stellar masses of galaxies (Taylor et al., 2011), the star formation

histories of nearby galaxies from resolved stellar populations (Dolphin, 2002; Skill-

man et al., 2003; Williams et al., 2008; Weisz et al., 2014a), for modelling chemical

enrichment and energy feedback to the ISM (McKee & Ostriker, 1977; Matteucci

& Francois, 1989; Thornton et al., 1998), and as an input for cosmological models

of galaxy formation and evolution (Springel, 2000; Vogelsberger et al., 2013; Schaye

et al., 2015). If the IMF does vary then this must also be reproduced and incorpo-

rated in simulations and theoretical models of star formation.

Another key component in our understanding of the behaviour of star formation is

the star formation law (SFL2), which describes how efficiently gas turns into stars

(i.e. the relationship between star formation intensity and surface gas density). The

SFL in outer disks is observed to be very different from the SFL derived for the

central regions of galaxies. In the central regions star formation is found to correlate

with molecular gas and not at all with H i, with short gas depletion times (≈2 Gyr)

and minimal scatter (Bigiel et al., 2008). This is in stark contrast to star formation

in outer disks of spirals and in dwarf galaxies, which is found to correlate with H i and

have long gas depletion times (≈100 Gyr) and large scatter (Wyder et al., 2009; Bigiel

et al., 2010; Bianchi et al., 2011; Roychowdhury et al., 2015; Elmegreen & Hunter,

2015). The observed scatter may be explained by recent models of low-density star

formation that depend on environment (e.g. Ostriker et al., 2010; Krumholz, 2012,

2013). These theories are based on different underlying assumptions and physical

mechanisms. For example, the model of Ostriker et al. (2010) is based on thermal

and dynamical equilibrium in the diffuse gas and is independent of metallicity while

the model of Krumholz (2013) is based on the hydrostatic balance of the ISM and

depends on the metallicity of the gas that forms stars.

Determining which of these models match observations best may shed light on the

main processes that regulate star formation in these regions, and if there is any

dependence on environment (i.e. metallicity, density of stars plus dark matter or

both). It has also been suggested that in low-density, low-metallicity environments

star may form directly from H i (Krumholz, 2012), the detection of molecular gas in

2The SFL is an observed empirical relation fitted by a power-law, not a physical law; however,
I use this nomenclature to be in line with previous studies in the literature.
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these environments will also provide crucial tests (molecular gas has so far remained

undetected in outer disks r > r25 e.g. Schruba et al., 2011). If star formation is

found to depend on environment this may affect our current understanding of the

evolution of the universe. For example, current cosmological simulations implement

“sub-grid physics” based on SFLs that are independent of environment (e.g. Schaye

et al., 2015), despite evidence that star-forming conditions in the early Universe

were very different to the conditions observed in the nearby Universe (e.g. high gas

densities and strong background UV photon density; Shirazi et al., 2014; Kewley

et al., 2015).

In addition to understanding the behaviour of star formation in low-density regions

through the IMF and SFL, further exploration of whether there is a star formation

threshold and what determines this threshold is also required. At large radii the

radially averaged SFL of Kennicutt (1989) breaks down as observed by the trunca-

tion of Hα profiles compared to the gas profile (see also Martin & Kennicutt, 2001),

however it is now known that outer disks harbour low levels of star formation in

localised regions (Ferguson et al., 1998; Gil de Paz et al., 2005; Thilker et al., 2005a,

2007). The outer disks of spiral galaxies are close enough to the Toomre stability

criterion that swing amplifications can cause the local gas surface density to exceed

the critical density (Ferguson et al., 1998; Dong et al., 2008; Bigiel et al., 2010).

However, this explanation cannot be applied to other low-density systems, such as

dwarf galaxies, which have high stability and very low gas surface densities, indi-

cating that disk stability may be independent of rotation and that local conditions

are important (van Zee et al., 1997; de Blok & Walter, 2006; Elson et al., 2011b;

Elmegreen & Hunter, 2015). Studying local star formation thresholds will provide

insight into the minimum conditions required for star formation and to determine

if, like the SFL and IMF, there is any dependence on environment.

Not only will the study of star formation in outer disks help us to better predict

the progression of star formation at low densities, it will also help to shed light

on the formation and evolution of outer disks themselves. Despite current research

specifically aimed at understanding outer disks many questions remain unanswered

(e.g. Thilker et al., 2005a; Gil de Paz et al., 2005; Thilker et al., 2007; Dong et al.,

2008; Bush et al., 2008; Werk et al., 2009; Barnes et al., 2011; Lemonias et al., 2011;

Barnes et al., 2014). Studying the chemical abundances and stellar populations

in these regions regions will help determine how the stars and gas get into the

outer disk. Possible scenarios include, minor mergers of dwarf galaxies, hot or cold

accretion and disk spreading (e.g. Roškar et al., 2008, 2010; Lemonias et al., 2011;
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Pichon et al., 2011). This will also help to determine how star formation proceeds

in these regions e.g. continuously at a low level over many Gyr or episodic with

discreet “triggers”. Understanding the formation of outer disks will also allow us to

answer questions about their fate. Do outer disks switch off or will they continue

growing? If so what is their final state? Do gas-rich “dormant” outer disks exist?

Understanding how star formation behaves in the outer disks of galaxies will provide

crucial information needed to model their formation and evolution, ultimately aiding

in our understanding of these systems.

1.2 Tracers of recent star formation

The observed truncation of disks in Hα compared to UV shows that the choice

of SF tracer can bias our view. Thus it is essential to understand the strengths

and weaknesses of these tracers in order to correctly interpret observations. Stellar

populations can be traced using a variety of different wavelengths (both line and

continuum), from X-ray to radio, using unresolved and resolved photometry of both

direct and indirect tracers. Unresolved photometry allows stellar populations to be

studied at great distances and is also widely used to determine SFRs. As these SFR

indicators only trace the massive stellar populations they depend on an assumed

fully-sampled IMF, stellar population synthesis models and the time over which the

star formation occurs to determine the SFR over all masses. For a detailed review of

star formation rate indicators see Kennicutt & Evans (2012) and Kennicutt (1998a).

Some of the most widely used tracers of star formation are briefly discussed below:

Hα: Main-sequence stars with masses (at birth) of at least 15 M�, are hot enough

to emit large amounts of ionizing photons, which ionize the surrounding hydrogen

gas to produce recombination lines. These stars have main-sequence lifetimes up

to nearly 10 Myr, hence the presence of recombination lines indicates very recent

star formation. Hα is the most commonly used recombination line and is often used

to determine the number of massive stars in H ii regions. Hα is an indirect tracer

of recent star formation, because the light is not directly emitted by these stars,

and is sensitive to dust absorption, scattering and to the assumptions of case-B

recombination (i.e. the gas is optically thick to ionizing photons, as well as Lyman-

α photons; Osterbrock & Ferland, 2006) and extrapolation of the assumed IMF to

lower masses.
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Far Infra-red (FIR; 25 − 1000µm): FIR light is emitted by dust that has been

heated by stellar light and is an indirect tracer of star formation. Dust absorption

peaks in the UV and as such FIR can be used to trace young, high-mass stellar

populations. The amount of reprocessed light depends on the optical depth and

geometry of the surrounding dust, which may cause some light to be lost. Dust may

also be heated by more evolved, low-mass stellar populations, however the heating

is generally dominated by young-stellar populations if present.

UV: UV light is largely emitted by main-sequence star with masses (at birth) of

at least 5 M�, which have main-sequence lifetimes up to 100 Myr. UV has the

advantage of being a direct tracer of recent star formation, however it is highly

sensitive to dust attenuation and to the extrapolation of the assumed IMF to lower

masses.

Bolometric luminosity: More recently multi-wavelength indicators have been de-

veloped to take advantage of the strengths and reduce the weaknesses of single

indicators. For example Hao et al. (2011) use UV light, which directly traces young,

high-mass stellar populations, but is severely affected by dust attenuation, in con-

junction with total IR light to determine dust-corrected SFRs.

One would assume that different tracers of star formation would produce similar

SFRs (within the uncertainties). However, in low-surface brightness regions and in

dwarf galaxies it has been found that the SFR determined via Hα and UV emission

do not match (Lee et al., 2009; Meurer et al., 2009; Roychowdhury et al., 2011,

2014). A variety of explanations have been proposed to cause this effect such as,

and IMF deficient in high-mass stars, escaping ionizing photons, stochastic sampling

of the IMF and the short time-scales over which Hα is observable and dust. This

discrepancy highlights the fact that the choice of star formation indicator can bias

interpretations of observations.

Young resolved stellar populations are the most direct tracer of recent star formation,

especially in low stellar density regions with low SFRs. At present this is only

attainable in nearby galaxies (D . 10 Mpc), even with the high resolution of the

Hubble Space Telescope (HST). The HST can be used to study young, massive

stars in nearby galaxies using its UV and optical filters. Studies of resolved stellar

populations are hindered by dust extinction and crowding, however these effects

are reduced in the low stellar-density outer regions of galaxies. This thesis takes

advantage of the benefits of resolved stellar populations to examine star formation

in low-density outer disks.
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1.3 Outline of thesis

This thesis examines star formation in the outer disk regions of the nearby galaxies

NGC 2915 and M83 (NGC 5336), utilising young resolved stellar populations from

HST observations, in order to further our understanding of star formation at the low-

density limit. Outer disk regions typically have low-stellar density, low gas column

density dominated by H i, low metallicity and long dynamical time-scales, which are

very different from the often studied bright central regions of galaxies. In particular,

the goals of this study are:

1. Develop a novel technique determine the form of the upper-end IMF in low-

density regions using resolved stellar populations.

2. Determine if the IMF in outer disk regions is different from the universal IMF.

3. Determine the form of the SFL in H i-dominated outer-disks. Does it differ

from observations using other star formation rate indicators? How does it

compare to models?

4. Investigate local star formation thresholds in outer disks. Determine whether

star formation occurs in regions that are considered unstable using the Toomre

stability criterion. If so whether theoretical models that can be applied to

determine the observed threshold levels?

Chapter 2 is composed of Paper 1: In this chapter I develop a technique to determine

the form of the upper-end IMF in low-density regions utilising observations of young,

high-mass resolved stellar populations. This method is successfully applied to NGC

2915 a nearby, blue compact dwarf galaxy with an extended gas disk. The observed,

young, high-mass stars are also used to determine the form of the SFL in the outer

disk, which is compared to observations and models of the SFL in H i-dominated

regions.

Chapter 3 is composed of Paper 2: In this chapter I apply the novel technique

developed in Chapter 2 to the outer-disk of M83 a giant, nearby, spiral galaxy with

an extended UV disk. The IMF determined in the outer disk of M83 is compared

to the results from the previous chapter. The observed, young, high-mass stars

are used to determine the SFL in the outer disk of M83, which is compared to

observations (including the results from the previous chapter) and models of the

SFL in H i-domincated regions.
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Chapter 4 is composed of Paper 3: In this chapter I investigate local star formation

thresholds in the outer disk of M83 and NGC 2915. The young, high-mass resolved

stellar populations from the previous analyses are used to directly trace recent star

formation. The areas of recent star formation along with H i observations are com-

pared to the critical density derived from a Toomre based star formation threshold

and a metallicity dependent surface density threshold model. We find the constant

surface density model to be superior to the Toomre based star formation threshold

and discuss the possibility of extending the analysis to a larger sample of galaxies

to establish a universal local star formation threshold across all galaxy types.

Finally, in Chapter 5, I summarise the conclusions of this thesis in context of the

previously stated goals, and describe future work.





Chapter 2

The initial mass function and star

formation law in the outer disk of

NGC 2915

Foreword and context

This chapter presents a novel technique to determine the IMF using high-mass, main-

sequence stars from HST observations. This technique is used to place constraints

on the IMF in the extended H i disk of NGC 2915 to determine if the initial mass

function in this low stellar-density environment is different to the assumed Universal

IMF. The star formation rate in the outer disk is also calculated using the observed

high-mass, main-sequence stars. This star formation rate is used in conjunction with

H i data to determine the star formation law in the outer-disk, which is compared

to observations and models of star-formation in low-density environments.

This chapter is composed of a paper published in the Monthly Notices of the Royal

Astronomical Society, Volume 447, p.618-635 and is reproduced here reformatted

into a thesis layout.

Authors and affiliations

S. M. Bruzzese1, G. R. Meurer1, C. D. P. Lagos2, E. C. Elson3, J. K. Werk4, John

P. Blakeslee5, and H. Ford6

11



12 Chapter 2 IMF and SFL in the outer disk of NGC 2915

1International Centre for Radio Astronomy Research, University of Western Aus-

tralia, Crawley, WA, Australia
2European Southern Observatory, Garching, Germany
3Astrophysics, Cosmology and Gravity Centre, University of Cape Town, Ronde-

bosch, South Africa
4UCO/Lick Observatory, University of California, Santa Cruz, CA, USA
5Herzberg Institute of Astrophysics, National Research Council of Canada, Victoria,

BC, Canada
6Department of Physics and Astronomy, Johns Hopkins University, Baltimore, MD,

USA

Abstract

Using Hubble Space Telescope (HST ) ACS/WFC data we present the photometry

and spatial distribution of resolved stellar populations in the outskirts of NGC 2915,

a blue compact dwarf with an extended H i disk. These observations reveal an

elliptical distribution of red giant branch stars, and a clumpy distribution of main-

sequence stars that correlate with the H i gas distribution. We constrain the upper-

end initial mass function (IMF) and determine the star formation law (SFL) in

this field, using the observed main-sequence stars and an assumed constant star

formation rate. Previously published Hα observations of the field, which show one

faint H ii region, are used to provide further constraints on the IMF. We find that

the main-sequence luminosity function analysis alone results in a best-fitting IMF

with a power-law slope α = −2.85 ± 0.36 and upper-mass limit Mu = 60 ± 36 M�.

However, if we assume that all Hα emission is confined to H ii regions then the

upper-mass limit is restricted to Mu . 20 M�. For the luminosity function fit to be

correct we have to discount the Hα observations implying significant diffuse ionized

gas or escaping ionizing photons. Combining the HST photometry with H i imaging

we find the SFL has a power law index N = 1.53 ± 0.21. Applying these results to

the entire outer H i disk indicates that it contributes 11–28% of the total recent star

formation in NGC 2915, depending on whether the IMF is constant within the disk

or varies from the centre to the outer region.
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2.1 Introduction

Various empirical relations are used as prescriptions for star formation, allowing us

to model galaxy evolution. Two of these relations are the stellar initial mass function

(IMF), and star formation law (SFL). The IMF affects many observable properties

of galaxies; with any given IMF one can estimate: the stellar mass of galaxies from

luminosities (e.g. Bell et al., 2003; Panter et al., 2007; Baldry et al., 2008), the

star formation rate (SFR) from Hα emission (e.g. Kennicutt, 1989, 1998b), and star

formation history (SFH) from colour-magnitude diagrams (CMDs; e.g. Gallart et al.,

1996; Dolphin, 1997, 2000a; Skillman et al., 2003; Dolphin, 2002; Williams et al.,

2008; Weisz et al., 2013). Beyond individual galaxies, a well defined IMF is required

to derive the cosmic SFH of the Universe (Madau et al., 1996; Lilly et al., 1996),

and to model the formation and evolution of galaxies. On the other hand, the SFL

describes the relationship between the interstellar medium (ISM) and the observed

SFR, allowing us to numerically model star formation, place constraints on these

models, and determine which theories of star formation best match observations.

2.1.1 Initial mass function

The IMF was originally parametrized as a power law mass distribution ξ(m) =

dN/dm ∝ mα, with α ≈ −2.35 based on observed star counts in the Solar neigh-

bourhood (Salpeter, 1955), and later found to turn over at low masses (m . 1 M�,

Kroupa, 2001a; Chabrier, 2003). Theoretically the IMF should change with star-

forming conditions (Bate & Bonnell, 2005; Larson, 2005; Elmegreen, 2004), yet the

observed IMF in star clusters and associations does not vary significantly in different

regions of the Milky Way (MW) and Magellanic Clouds. Any deviations observed in

these regions are within the limits of statistical uncertainties (Bastian et al., 2010),

leading to the assumption of a universal IMF (Scalo, 1986; Kroupa, 2001a, 2002;

Chabrier, 2003).

As it is a common assumption that the IMF is universal, most studies in resolved

stellar populations aim to solve for the SFH, while assuming an IMF, by analysing

CMDs (e.g. Gallart et al., 1996; Aparicio et al., 1997; Barker et al., 2007; Williams

et al., 2008, 2009, 2010; Lianou & Cole, 2013; Harris & Zaritsky, 2009; Weisz et al.,

2011, 2013). These studies generally assume a Salpeter (1955) or Kroupa (2001a)

IMF with an upper-mass limit Mu = 100 − 120 M�. In this paper we consider a

Kroupa (2001a) IMF with Mu = 120 M� and α = −2.35 to be standard and will
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refer to it as the Kroupa IMF. However, recent observational results (Hoversten &

Glazebrook, 2008; Meurer et al., 2009; Lee et al., 2009; Gunawardhana et al., 2011)

based on the integrated light of galaxies indicate that the upper-end of the IMF may

vary with galactic luminosity, surface brightness or SFR, challenging the assumption

of a universal IMF. If the IMF is not universal and has steeper slope, or the upper-

mass limit is lower than the assumed IMF, then a recent SFH that is truncated or

declining could be inferred when the SFR is constant (Meurer et al., 2009).

In this study rather than solving for the SFH we explore the less well used approach of

adopting a plausible SFH and solving for the IMF. Using this method to determine

the IMF in extreme environments may provide insight into IMF variations. One

such extreme environment is the outer-disk region of gas-rich star-forming galaxies.

These regions have very low gas and stellar-surface densities and have recently been

shown to harbour low-intensity star formation (Thilker et al., 2007). Our method

is justified by the relative simplicity and quiescence of the outer disk on time-scales

shorter than the dynamical time. Since it is thought the IMF may be deficient in

high-mass stars in low-density environments (Elmegreen, 2004), studying the IMF

in the outer disks of gas-rich, star-forming galaxies may provide insight as to how

the IMF depends on environment.

2.1.2 Star formation law

The empirical relation between star formation and gas density was introduced by

Schmidt (1959), who proposed that the rate of star formation varies with a power

of the gas density ρSFR ∼ ρngas. In this study Schmidt (1959) compared the spatial

distribution of young stars as tracers of recent star formation to H i gas in the Milky

Way, finding n = 1− 3. Studies of the spatially resolved or local SFL in the nearest

galaxies followed, using the surface densities of OB stars and H ii regions as tracers

of recent star formation and H i observations to trace the gas (e.g. Sanduleak, 1969;

Madore et al., 1974; Hamajima & Tosa, 1975). These studies used projected gas

surface densities, in which case the SFL can be parameterized as ΣSFR = AΣN
gas

and found N = 1.1 − 3.1. Note that for a constant scale height n = N , thus the

exponent is the same for both volume and surface densities. Later studies of the

local SFL started to incorporated the H2 content estimated from CO observations in

the Σgas estimates; this included Kennicutt (1989) who found N = 1.3±0.3. Rather

than studying the SFL on local or sub-galactic scales Kennicutt (1998b) determined

a global SFL by studying the disk averaged properties of an extensive sample of
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galaxies. Kennicutt (1998b) derived a global SFL power-law index of N = 1.4±0.15

and A = (2.5±0.7)×10−4 M� yr−1 kpc−2, where ΣSFR is the star formation intensity

derived from Hα emission and Σgas is the total gas (H i + H2) mass surface density.

To a large extent this has become the ‘standard’ SFL, bearing in mind that the

scale factor depends on the adopted IMF, and an assumed constant SFR over the

short life time of O stars (. 10 Myr)1. Recent studies of the local SFL go down to

sub-kpc resolution and find that N takes on a wide range of values from super-linear

(N > 1) (Boissier et al., 2003; Kennicutt et al., 2007; Genzel et al., 2013) and linear

(N = 1) (Bigiel et al., 2008), to sub-linear (N < 1) (Shetty et al., 2013).

There has been much discussion as to what phase of the ISM the SFL pertains,

greatly affecting the derived value of N . Initially the SFL was calibrated with H i

+ H2 (with H2 traced by CO), yielding super-linear values of N (Kennicutt, 1989,

1998b). Kennicutt (1989) showed that on global scales the SFR is more strongly

coupled to the total gas density than either H i or H2 alone. However, recent work

shows that on smaller scales, and in the optically bright part of galaxies, the SFR

scales better with H2 and not at all with H i; yielding lower values of N and a nearly

linear SFL (Bigiel et al., 2008; Leroy et al., 2008; Schruba et al., 2011). In the outer

regions of galaxies the SFR correlates with H i surface densities (Bigiel et al., 2010;

Bolatto et al., 2011), but this could be consistent with star formation correlating

with H2, which largely remains undetectable (Krumholz, 2013).

Understanding how the SFL depends on environment is crucial to determine the

underlying physics of star formation. The observed scatter in composite SFLs and

variation of the slope between different galaxies is an indication that the SFL is not

solely dependent on the surface density of gas, but varies with environment. This

idea has been supported by observations and theoretical models (Schruba et al., 2011;

Leroy et al., 2008; Dopita & Ryder, 1994). In addition, a large scatter is observed

in the correlation between SFR and H i surface density in H i dominated regions,

as shown by Bigiel et al. (2010). The observed scatter may be explained by recent

models of Ostriker et al. (2010) and Krumholz (2013), which show that the SFR in

the low-density H i dominated regime should depend sensitively on parameters such

as metallicity and the density of stars plus dark matter. Thus, the low-density outer

disks of gas-rich star-forming galaxies provide a unique environment to determine

how well these models match observations.

1The quoted A is for a Salpeter IMF over the mass range 0.1 to 100 M�, whereas for a Kroupa
IMF it is a factor of 1.7 lower (Salim et al., 2007).
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2.1.3 This work

In this paper we determine the IMF and the SFL in the outer H i disk of the dark

matter dominated galaxy NGC 2915. This galaxy has been labelled the ‘Ghost

Galaxy’; when viewed in optical light it is classified as a blue compact dwarf (BCD)

(Meurer et al., 1994) but when observed in H i it appears to be a late-type spiral

extending over five times its Holmberg radius (Meurer et al., 1996; Elson et al.,

2010). Beyond its core of intense star formation, this galaxy showed no signs of

extended star formation in earlier studies (Meurer et al., 1994, 1996). However, Hα

images published by Werk et al. (2010) show three very faint H ii regions in the outer

disk, indicating that some high-mass star formation is occurring. The Hubble Space

Telescope/Advanced Camera for Surveys (HST/ACS) images presented by Meurer

et al. (2003) were intended to find young stars associated with star formation in

the outer H i disk. These observations as well as the data from Werk et al. (2010)

and Elson et al. (2010) are combined in this study to determine the SFL and place

constraints on the upper-end of the IMF. We study NGC 2915 because of its high

mass-to-light ratio, low stellar-density, and low intensity star formation, which make

it an ideal target for understanding these two empirical relations in an extreme

environment.

This paper is organized as follows: In Section 2.2 we present HST/ACS observa-

tions and photometry, including photometric errors and completeness derived from

artificial star tests. In Section 2.3 we present the CMDs and stellar content of NGC

2915, including the spatial distribution of stars in different evolutionary stages. In

Section 2.4 we outline our technique for simulating CMDs, our statistical analysis to

determine the best-fitting IMF parameter, and present our results. We do this first

using the main-sequence (MS) luminosity function analysis, and then applying the

Hα observations. In Section 2.5 we determine the SFL in the outer disk using the

observed MS stars, and compare it to models of star formation. Finally, we present

our conclusions in Section 2.6.

2.2 Observations and photometry

The primary data used in this study were taken by the ACS Wide Field Camera

(WFC) on board the HST (proposal ID: 9288) in December 2002. Four exposures

were obtained each in the F475W (g-band), F606W (V -band), and F814W (I -

band) filters, with total exposure times of 2480, 2600, and 5220 seconds respectively.



Chapter 2 IMF and SFL in the outer disk of NGC 2915 17

Table 2.1: Adopted properties of NGC 2915

Property Value Reference

Z 0.4 Z� Werk et al. (2010)
E(B − V )tot 0.45 mag Werk et al. (2010)
D 4.1± 0.3 Mpc Meurer et al. (2003)
rH 2.3 kpc Meurer et al. (2003)
i 55◦ Elson et al. (2010)
M? 3.2× 108 M� Meurer et al. (2003)
Mdyn 151.6× 108 M� Elson et al. (2010)
Mdyn/LB 140.91 M�/L�,B Elson et al. (2010)
MHI/LB 6.27 M�/L�,B Elson et al. (2010)

These images are centered on RA(J2000.0) = 09:25:36.48 and Dec.(J2000.0) = -

76:35:52.4 covering radii 45 – 257 arcsec (0.89 – 5.12 kpc) from the centre of NGC

2915. This position was designed to contain both the strongest H i concentration

outside of the core and one of the three H ii regions (subsequently discussed by Werk

et al., 2010), but otherwise to avoid the core2. This was done in order to maximize

the possibility of detecting high-mass stars. Figure 2.1 shows the location of the

ACS/WFC pointing in relation to the rest of NGC 2915, and Figure 2.2 shows

a colour version of the drizzled ACS/WFC images. Table 2.1 lists the physical

properties of NGC 2915 used throughout this paper.

2.2.1 Data reduction and measurement

Basic image processing was done using Calacs (Hack, 1999), which produced cal-

ibrated and combined cosmic ray rejected (CRJ) images. Apsis (Blakeslee et al.,

2003) was used to align and combine the CRJ images to produce single, geometri-

cally corrected drizzled images in each filter with a pixel size of 0.05 arcsec (0.99 pc),

which we use as a reference image in the point source photometry described below.

We performed stellar point source photometry using the ACS module of the stellar

photometry package Dolphot (v 2.0), a modified version of HSTphot (Dolphin,

2000b), designed specifically for resolved stellar photometry of ACS data. Dolphot

computes the photometry of all stars individually using pre-computed point spread

functions (PSFs) for each filter. We selected a drizzled image in the F606W filter

as the initial detection and position reference image, and performed photometry

2These observations were also designed to allow a second outer-disk H ii region to be imaged by
the High Resolution Camera (HRC). However, due to an adjustment to the aperture definitions,
shortly before the observations, the parallel HRC observations missed their target.
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Figure 2.1: Three colour image of NGC 2915 from the Cerro Tololo Inter-
American Observatory 1.5-m telescope using V -band (blue), R-band (green), and
I -band (red) filters. The ACS/WFC footprint is shown in green, covering the
observed outer-disk region of NGC 2915. H i data from the Australian Compact
Telescope Array and are shown as yellow contours indicating H i surface mass

densities of: 1.4, 2.7, 3.9, 5.2, 6.4, 7.6, 8.9 M� pc−2 (Elson et al., 2010).

simultaneously on all CRJ images, in all filters. We followed the processing steps

outlined in the Dolphot/ACS User’s Guide, with minor modifications to handle

Apsis products. We adopted dolphot parameters similar to those used by the

ACS Nearby Galaxy Treasury (ANGST) team (Dalcanton et al., 2009). They found

Force1, RAper and FitSky to have the strongest influence on photometry; we have

set these parameters to the values suggested.

Dolphot provides photometry, position, and quality parameters for each detected

star. All photometry is given in the VEGAMAG system using transformations

from Sirianni et al. (2005), and corrected for CTE loss according to Riess & Mack

(2004). To convert photometry to the ABMAG system one should add -0.100,

0.257, 1.275 mag respectively to the g, V, I photometry presented here (Sirianni

et al., 2005). In order to select objects likely to be stars from the photometric

output we made the following quality cuts: (S/N)1,2 > 4; |sharp1 + sharp2| < 0.05;

|round1 + round2| < 1.4; and (crowd1 + crowd2) < 0.6. These cuts were done

separately with the g,V bands or V,I bands representing filters 1,2. The star lists

of the separate cuts were merged so that the survival in one set of cuts was sufficient
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Figure 2.2: Three colour image of NGC 2915 from ACS/WFC data in F475W
(blue), F606W (green), and F814W (red) filters. The WFC field of view is 202
× 202 arcsec which corresponds to 4015 × 4015 pc. The centre of NGC 2915 is
located below the bottom of the image. The orientation of the image is given by

the green compass at the lower left.
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for inclusion in our final catalogue. The sharpness and roundness cuts were chosen

to remove sources likely to be diffraction spikes or cosmic rays along with blended

stars and background galaxies. The crowding cuts were chosen to remove stars

with photometry significantly affected by crowding. These quality cuts produced

the cleanest CMDs, minimising false stellar detections from background galaxies,

extended sources, and saturated pixels. The final photometric catalogue contains

27156 stellar detections (∼ 10% of the original dolphot output).

2.2.2 Artificial star tests

We determine completeness and photometric errors using artificial star tests in

Dolphot (similar to Dalcanton et al., 2012). This is done to determine how well

stars of known colour and magnitude are recovered with Dolphot. We simulated

a total of 3 × 105 stars, distributed evenly across the images. The artificial stars

have colours and magnitudes similar to the observed data but extended in range

by ∼ 1 mag to allow for shifts due to crowding and errors (e.g. 19 < g < 30

and 1 < g − V < 3). We apply the same photometric cuts that were applied

to the observed data to produce a catalogue of found artificial stars. Figure 2.3

shows the median error as a function of apparent magnitude, computed using Gaus-

sian statistics, as the median absolute deviation between the inserted and recovered

magnitudes, for all recovered artificial stars. The completeness is the percentage of

recovered stars compared to inserted stars in binned regions (0.25 in colour and 0.5

in magnitude) of the CMD. The 60% completeness limit for each CMD is shown in

Figure 2.4 and Figure 2.5. These tests demonstrate that the main features of the

CMD suffer at most minor incompleteness, which we correct for in our simulations

(see Section 2.4.2).

2.3 Stellar content

2.3.1 Colour magnitude diagrams

The CMDs shown in Figure 2.4 and Figure 2.5 reveal several features common to

composite stellar populations (e.g. Gallart et al., 2005). These include a prominent

red-giant branch (RGB), MS, and asymptotic-giant branch (AGB). The RGB stars

indicates star formation occurring > 1 Gyr ago, the high-mass MS stars indicates
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Figure 2.3: Median photometric errors derived from artificial star tests

Table 2.2: Number of detected resolved stellar sources that make the final pho-
tometric catalogue for NGC 2915. We also include the number of MS stars and
RGB stars as defined by their position in the CMD (see Section 2.3) as well as

their fractional contribution to the total number of stellar sources.

stellar sources MS stars RGB stars

27156 181 (0.007) 235 (0.009)

recent star formation (. 100 Myr), and the presence of AGB stars indicates stars

formation between 1 and 10 Gyr ago. The CMDs in Figure 2.4 and Figure 2.5 may

also show a population of blue loop stars, which formed between 30 and 100 Myr

ago. Blue loop stars are high-mass stars that cross back towards the blue region of

the CMD post hydrogen-burning. Although their numbers are small, their colours

are similar to MS stars (Tosi et al., 1991; Dohm-Palmer et al., 1997; Dalcanton et al.,

2012), hence they may contaminate our selection of MS stars, so we take pains to

account for them in our analysis.

Figure 2.4 and Figure 2.5 show the selection boxes we use to select different stellar

populations. The number of MS stars and RGB stars are shown in Table 2.2. In

Figure 2.6 we plot the spatial distribution of MS, RGB, AGB, and bright foreground

stars, as identified from their positions on the CMDs. The red stars (RGB and AGB)
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Figure 2.4: I versus (V − I) CMD of NGC 2915 from ACS/WFC data. Stars
meeting our stellar quality cuts are shown as dots with a Hess diagram over-
plotted with contours of 2.5, 5, 10, 15, 20× 103 stars mag−2. Uncertainties derived
from artificial star tests are shown as error bars on the left of each CMD and the
60% completeness limits are shown as red lines. Polygons are used to identify
different stellar evolutionary phases. Cyan rectangle defines RGB stars and the
red rectangle defines AGB stars. The blue points are MS stars and the green
points are foreground stars identified in the g versus (g − V ) CMD (see Figure
2.4). The Geneva stellar evolutionary track for a 25 M� star is shown in orange

for reference.
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Figure 2.5: g versus (g − V ) CMD of NGC 2915 from ACS/WFC data. Stars
meeting our stellar quality cuts are shown as dots with a Hess diagram over-
plotted with contours of 2.5, 5, 10, 15, 20× 103 stars mag−2. Uncertainties derived
from artificial star tests are shown as error bars on the left of each CMD and the
60% completeness limits are shown as red lines. Polygons are used to identify
different stellar evolutionary phases. The blue polygon defines the MS stars, and
the green rectangle defines the foreground stars. The red points are RGB stars

identified in the I versus (V − I) CMD (see Figure 2.5).
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have a smooth elliptical distribution centered below the bottom of the image. This

extended distribution suggests that the optical light from NGC 2915 is dominated

by old population ii stars; a view supported by the very red colour (B−R)0 = 1.65

found for r > 0.8 kpc by Meurer et al. (1994), and the discovery of three globular

clusters (Meurer et al., 2003), which we have plotted in Figure 2.6. This illustrates

that BCDs are typically old systems undergoing an intense episode of recent star

formation in their core (e.g. Thuan, 1983; Aloisi et al., 2007; Zhao et al., 2011).

Apart from a slight enhancement of RGB stars near two of the globular clusters,

the distribution of red stars is very smooth. In contrast, the young, blue MS stars

have a clumpy distribution with a much lower density compared to the red stellar

populations. As we show in Section 2.5 their density is correlated with the H i

emission. These stars indicate recent (.160 Myr) star formation in the outer disk of

NGC 2915. The likely foreground stars are evenly distributed over the entire image

as expected. We modelled stellar foreground contamination using the population

synthesis code TRILEGAL (Girardi et al., 2005), assuming constant foreground

galactic extinction, a Kroupa IMF with no binaries, and using the standard inputs

for the MW disk. These simulations indicate that we expect one foreground star in

our MS selection box, which we consider negligible.

2.3.2 Ionizing stars and the most luminous stars

Our field contains H ii region 1 (hereafter H ii-1), discussed in detail in Werk et al.

(2010). Its location is marked in Figure 2.6 by the purple box. It corresponds to a

loose association of MS stars, which we highlight in the (g−V ) CMD in Figure 2.7. A

zoomed in image (taken from Figure 2.2) of the loose association is shown in Figure

2.8. The objects marked as stars, in this region, are very close together or have an

elongated appearance indicating there are neighbours that have not been resolved

with these data and software. These stars typically have a greenish appearance in

our gV I three colour images, and are embedded in a low surface-brightness green

emission. This colour may be due to contamination by emission lines such as H β,

[Oiii] λλ4959,5007Å, Hα, and [Sii] λλ6716,6731Å, all of which fall in the passband

of the F606W V -band filter. Six of the stars in H ii-1 make the quality cuts applied

to the photometry (see Section 2.2.1), all of which occupy the CMD in the lower

luminosity region of our MS selection polygon (26.4 < g < 25.7). We identify these

stars as a loose association with a projected diameter < 25 pc, similar in size to

those found in the LMC by Lucke & Hodge (1970).
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Figure 2.6: Spatial distribution of stars in NGC 2915 as identified by the regions
shown in the CMDs in Figure 2.4 and Fig 2.5. RGB stars are identified as black
points, AGB stars as red points, MS stars as blue circles, and foreground stars
as green asterisks. The five most optically luminous MS stars are identified as
magenta crosses. The RGB and AGB stars follow an elliptical distribution centred
beyond the bottom of the image, the blue MS stars have a clumpy distribution,
and the foreground stare are evenly distributed across the image consistent with
stellar foreground contamination. Large purple circles indicate the location of the
three globular clusters discovered by Meurer et al. (2003). The large purple square
shows the location of Hii-1 from Werk et al. (2010). The black outline shows the

regions covered by the WFC CCDs.
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Figure 2.7: Zoomed in version of the g versus (g−V ) CMD MS selection polygon,
which is outlined in blue. The six H ii-1 stars, indicated in Figure 2.8, are marked
as blue stars here. The five most luminous MS stars identified in Figure 2.9, are
shown in magenta and labelled. The high-mass (5 M� < M < 120 M�) Geneva
evolutionary tracks for Z = 0.008 (Schaerer et al., 1993) are shown as coloured
lines (with the mass legend in the upper-left); the hydrogen-burning phases are
indicated by thicker tracks. The internal, E(B−V )i = 0.175 (red), and foreground
E(B − V )f = 0.275 (bold red), extinction applied to the evolutionary tracks are
shown by the arrows. The MS selection box is narrower at higher luminosities to

avoid contamination from blue-loop stars.
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Figure 2.8: Three colour ACS/WFC image showing in detail the stars associated
with H ii-1 from Werk et al. (2010). The ‘+’ marks the position given by Werk
et al. (2010). The yellow circle centred on this position has a 2.5 arcsec (50
pc) radius indicating the expected combined effects of seeing (2.3 arcsec) in the
images of Werk et al. (2010), and the expected astrometric uncertainty (∼ 1 arcsec)
between the HST pointing and the work of Werk et al. (2010). The inserted image
in the bottom left corner shows the six stars that pass the stellar classification

criteria, marked by red crosses.

H ii regions indicate the presence of young, high-mass (M? & 15 M�), O-type stars

which produce UV radiation capable of ionizing the surrounding ISM. In Figure 2.7

we show the stellar evolutionary tracks used in our modelling, which demonstrate

that the stars we detect are consistent with having M? & 15 M�. Werk et al. (2010)

measured a total Hα luminosity of 1.6×1036 erg s−1 for H ii-1, or an ionizing photon

rate of 1.1 × 1048 s−1. Here we make the standard assumption that all ionizing

photons are captured by the ISM near the O stars to produce discrete H ii regions,

i.e. case B recombination. The ionizing photon rates from Martins et al. (2005,

table 1), show that a single luminosity class v star (i.e. MS) with spectral type

between O8.5 and O9 can produce the ionizing flux observed in H ii-1. Hence, only

one of the six stars in the association needs to be the ionizing source, with the rest

being non-ionizing. Alternatively the ionizing flux may be comprised of the output

of several lower mass early type B stars (see table 3.1 of Conti et al., 2008)

Naively one expects the ionizing stars to be the most luminous stars in our MS

selection box. However, Figure 2.7 shows that of the six possible ionizing stars,

none are the most luminous in the optical. In Figure 2.7 and Figure 2.9 we identify

the most luminous stars in the MS selection box, numbering them by decreasing

g-band luminosity. Figure 2.9 shows zoomed in images of the most luminous stars.
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Figure 2.9: Three colour ACS/WFC images showing in detail the five most
luminous MS stars, labelled in order of descending luminosity. The left panel
shows the four other most luminous stars from our data; these stars are located
left of the middle near the top of WFC1. The right panel shows the fourth
brightest MS star located in the bottom right corner of the lower WFC CCD chip
(WFC1). The location of these five stars with respect to the rest of the field can
be seen in Figure 2.6 and Figure 2.14 as magenta points. The green scale bar

located in the bottom left corner is 5 arcsec (99 pc).

Four of them (numbers 1,2,3, and 5) are located within a circle of projected radius

∼ 240 pc near the top-centre of WFC1, while the other is located near the bottom-

right corner of WFC1. All five are circular, consistent with being single sources,

while none have the greenish tinge of the H ii-1 stars. The brightest source has three

faint sources with 0.6 arcsec (12 pc), suggesting it is a compact group. The proximity

of the four stars suggests they are part of a dissolving group or association. If it

is spreading at a velocity equal to the H i velocity dispersion then it would take 21

Myr for a very compact group to expand to the observed projected radius. Thus,

we should not see stars with M? & 15 M�, which have a MS lifetime of ∼ 13 Myr,

in such an expanding group. This is consistent with none of the stars producing

ionizing radiation. While the evolutionary tracks in Figure 2.7 suggest that the

most luminous stars may have M? ≈ 25− 85 M�, as noted above, it is possible that

the brightest stars also include some multiples or post-MS stars, which we discuss

further in Section 2.4.8.
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2.4 Constraints on the initial mass function

2.4.1 Choice of SFH

The IMF and SFH are degenerate; a lack of upper main sequence (MS) stars may

be due to those stars not forming (IMF), or recent drop in the SFR (SFH). So

in our approach of assuming the SFH, the choice of its functional form is crucial.

The SFH of BCDs, such as NGC 2915, is typically assumed to be dominated by a

short duration burst. Bursts of star formation are thought to occur due to a build

up of gas in the central region of the galaxy, which triggers star formation once

a critical density is achieved. McQuinn et al. (2010) used HST CMD analyses of

the starbursts in dwarf galaxies to determine that bursts last on the order of 0.5

to 1 Gyr time-scales. They found that earlier estimates of burst time-scales of a

few Myr relate to only a small part of the galaxy (e.g. star cluster, as suggested

by Meurer, 2000). Instead the new analysis is consistent with earlier work based on

broadband colours, which yielded burst time-scales of &100 Myr for ongoing star

formation (e.g. Meurer et al., 1992; Marlowe et al., 1999). These time-scales are

also consistent with causality arguments that bursts should not be shorter than the

crossing or dynamical times.

While the inner part of NGC 2915 has a BCD morphology, here we are concerned

with the outskirts, which have a much more quiescent appearance. NGC 2915 has

a fairly symmetric disk with a H i velocity dispersion of 8–12 km s−1 for r >200

arcsec (Elson et al., 2010). These properties indicate that there has been no recent

interaction that would cause an increase or burst of star formation in the outer disk

(Meurer et al., 1996; Werk et al., 2010). Since the blue stars in our images are spread

throughout the field the minimum time-scale we can expect star formation to have

lasted is the crossing time of the field. For a disturbance to traverse the ACS/WFC

field of view, travelling at the H i velocity dispersion, this is 480 Myr. The lower

luminosity limit of our MS selection box corresponds to the peak luminosity of a

∼ 4 M� star, which have a MS lifetime of 160 Myr. As long as star formation lasts

this long or longer, it will effectively be equivalent to a constant SFR. Since the

minimum expected time-scale is three times longer than this, we conclude that a

constant SFR is a reasonable assumption.

We also considered smoothly declining SFHs that are astrophysically based. First,

we considered a SFH declining like the Cosmic SFR density. Following Hopkins &

Beacom (2006) we estimate a 7% decrease in the SFR from 160 Myr ago to now
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(z=0.01 to z=0). Second, we considered a SFH based on an alternative version of

the SFL found in galaxies, which Kennicutt (1998b) determined to be equivalent

to the conversion of 10% of the available gas mass into stars each orbit. Using the

rotation curve of Elson et al. (2010) the average orbital time is ∼ 230 Myr for the

radii probed by our ACS/WFC data. This corresponds to a 14% decrease in the

SFR over 160 Myr. We find the change in the SFR for both SFHs, over the 160

Myr time-scale that our analysis is sensitive to, to be negligible and produce results

equivalent to a constant SFR.

We note that it is not clear that a declining SFR is applicable in the outer disk of

NGC 2915. Elson et al. (2011a) find evidence in the velocity field that there is a

net outward radial motion of the gas in the disk of NGC 2915. This may be due to

conservation of angular momentum; as some gas is being funnelled in to the centre

to feed the starburst, there is also a net outflow at large radii. Hence, the gas density

at large radii can be increasing and likewise the local SFR. This is consistent with

the disk spreading scenario of Roškar et al. (2008). These growth times should also

be limited by the dynamical time, and be large compared to the lifetime of the stars

we are analysing.

It is not just the temporal evolution of the SFR, but also the small scale spatial en-

vironment of star formation, which may be the key to understanding the nature of

upper-end IMF variations. Indeed, two competing models of high-mass star forma-

tion have different predictions of where high-mass stars are born. In the competitive

accretion model (e.g. Bonnell & Bate, 2002) high stellar masses are produced by the

interactions of proto-stars in dense environments, which require the high densities

of star clusters to form. In the monolithic collapse model (e.g. Yorke & Sonnhalter,

2002) the final stellar mass depends on the properties of the molecular gas core,

allowing high-mass stars to form in isolation. Following the review of Lada & Lada

(2003) it has been common to assume that all high-mass star formation is confined

to star clusters. However, in that work the definition of ‘clusters’ is rather expansive

and includes sources that are unbound upon clearing of their nascent ISM. These

are not structures where competitive accretion should be effective.

Examination of the distribution of Galactic protostars shows that they form over a

wide range of gas column densities and stellar densities and that there is no clear

break in the continuum between cluster and field (Gutermuth et al., 2011). The IMF

of protostars stars that form appears to be spatially varying, being more weighted

towards high-mass stars in dense regions than in the field (Hsu et al., 2012), which

is broadly consistent with competitive accretion. On the other hand, Bressert et al.
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(2012) showed compelling evidence for the formation of O stars in isolation in the

field surrounding R136 in the LMC, which suggests that competitive accretion is

not the only mechanism for high-mass star formation. In addition, Goddard et al.

(2010) has shown that the cluster formation efficiency (CFE), the fraction of stars

that form in clusters, decreases with star formation intensity. Kruijssen (2012), has

theoretically derived the CFE as a function of galaxy properties and shown that the

fraction of stars forming in clusters is ∼ 1% in low-density environments, such as

the outer disk of NGC 2915. Based on these results we model star formation in the

outer disk of NGC 2915 as non-clustered, random sampling of the IMF. We revisit

the possibility of clustering in Section 2.4.8.

2.4.2 Simulated CMDs

Our primary method to constrain the IMF is to compare the observed MS luminosity

function to simulated MS luminosity functions. In this analysis we use the g-band

MS luminosity function from the (g − V ) CMD for two reasons. First, the (g − V )

CMD has a MS with a more distinct separation from the rest of the CMD, including

blue-loop stars, compared to the (V −I) CMD. Second, in order to get a comparable

selection in the (V −I) CMD, avoiding RGB star contamination, we cannot go as far

down the MS as we can in the (g− V ) CMD. This results in half the MS stars seen

in the (g − V ) CMD (Nobs = 181). The (g − I) CMD has a wider colour baseline

than the (g − V ) CMD but does not improve how far down the MS we observe,

resulting in essentially the same number of MS stars in the selection box.

To simulate the CMDs we begin with an assumed IMF and adopt a constant SFR

(as justified in Section 2.4.1) over 200 Myr, and use these to randomly assign an

initial mass and formation time to each star. For each set of input IMF parameters

we produce an ensemble of 100 simulations, each with 5 × 105 stars, to produce

good average test statistics. Our simulations assume that the stars are: single and

non-rotating; have uniform metallicity and dust extinction (Z = 0.4 Z� = 0.008

and E(B − V ) = 0.45 mag for the outer-disk region, Werk et al., 2010); and form

randomly but continuously (not clustered in space or time). Except for the con-

stant SFH, these are common assumptions of CMD analyses in nearby galaxies (e.g.

Williams et al., 2008, 2010; Weisz et al., 2011; Lianou & Cole, 2013; Annibali et al.,

2013; Meschin et al., 2014). In Section 2.4.9 we discuss the biases these assumptions

may induce in our results.
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We use the Geneva stellar evolutionary libraries since they cover our desired stellar-

mass range (1 < M/M� < 120) at our assumed metallicity (Z=0.008, Schaerer

et al., 1993). We interpolate between the available mass tracks to evolve the stars

to an observation time tobs = 200 Myr, which is greater than the MS lifetime, ∼160

Myr of the lowest mass stars in our MS selection box. The extended simulation

time allows for contaminations by older stars nominally outside the selection box,

but scattered in by photometric errors. These contaminations should be matched

by the systematic effects of the observed photometric errors. We then convert the

evolutionary tracks to the ACS VEGAMAG system and apply foreground dust us-

ing the transformations of Sirianni et al. (2005). We model photometric errors by

adding magnitude perturbations to the model photometry, which have a Gaussian

distribution with a width set by the photometric errors from the artificial star tests.

We randomly remove stars according to the completeness factors derived from the

artificial star tests.

The resulting simulated (g−V ) CMD is comprised of all stars that are ‘alive’ at the

end of each simulation (that is they have an age since birth less than the lifetime given

by Schaerer et al., 1993). The simulated stars that are contained in the MS selection

box shown in Figure 2.4 are included in our statistical analysis. This selection is

done regardless of whether the true age of the star is less than the MS lifetime of the

star. Thus, in principle, the simulations suffer the same amount of contamination

by non-MS stars as the observations. The distribution in the g-band luminosity of

the stars within this selection box is taken to be the MS luminosity function, which

we then compare to the observed MS luminosity function. Of the 5 × 105 stars in

each simulation the number measured in the MS selection box depends on the IMF

parameters. For a constant SFR this ranges from ∼ 700 (α = −3.95, Mu = 15 M�)

to ∼ 6700 (α = −1.95, Mu = 120 M�). For consistency we randomly select 500

stars from within the MS selection box to compare to observations. Our set of

simulated CMDs have upper-mass limits that correspond to the high-mass Geneva

evolutionary models (i.e. 15, 20, 25, 40, 60, 85, 120 M�, Schaerer et al., 1993) and

IMF slopes ranging from -1.95 to -3.95 in steps of 0.1.

2.4.3 Statistical test

We compare the observed and simulated MS luminosity functions to determine if

the observed data could have come from the simulated MS luminosity function.

We adopt the two sample Kolmogorov–Smirnov (K–S) test as our measure of how
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well the observed data match simulations. We use this approach because it does

not require binning the data, or adopting a functional form for the distribution as

would χ2 minimisation. We also experimented with using the Kuiper test, which in

principle should be more sensitive to the extremes of the distribution than the K–S

test. However, we found this test prefers results weighted towards the low luminosity

end of the distribution, typically over predicting the number of high-luminosity stars

compared to observations.

To determine which models fit these data best we minimize the K–S test statistic

D, which is the maximum deviation between the two distributions. Smaller values

of D indicate that the two distributions are similar. We produce an ensemble of 100

simulations for each set of input IMF parameters to reproduce stochastic effects.

We take the mean D values at each IMF grid point of α and Mu as the value for

that point. The grid point with the lowest mean D values represents the best-fitting

IMF parameters.

2.4.4 IMF constraints from the MS luminosity function

Figure 2.10 shows the results of the statistical tests as a contour plot of the statistic

D in the plane of the free parameters, the IMF slope (α), and upper-mass limit

(Mu). The best-fitting parameters are α = −2.85 and Mu = 60 M� (hereafter the

best-fitting IMF). The contour plot also reveals a local minimum near Mu = 25 M�

and α = −2.35 and extends to encompass 40 < Mu/M� < 120, indicating that the

upper-mass limit is not well constrained.

Figure 2.11 compares the observed and simulated MS luminosity functions, plotted

as normalized cumulative distributions, for the 20 best-matching realisation with α =

−2.85 and Mu = 60 M�, along with the 20 best-matching Kroupa IMF realisations.

By eye one can clearly see that the best-fitting IMF is preferable to the Kroupa

IMF. We list the K–S test statistics and p-values for the best-matching realisations

for the Kroupa and our preferred IMF in Table 2.3.

We ran simulations to determine how well this technique recovers known IMF param-

eters, and to estimate the uncertainties in these parameters. To do this a simulated

stellar population (as described in Section 2.4.2) is used as the ‘observed’ data (with

known α and Mu). We randomly select MS stars, equal in number to those observed,

from the simulation to produce an ‘observed’ MS luminosity function. We use the
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Figure 2.10: Contour plot showing the mean test statistic D for each set of IMF
parameters as a function of IMF slope (α) and upper-mass limit (Mu). The red
point shows the best-fitting IMF parameters and the blue point shows the location
of a standard Kroupa IMF (α = −2.35, Mu = 120 M�) for comparison. The bar

to the right colour-codes the value of the test statistic D.

Table 2.3: Results from the K–S test for the best matching realisation for
α = −2.85 and Mu = 60 M�, and the best matching Kroupa realisation com-
pared to the observed MS luminosity function. Where p is the p-value, and D
is the maximum deviation between the observed MS luminosity function and the

simulated MS luminosity function for the K–S test.

IMF p D
(α, Mu)

-2.85, 60 M� 0.96 4.3×10−2

-2.35, 120 M� 0.32 8.1×10−2

same procedure as described in Section 2.4.3 to determine the best-fitting parame-

ters of the ‘observed’ MS luminosity function. We then repeat this for the other 99

simulations with the same α and Mu as the ‘observed’ MS luminosity function. The

variance of the best-fitting values is used as the uncertainty for the IMF parameters.

For an input Kroupa IMF the average recovered IMF parameters are α = −2.28±
0.28 and Mu = 78 ± 31 M�. For our best-fitting IMF parameter, we determined

the average recovered IMF slope via the K–S test to be α = −2.75 ± 0.36 and the

upper-mass limit to be Mu = 70±36,M�. In these tests the recovered α is within 1σ

of the input value, although consistently less steep than the input. When the input
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Figure 2.11: Comparison between the observed MS luminosity function (black)
and 20 best-matching realisations for a Kroupa IMF (blue) and our best-fitting
IMF (red). This plot shows the normalized cumulative distribution for each MS

luminosity function.

Mu is 120 M�, the recovered value is less than this, because this is the maximum

allowed value, otherwise it is within 1σ of the input. The large 1σ uncertainty for

Mu is consistent with the elongated region seen in Figure 2.10. By varying the input

upper-mass limit, we determine that we can constrain Mu but only if Mu . 25 M�.

Tighter constraints at higher Mu are not possible using the g versus g − V CMD

alone.

Nominally the p-values in Table 2.3, do not rule out a standard Kroupa IMF, so

we consider whether the simulations provide insight into the applicability of this
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standard IMF. We determine the distribution of D statistics for a Kroupa IMF by

comparing the MS luminosity functions of all the Kroupa simulations (104 tests). We

then compare the observed MS luminosity function of NGC 2915 to the Kroupa IMF

simulations to produce a comparable observation versus simulation D distribution.

Since there is only one observation set this allows 100 tests. If the observations match

the simulations we should find that 68% of the observed-simulation tests should have

D values less than the 68th percentile in the simulation-simulation tests, with the

68th percentile used as the standard marker for a 1σ match. We find that none of the

D values are lower than the 68th percentile value. This implies that our observations

exclude the Kroupa IMF simulations to a probability . 1%.

Using the method outlined in Appendix A and our best-fitting IMF parameters we

determine the SFR integrated over the observed field to be 8.1× 10−3 M� yr−1 and

ΣSFR of 2.9× 10−4 M� yr−1 kpc−2. Here we use our best-fitting model from the MS

luminosity function analysis for the upper IMF (m ≥ 1 M�), and a standard Kroupa

IMF for 0.08 M� < m < 1 M�. In comparison using a standard Kroupa IMF for all

masses would result in SFR and ΣSFR being a factor of 3.2 lower. The ΣSFR value

is corrected to be face-on using the inclination listed in Table 2.1.

2.4.5 Efficacy of the MS luminosity function analysis

We find that an optical MS luminosity function analysis alone does not provide a

good constraint to both α and Mu. This is a well known problem: you cannot

determine the mass or spectral type of a star based on broadband optical photom-

etry alone (Massey, 1998; Massey, 2013). Since high-mass MS stars emit most of

their energy in the UV there is not much change in their optical colours during

their MS lifetimes. There is however, significant change in their optical luminosity,

which causes the evolutionary tracks to be steep (see Figure 2.8). This problem is

exemplified by looking at the difference in the optical properties of a newly formed

65 M� MS star and a 6.3 Myr old 25 M� MS star. The 65 M� star has an absolute

V -band magnitude of MV = −5.28, while the 25 M� has an absolute V -band mag-

nitude of −5.19 (Schaerer et al., 1993). The small difference in absolute V -band

magnitude between tracks of vastly different stellar mass and age stars makes it hard

to optically discriminate between stellar masses. Optical spectroscopy is required

for precise determination of spectral type, and thus stellar masses (Massey, 1998;

Massey, 2013). Alternatively, fitting of the UV to optical spectral energy distribu-

tion of stars provides an efficient means to improve upon optical photometry only
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Figure 2.12: The effect of increasing the number of MS stars on the recovered
IMF slope for an input IMF slope of α = −2.85. The number of MS stars is
varied from NMS = Nobs = 181, (dash) to 8 times this value (solid). The y-axis
shows the number of simulations that have the best-fitting α given by the x-axis.
A Gaussian fit to these results becomes narrower, indicating a reduction in the

uncertainty of the recovered values.

(Bianchi & Efremova, 2006; Bianchi et al., 2012). The additional data required for

this analysis has not been obtained for NGC 2915.

The brightest star in the observed CMD is separated by ∼0.8 mag from the other

MS stars (see Figure 2.7). As shown in Figure 2.9 and noted in Section 2.3.2 it

appears to have a few faint stars projected near it. So perhaps this is not a star

but the centre of a compact cluster. Even if it is a star in NGC 2915, in a few Myr

it may disappear in a supernova explosion, so the existence of such a bright source

may be fortuitous. Therefore, it is worthwhile considering how sensitive our results

are to this one source. We removed the most luminous star from the observed MS

luminosity function to determine the dependence of our results on the brightest star.

We determine the best-fitting IMF parameters for the CMD only analysis using the

new MS luminosity function with this source removed. We find that the removal of

the brightest star has no effect on the recovered IMF parameters.
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2.4.6 Uncertainty of IMF parameters

We ran simulations to determine the effect of increasing the number of observed

MS stars, on the derived IMF parameters from the MS luminosity function analysis.

We randomly select the required number of ‘observed’ MS stars (NMS) from the

simulated MS stars in multiples of the number of observed MS stars in our data.

We then determine the best-fitting IMF parameters using the method described in

Section 2.4.3. Figure 2.12 shows Gaussian fits to the histogram of recovered α values

as a function of NMS. The resultant fitted Gaussian dispersions are 0.28, 0.25, 0.18,

0.09 for 1,2,4, and 8 times the number of observed MS stars respectively, hence the

uncertainty in α decreases as ∼ N
−1/2
MS over this range. However, changing NMS does

not strongly affect the uncertainty of Mu; over the whole range of NMS trialled the

1σ uncertainty in Mu reduces from 34 to 22 M�. The above results allow us to

estimate the best achievable accuracy for α allowed by a pure CMD based analysis

of the MS luminosity function, given the number of MS stars. By applying the SFL

results (Section2.5 below) to the observed H i distribution of Elson et al. (2010) we

estimate the total number of MS stars for radii 45 – 257 arcsec to be NMS ∼ 870,

which would allow the best possible uncertainty in α of 0.18 if the whole outer disk

of NGC 2915 were to be observed with the HST in the manner done here.

If we apply a similar CMD only analysis to other galaxies at a similar distance with

a single fixed field of view detector, like ACS/WFC, then the limiting accuracy in α

depends on the average ΣSFR. For galaxies at a similar distance to NGC 2915, larger

number of observed MS stars could be achieved by observing a larger area, looking

at higher surface brightness regions, looking at galaxies more favourably inclined,

or by stacking results of different galaxies. Since the IMF may vary as a function

of galaxy surface brightness (Meurer et al., 2009) caution needs to be applied when

stacking results from multiple galaxies covering a range of ΣSFR. The uncertainty

on α likely depends not only on the number of observed MS stars but on the depth

of the observed data, filters used, and other systematic effects like crowding. On

the other hand, increasing the number of observed MS stars does not improve the

uncertainty of Mu. Thus, it seems unlikely that any similar MS luminosity function

analysis can improve the degeneracy we find in Mu if only optical filters are used.

Constraining both Mu and α requires other techniques, such as Hα constraints (as

explored next).
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2.4.7 IMF constraints from Hα flux

Here we use the Hα flux of H ii-1 from Werk et al. (2010) to provide an independent

constraint on the upper-end of the IMF. If this is a normal H ii region with case-B

recombination then the Hα flux measures the total ionizing flux and thus the O star

content of H ii-1. We normalize the measured Hα flux by the sum of the STMAG

V -band flux densities of the stars in our MS selection box, yielding a ‘pseudo’ Hα

equivalent width of wHα = 28.1± 4.8 Å. This is a pseudo equivalent width because

the flux density is not measured at the same wavelength as the Hα emission, and the

CMD selection box misses the fainter stars associated with star formation as well

as older stellar populations. Since the spectra of hot young stars are fairly constant

over the optical part of the spectrum, incompleteness is the major effect, hence wHα

over estimates the true equivalent width.

The accuracy of the match in wHα is an important parameter in determining the

constraints. The constraint is too tight and arbitrary if we require the match to

agree with the observational uncertainty; with better observations presumably we

could arbitrarily tighten the error in wHα, and it would become increasingly hard to

match the narrow window in this quantity. Therefore, we extend the uncertainties

to range from 0.5 wHα – 2 wHα, and adopt 14Å < wHα < 56Å as the constraints we

require for a match to the Hα observations.

For each of our previously produced simulations we randomly select stars that are

within our selection box, to match the observed number of stars, and model the

wHα. We re-select the same number of MS stars from each simulation 20 times to

improve the statistics (i.e. n ∼ 2000 samples per set of input IMF parameters).

We calculate the ionizing photon rate of the simulated MS stars using their initial

masses and interpolating data for dwarf stars in the mass range 7.5 M�−80 M� and

extrapolating for masses > 80M� from Table 3.1 in Conti et al. (2008). We then

convert this to Hα flux and obtain the wHα for each simulation by summing the Hα

and V -band fluxes over all MS stars. Using this method we find that only simulations

with an upper-mass limit Mu . 20 M� match the constraints applied to wHα, as

shown in Figure 2.13, implying a mismatch between the CMD and Hα observations.

The Hα observations imply there is a single O star in the field, while the CMD

implies there are many stars with masses high enough to produce significant Hα

emission (see Figure 2.4).

Before discussing the dichotomy in the results, we note that the slit spectra from the

Magellan Baade telescope by Werk et al. (2010) were re-analysed to determine if they
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Figure 2.13: Contour plot showing the log of the average pseudo Hα equivalent
width of the simulations as a function IMF parameters. Only IMFs with a Mu <
15 M� and α < −2.85 have an average wHα within the limits of the observed wHα

from H ii-1 (1.1 < log(wHα/Å) < 1.7, shown as the red contour).

could constrain the amount of Hα diffuse ionized gas (DIG) in our field. A total of 13

slitlets each 10 arcsec long and 0.7 arcsec wide project on to the H i disk of NGC 2915

but avoid readily apparent sources, at least over half their lengths. This includes

six slitlets within the ACS field. Two slitlets placed outside the H i extent of NGC

2915 were used for sky subtraction. We do not detect Hα emission to a 3σ detection

limit of SHα ≤ 3.5 × 10−18 erg cm−2 s−1 arcsec−2. This is derived from a weighted

average of all measurements within the ACS aperture. All individual measurements

have fluxes less than the 3σ limit for that particular slit whether or not they are

within the ACS aperture, with some fluxes nominally negative. As noted by Werk

et al. (2010) the main limitation is systematic, due to using non-local sky spectra.

How does this compare to what we expect? Taking the estimated ΣSFR from the

CMD only analysis assuming a Kroupa IMF (Table A1 Appendix) and applying

the appropriate inclination, dust absorption, and the Hα luminosity conversion of

Kennicutt (1998b, corrected to a Kroupa IMF) we estimate we should observe SHα ∼
2.6×10−18 erg cm−2 s−1 arcsec−2 from the observed blue stars assuming the emission

is spread evenly over the field. Hence, the existing spectra are consistent with no

DIG emission, but represent only a ∼ 3σ non-detection. We use the 3σ detection

limit to place an upper limit of wHα < 8771 Å on the Hα DIG. Thus the Magellan

spectra do not provide a significant constraint on the upper-end of the IMF.
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2.4.8 Dichotomy between observed Hα emission and CMD

If we assume that all of the Hα emission is contained in H ii-1 then there is a

mismatch between the CMD and Hα observations. The observed CMD in Figure

2.4 implies multiple high-mass (M? & 15 M�), MS stars that are capable of ionizing

the ISM. Yet, the observed Hα emission from H ii-1 requires a single late O star

with M? ∼ 19 M�, or more ionizing stars of lower masses. Plausible explanations

for this dichotomy include: (1) stochasticity due to the small number of high mass

stars expected; (2) many of the objects we identify as upper-MS stars are actually

multiple star systems; (3) the ionizing flux from this field is not all captured by H ii-1

with some of the ionizing radiation escaping to form undetected DIG (or escaping

the galaxy entirely). Of course it is also possible that some combination of these

scenarios is the correct explanation for this dichotomy. We now consider each of

these explanations in turn.

Stochasticity. Due to stochastic sampling of the IMF and the decreasing MS

lifetime with increasing stellar mass, the probability of observing O stars reduces

with SFR. If the SFR is sufficiently low the probability of observing an O star and

hence Hα emissions becomes very low, despite ongoing star formation. However,

the problem is that for either a Kroupa IMF or the IMF parameters of our best-

fitting MS luminosity function we expect more O stars to be present than implied

by the H ii-1 results. For our best-fitting IMF (or Kroupa) our simulations show

that on average ∼26% (34%) of the stars in our MS selection box should be real

MS stars with M? & 15 M�, hence capable of ionizing the ISM. Scaled to the 181

stars observed in the MS selection box we expect 48 (63) to be ionizing; and the

Poissonian fractional uncertainty to be 0.14 (0.12), while the probability to have just

one O star present is 6.8× 10−20 (2.7× 10−26). One way to improve these long odds

is if star formation is clustered in time, that is through a series of mini-bursts, each

one representing the formation of one stellar cluster, group or association. Note this

case is separate from the formation of tight bound clusters, which we consider below.

Thilker et al. (2007) produced simple Monte–Carlo simulations for continuously star-

forming clustered populations to determine the number of observed O stars. The

probability of finding just one ionizing cluster, e.g. like the association around HII-

1, is ∼ 1% (assuming a Salpeter IMF with a cluster mass function (CMF) slope

of -2, allowing clusters up to 106 M�). This is for a SFR of SFR ∼ 10−3 M� yr−1,

which is lower than our estimated SFR of 2.45× 10−3 M� yr−1 (assuming a Kroupa

IMF), meaning that the actual probability is lower. While still a low probability,
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it is sufficiently high that temporally clustered star formation becomes a plausible

explanation or partial explanation.

Unresolved clusters. If the brightest sources in the MS selection box are not single

stars then they could hide a lot of stellar mass. For example with the standard cubic

stellar luminosity–mass relation one would need a thousand non-ionizing stars with

mass 6 M� to account for the same luminosity as one 60 M� star. In our data we are

unable to resolve systems much smaller than the pixel scale of 0.99 pc. The entire

binary separation distribution for Galactic stars fits into one tenth this size (Marks

et al., 2014), hence all binaries will appear single in our observations. Thus, while

all the sources within our selection box appear to be single many may be binaries.

Earlier (Section 2.3.2) we noted that the brightest source in Figure 2.9 may be part

of a compact group. Following the work of Hill & Zaritsky (2006) we expect other

low mass clusters to have a similar size. They find an average core radius of young

LMC clusters to be 4.2 pc. Since the core radius is similar to a half light radius

then we expect young clusters to have diameters of 8 pixels, readily detectable by

the WFC. But some of their LMC clusters have core radii as low as 0.61 pc, which

would be hard to distinguish from a single star. So it seems reasonable to expect

that at least some of the high-luminosity sources in the MS selection box are multiple

star systems. Since we underestimate the mass by assuming each source is single (as

noted above) then the single star assumption likewise overestimates the importance

of high-mass stars. This has also been noted by Grillmair et al. (1998), Sagar &

Richtler (1991) and, Lamb et al. (2012). Thus, the resultant IMF will be even more

deficient in high-mass stars than derived in Section 2.4.4. Almost all resolved stellar

population studies directed at studying the IMF at distances similar to NGC 2915

also assume the stars are single (e.g. Tosi et al., 1991; Greggio et al., 1993; Marconi

et al., 1995; Crone et al., 2002; Annibali et al., 2003); hence those studies may also

be overestimating the content of the highest mass stars in galaxies.

Diffuse Ionized Gas (DIG). If the H ii regions are ‘leaky’, ionizing photons could

escape and not be counted, this would break the assumption of case B recombinations

(all ionizing photons are absorbed locally). The photons that leak out could be

absorbed further afield in NGC 2915 to be part of the DIG, or perhaps escape the

galaxy totally. DIG emission have been found to comprise a large fraction of the

Hα flux of galaxies; for example Oey et al. (2007) determined that ∼ 60% of Hα

emission from local H i selected galaxies is DIG. If there is significant DIG or the

ionizing radiation is escaping the galaxy entirely then the limits imposed on wHα by

the Magellan spectra allow all IMF models we have trialled. However, they do not
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negate the MS luminosity function fit, which shows that an IMF with α = −2.85

and Mu = 60 M� is preferred i.e. modestly deficient in the highest mass stars. We

note that a leaky H ii region explanation has also been posited to explain the case of

low H α/FUV in low luminosity LSB galaxies by Hunter et al. (2010). If high-mass

stars form outside of H ii regions or the regions are leaky then star formation studies

limited to just H ii regions will undercount the total SFR (e.g. Kennicutt, 1983;

Calzetti et al., 2007). One major problem with the DIG explanation is that low

luminosity H ii regions such as H ii-1 should not be leaky. Pellegrini et al. (2012)

show that H ii regions in the Magellan Clouds below log(L/erg s−1) = 37.0 are

optically thick and do not leak ionizing photons. Indeed Oey et al. (2007) find that

the leakiest galaxies have high surface brightness, not low surface brightness. This

suggests that DIG should not dominate in the low surface brightness outer region of

NGC 2915. We also note that while individual stars have been detected outside of

the core of H ii regions the Galaxy and the LMC (de Wit et al., 2004, 2005; Bressert

et al., 2012), they make up only a small fraction of the total O star content (i.e.

about 4% in the Galaxy according to de Wit et al., 2005).

2.4.9 Caveats and limitations

Our results are dependent on the assumptions of our models and the corrections

applied to our data. Here we review those assumptions and the effects on our

results.

We model a uniform total extinction of E(B−V ) = 0.45 mag, determined by Werk

et al. (2010) for H ii-1. Using the foreground extinction of E(B − V )f = 0.275 mag

taken from Schlegel et al. (1998) the average internal extinction for NGC 2915 is

E(B − V )i = 0.175 mag. However, the ISM is particularly dense and clumpy where

new stars are being formed. This is likely to add intrinsic scatter to the photometry,

which we have not modelled.

The evolutionary tracks we employ do not include stellar rotation, which extends

the MS lifetime, induces stronger mass loss, and causes higher effective temperatures

and luminosities compared to non-rotating stars of the same initial masses (Levesque

et al., 2012). According to Leitherer (2014) the differences between rotating and non-

rotation stellar populations are more pronounced in later evolutionary phases and

in solar metallicity environments, compared to sub-solar metallicity environments.
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Thus, neglecting stellar rotation is likely to bias the results to have a higher upper-

mass limit or shallower slope than actually exists, although the effect may be small

due to the low metallicity of NGC 2915.

As noted in Section 2.4.8 we neglect binaries and higher order multiples in our analy-

sis and this will result in overestimating the content of the highest mass stars. Hence

our results will bias the IMF slope to shallow values and the upper-mass limit to

higher values compared to reality. Likewise in Section 2.4.4 we show using simu-

lations that our numerical method tends to recover IMF slopes that are shallower

than the simulations.

In summary, neglecting stellar rotation and multiple stars systems will both bias the

results to appear to have more of the highest mass stars than actually exist, while

our method of analysis also results in IMF slopes that are too shallow. Since the

best-fitting MS luminosity function results is an IMF that is already deficient in high-

mass stars compared to the Kroupa IMF, the actual deficiency in high-mass stars

is likely to be more extreme than our best-fitting IMF. Unless there is significant

but undetected DIG content the Hα analysis indicates that the IMF is even more

deficient still in stars with masses > 25 M�.

2.5 Star formation law

2.5.1 Local star formation law

The position of the MS stars with respect to the H i provides a means to examine the

nature of the SFL in the outer disk of NGC 2915. Figure 2.14 shows the distribution

of MS stars and the H i data from Elson et al. (2010). The MS stars have a clumpy

distribution that follows the H i gas distribution, indicating recent star formation

and H i gas may be correlated. The correlation between MS star surface density

(right axis), and the H i surface density for the outer-disk region of NGC 2915 is

shown in Figure 2.15 and Figure 2.16. We calculate the inclination corrected H i

surface brightness at the position of each star using the natural weighted H i total

intensity map from Elson et al. (2010), which has a resolution of 17.6 arcsec (∼ 350

pc). We determine the surface density of MS stars (ΣMS) by counting the number

of MS stars in 0.1 dex bins of ΣHI, and dividing by the area in our ACS image that

have the same ΣHI. Thus our method is equivalent to that in the early study of

Sanduleak (1969). The stellar density is converted to a star formation intensity (left
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Figure 2.14: Comparison of the distribution of young stars with the H i gas
distribution. The MS stars, as identified in the g − V CMD, are shown in blue,
the five most luminous MS stars are shown in magenta, and the H ii-1 stars are
located within the green box. The inclination corrected H i radio contours, from
the natural weighted H i total intensity map of Elson et al. (2010), are plotted
for the WFC regions. The H i data contour levels are 1.5, 2.3, 2.7, 3.2, 3.8, 4.5,
5.2, 6.2, 7.2, 8.5, 10.2 M� pc−2, with the darkest grey-scale colour corresponding
to the densest region. The MS stars have a clumpy distribution that appears to
follow the H i gas distribution. The green, magenta and orange vectors, shown
in the upper left corner, indicate the maximum (1284 pc), average (99 pc) and
minimum (13 pc) distance a MS star could travel from where it originally formed

during its lifetime respectively.
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Figure 2.15: The star formation law for the outer disk of NGC 2915 (blue
points) compared to the outskirts of spiral galaxies shown as grey points (from
Bigiel et al., 2010). All data have been corrected to face-on quantities. ΣSFR

for NGC 2915 was determined from MS star density (right axis), with errors
determined as Poisson counting errors. A linear ordinary least-squares fit to our
data is plotted as the dashed line. This fit yields a slope of N = 1.53 ± 0.21
and A = (9.6 ± 3.3) × 10−6 M� yr−1 kpc−2. The dark grey contours in the left
panel enclose where 16%, 35%, 53%, 67% and 86% of data are located. The dark
grey data points with error bars, in both panels, represent median values and the
scatter from Bigiel et al. (2010). NGC 2915 displays properties of both spiral
and dwarf galaxies, due to its differing optical and H i properties. The ΣSFR of
NGC 2915 is slightly above the median relationships for the outskirts of spiral
and dwarf galaxies but well within the scatter of both datasets. We have included
the global Schmidt law for star-forming galaxies (Kennicutt, 1998b) for reference
(solid line). The ΣSFR determined from GALEX UV data by Werk et al. (2010)
for 44–150 arcsec is shown in magenta (corrected to a Kroupa IMF), with error
bars that indicate the range of radially averaged H i column densities the ΣSFR is

derived over.
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Figure 2.16: The star formation law for the outer disk of NGC 2915 (blue
points) compared to the outskirts of dwarf galaxies shown as grey points (from
Bigiel et al., 2010). All data have been corrected to face-on quantities. ΣSFR

for NGC 2915 was determined from MS star density (right axis), with errors
determined as Poisson counting errors. A linear ordinary least-squares fit to our
data is plotted as the dashed line. This fit yields a slope of N = 1.53 ± 0.21
and A = (9.6 ± 3.3) × 10−6 M� yr−1 kpc−2. The dark grey contours in the left
panel enclose where 16%, 35%, 53%, 67% and 86% of data are located. The dark
grey data points with error bars, in both panels, represent median values and the
scatter from Bigiel et al. (2010). NGC 2915 displays properties of both spiral
and dwarf galaxies, due to its differing optical and H i properties. The ΣSFR of
NGC 2915 is slightly above the median relationships for the outskirts of spiral
and dwarf galaxies but well within the scatter of both datasets. We have included
the global Schmidt law for star-forming galaxies (Kennicutt, 1998b) for reference
(solid line). The ΣSFR determined from GALEX UV data by Werk et al. (2010)
for 44–150 arcsec is shown in magenta (corrected to a Kroupa IMF), with error
bars that indicate the range of radially averaged H i column densities the ΣSFR is

derived over.
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axis) assuming a Kroupa IMF following Appendix A. We use a Kroupa IMF here

to allow better comparison with previously published results. Our data are shown

in blue along with a linear ordinary least-squares fit (dashed line). This fit yields a

slope of N = 1.53±0.21 and A = (9.6±3.3)×10−6 M� yr−1 kpc−2. If our best-fitting

IMF is adopted, then A is a factor of 4.5 higher.

Figure 2.15 and Figure 2.16 compares our results to the ‘standard’ integrated SFL of

Kennicutt (1998b) as well as the results on low-density star formation in the outer

disks of dwarf and spiral galaxies by Bigiel et al. (2010). This plot demonstrates that

the outer disk of NGC 2915 has a star formation intensity significantly depressed

compared to the extrapolated standard SFL, but slightly higher compared to what

is observed in the outer disks of other spiral and dwarf galaxies. The comparison to

both spirals and dwarfs is relevant since NGC 2915 exhibits properties of both due

to its differing optical and H i properties (Meurer et al., 1994, 1996). We note that

data displayed by us and Bigiel et al. (2010) differs: Bigiel et al. (2010) shows star

formation intensity derived from UV surface brightness and H i surface mass density

averaged over square boxes of size 750 pc, whereas we derive our correlation from

MS star counts compared to the local H i surface mass density.

This method assumes the stars are currently located in the gas cloud in which they

formed. Even though the MS stars and H i column density are correlated, there

are relatively few MS stars located in the densest H i contours of Figure 2.14. This

suggests that the MS stars are now located in regions of lower density than where

they originally formed. This has the effect of elevating the SFL above the median

values of Bigiel et al. (2010), which can be seen in Figure 2.14. We place three vectors

in Figure 2.14 to show the maximum, average and minimum distance a MS star could

travel from its birth location. We calculate the average distance by determining the

average age of stars in out MS selection box from our simulations, assuming a Kroupa

IMF, constant SFR and velocity equal to the H i velocity dispersion. The minimum

and maximum distances are based on the MS lifetime of a 120 M� and 4 M� star

respectively.

2.5.2 Fits to the star formation law

Our results add to the relationship shown by Bigiel et al. (2010) between H i surface

density and ΣSFR in the outer regions of galaxies. This differs from the SFL for the

inner parts of galaxies where the ΣSFR correlates with H2. This supports the idea
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that star formation in the outer regions of galaxies is regulated by the H i column

density (Bigiel et al., 2010). Krumholz (2013) has modelled star formation intensity

in regions where the ISM is comprised mostly of H i, such as in dwarf galaxies and

the outer disks of spirals, his results are in agreement with our findings and those

of Bigiel et al. (2010). Krumholz (2013) postulates that the difference between

the inner and outer SFLs is due to differences in the processes that regulate the

conversion of H i to H2, and thus the SFR (Krumholz, 2013). The large scatter seen

in the SFL of different galaxies could be explained by different concentrations of

matter in the disks.

We compare the observed SFL in the outer-disk region of NGC 2915 to the models

of Ostriker et al. (2010, hereafter OML) and Krumholz (2013, hereafter K13), by

assuming the total surface gas density (H i + H2) is equal to the surface density of

H i (i.e. H i dominated). Figure 2.17 shows both models fitted with two different

volume densities of stars plus dark matter ρsd = 0.1 M� pc−3 and ρsd = 0.01 M� pc−3

at a metallicity of Z = 0.4Z�. Our observations are consistent with the low-density

model of OML. While they slightly favour the low-density model of K13 to the

higher density option, the distinction is less clear for this model set. We conclude

that the SFL fits imply a total mass density of stars and dark matter in the disk of

∼ 0.01 M� pc−3, or perhaps a factor or few higher.

Are the density estimates from these models consistent with the IMF results? Lim-

its on the projected stellar mass density due to the current SFR depend on the

time-scale over which it occurs, i.e. from 1 orbit (∼ 230 Myr, minimum time-

scale) to the Hubble time. This results in Σ?,min = 4.2 × 10−3 M� pc−2 to Σ?,max =

2.5× 10−1 M� pc−2 if a Kroupa IMF is assumed; and Σ?,min = 1.3× 10−2 M� pc−2 to

Σ?,max = 8.1 M� pc−1 for an IMF with α = −2.85 and Mu = 60 M�. The correspond-

ing volume density depends on the height of the disk. Often a typical scale height

of ∼ 100 pc is assumed, adopting this and taking the total depth as twice that,

we arrive at stellar mass volume densities: ρ?,min = 4.2 × 10−5 M� pc−3 to ρ?,max =

2.5× 10−3 M� pc−3 if a Kroupa IMF is assumed, and ρ?,min = 1.3× 10−4 M� pc−3 to

ρ?,max = 8.1 × 10−3 M� pc−3 if our preferred IMF is assumed. This latter ρ?,max is

within 20% of the low ρsd models that correspond best to our data, which we con-

sider to be sufficiently close. We also estimate a crude maximum depth by positing

that the observed H i spiral arms (Meurer et al., 1996; Elson et al., 2010) should

not be taller (size normal to the disk) than they are wide (size in the plane of the

disk). Then the observed arm width ∼ 500 pc is the maximum depth and the above

volume densities could be up to a factor of 0.4 times lower. Note that the CMDs in
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Figure 2.17: Comparison of the observed SFL in the outer disk region of NGC
2915 with the star formation models of Krumholz (2013, K13) and Ostriker et al.
(2010, OML). We assume that the total gas density is equal to the H i gas density
and a metallicity of Z = 0.4Z�. Our data is shown in blue and is the same
as in Figure 2.15 and Figure 2.16. For both model types we show results for
adopted volume density of stars plus dark matter ρsd = 0.1 M� pc−3 and ρsd =

0.01 M� pc−3.

Figure 2.4 and Figure 2.5 indicate that the old stellar population should be signif-

icant, but we are not directly including it in these estimates; analysing these stars

is outside the scope of this paper, and it is unclear whether they are in the disk

or not. However, this population is implicitly counted in our mass estimates if it

is in the disk, and star formation has been occurring for as long as a Hubble time.

We see that if the star formation has been occurring over such a long time-scale at

its present rate, the disk is thin, and our preferred IMF is employed, then there is

enough baryonic matter in the disk to account for all of the required ρsd without

requiring there to be disk dark matter to contribute to this density.
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2.5.3 Total star formation in the outer disk

We determine the total SFR integrated over the entire H i disk of NGC 2915 beyond

its star-forming core (i.e. radii of 42 – 510 arcsec) to be 6.1×10−3 M� yr−1, assuming

that the derived SFL holds out to the limits of the H i data of Elson et al. (2010) and a

Kroupa IMF. This equates to a very low face-on intensity of 1.8×10−5 M� yr−1 kpc−2.

Nevertheless, star formation in this region would be significant, equating to 12% of

the star formation of the inner region (4.9 × 10−2 M� yr−1 corrected to a Kroupa

IMF; Werk et al., 2010) or 11% of the total SFR. The star formation in the out-

skirts of NGC 2915 implies significant metal production, which may explain the flat

metallicity gradient observed by Werk et al. (2010). This assumes a Kroupa IMF,

however, our results show that the IMF slope in the outer-disk region is steeper than

a Kroupa IMF. If so, the outer disk will have a higher ΣSFR than stated. Adopting

best-fitting IMF parameters of Mu = 60,M� and α = −2.85 for M > 1 M�, and

a Kroupa IMF for 0.08 M� < M < 1 M�, the ΣSFR will be a factor of 3.2 higher

(Appendix A Table A1). Since the centre of NGC 2915 is a high surface-brightness

BCD (Meurer et al., 1994) and observations of high surface-brightness galaxies are

consistent with a normal IMF (Meurer et al., 2009), then the IMF may vary from a

standard Kroupa IMF in the centre to one deficient in high-mass stars in the outer

disk. If so, the SFR of the outer disk may be 40% of the SFR in the centre, and

comprise 28% of the total SFR.

The extended H i disk of NGC 2915 exhibits a constant velocity dispersion, σgas ∼
10 kms−1 (Elson et al., 2010), which was puzzling because there appeared to be no

star formation occurring beyond the central region of the galaxy, and thus no source

to drive the observed turbulence (e.g. Wada et al., 2002; Dib et al., 2006). We have

now identified the likely source of turbulence as low-density O and B star formation

in the outer disk. These high-mass stars produce stellar winds and supernovae that

provide the energy required for the observed velocity dispersion (Dobbs et al., 2011).

The existence of such stars is not surprising; star formation in outer disks is now

thought to be common with the discovery of extended UV disks in ∼30% of nearby

galaxies (Thilker et al., 2007).

2.6 Conclusions

We have examined star formation in the outer H i disk of the dark matter domi-

nated, BCD galaxy NGC 2915. This environment, previously not known to harbour
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stars, is shown to have a low optical surface-brightness, low star formation inten-

sity, and young populations of main-sequence disk stars. In addition to the clumpy

distribution of main-sequence stars, which is the main subject of this paper, our

CMD analysis shows a smooth distribution of RGB and ABG stars, which easily

dominate the total number of NGC 2915 stars observed. We determine the nature

of star formation in this environment using the main-sequence stars in the CMDs,

which we then compare to simulations, along with published Hα (Werk et al., 2010)

and H i (Elson et al., 2010) observations.

We place constraints on the form of the IMF by comparing the main-sequence stars in

the observed main-sequence luminosity function to simulations and Hα observations,

while assuming a constant star formation rate. The MS luminosity function analysis

suggests than an IMF with a power-law slope α = −2.85± 0.36 and an upper-mass

limit of Mu = 60± 36 M� is preferred. Using the main-sequence luminosity function

analysis alone we are unable to constrain the upper-mass limit due to the insensitivity

of optical colours to the masses of main-sequence stars.

We use previously published Hα observations to place independent constraints on

the upper-mass limit of the IMF. If we assume that all of the Hα emission in the outer

disk is confined to H ii regions then a single O star is required to produce to observed

Hα flux. In this case, the upper-mass limit of the IMF is restricted to Mu . 20 M�.

The Hα observations are at odds with the observed MS stars from the CMD and

best-fitting IMF, which suggest there should be dozens of M? & 20 M� present and

an upper-mass limit Mu ∼ 60 M�. If all Hα is confined to H ii regions then the

objects we identify as high luminosity MS stars are likely to be binaries or compact

clusters of lower-mass stars. This would then imply an IMF more extreme than our

best-fitting IMF, having even less of the highest mass stars than a standard Kroupa

IMF. On the other hand, if all of the observed stars in the MS luminosity function

are single stars then we would have to discount the Hα observations, implying a

large fraction of escaping ionizing photons or diffuse Hα.

Using the same set of extensive simulated CMDs and the observed main-sequence

stars we determine that the star formation law in the observed region follows a

Kennicutt-Schmidt parametrization, with slope N = 1.53 ± 0.21 and A = (9.6 ±
3.3)×10−6 M� yr−1 kpc−2, this is for an assumed Kroupa IMF in order to allow easy

comparison with other results. If our best-fitting IMF is adopted, then A is a factor

of 4.5 higher. Fits to this star formation law require a mass density of stars and dark

matter on the order of 0.01 M� pc−3, which with our IMF results can be comprised

of the known forming disk stellar populations, without requiring disk dark matter.
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If the observed star formation law holds to the edge of the observed H i disk then

star formation in the outer disk accounts for 11% of the total SFR in the system if a

uniform Kroupa IMF is assumed, and up to 28% if the IMF is Kroupa in the centre

and our best-fitting IMF over the extended H i disk. Either way, star formation in

the outer disk is a significant fraction of the total star formation in this isolated

BCD galaxy.
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Chapter 3

The initial mass function and star

formation law in the outer disk of

M83

Foreword and context

The technique developed in Chapter 2 is used to constrain the initial mass function in

the outer disk of M83, which is compared to the best-fitting initial mass function in

the outer disk of NGC 2915 determined in Chapter 2. The star formation rate in the

outer disk is calculated from the observed high-mass, main-sequence stars using the

method outlined in Chapter 2. The star formation rate is used in conjunction with

H i data to determine the star formation law in the outer disk, which is compared

to observation and models of star formation in low-density environments.

This chapter is composed of a paper, which is in preparation, and is reproduced here

reformatted into the thesis layout.
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USA

Abstract

Using Hubble Space Telescope ACS/WFC data we present the photometry and spa-

tial distribution of resolved stellar populations of four fields in the extended ultravi-

olet disk of M83. These observations show a clumpy distribution of main-sequence

stars that correlate with the H i gas distribution and a dominant, mostly smooth,

distribution of red giant branch stars. We constrain the upper-end of the initial mass

function (IMF) and determine the star formation law (SFL) in the outer disk using

the observed main-sequence stars and an assumed constant star formation rate, jus-

tifiable over the last 300 Myr. By comparing the observed main-sequence luminosity

function to simulations we determine the best-fitting IMF to have a power-law slope

α = −2.35 ± 0.35 and an upper-mass limit Mu = 25 ± 32 M�. Hence the preferred

slope is consistent with the Kroupa IMF, but the upper-mass limit is truncated.

This IMF is consistent with the observed Hα emission, which we use to provide

additional constraints on the IMF and to rule out a standard Kroupa IMF. These

results, along with our previous analysis of the IMF in the outer disk of NGC 2915,

indicate that outer disks are deficient in high-mass stars compared to a Kroupa IMF.

We combine the HST photometry with the H i observations to find that the local

SFL has a power law index N = 2.37 ± 0.1. This is steeper than the Kennicutt–

Schmitt SFL but is within the scatter of observations in the outer disks of nearby

spiral galaxies.

3.1 Introduction

A comprehensive understanding of star formation is essential to understand and

model the formation and evolution of galaxies. Star formation has been well studied

in the bright, central regions of nearby galaxies; however it has been less well ex-

plored in the diffuse, low surface-brightness outer regions. Outer disk star formation

is a relatively common occurrence with Galaxy Evolution Explorer (GALEX) obser-

vations revealing ultraviolet (UV) bright regions in the outer disks of nearly 30% of

nearby spiral galaxies (Thilker et al., 2005a; Gil de Paz et al., 2005; Thilker et al.,

2007). The outer regions of disk galaxies typically have low gas column densities
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dominated by H i, low metallicity and low stellar densities; an environment very

different to the central regions of galaxies (Gil de Paz et al., 2007; Bigiel et al., 2010;

Barnes et al., 2011). It is therefore essential to study these extreme environments

to obtain a clear picture of star formation and evolution across the entire disk.

Two essential components required to define star formation are the star formation

law (SFL), which describes how efficiently gas is converted to stars, and the initial

mass function (IMF), which describes the mass distribution of the stars that form.

Determining the form that these two empirical relations take in the outer disks of

galaxies is essential if we are to understand and model chemical enrichment and

feedback processes in the interstellar medium (ISM) of these regions, the growth

of galactic disks (Larson, 1976), and how the SFL depends on parameters such as

metallicity and density (Ostriker et al., 2010; Krumholz, 2013). Determining the

form of the IMF is of particular importance, it has been suggested that the IMF at

low densities may be deficient in high mass stars (e.g. Elmegreen, 2004; Krumholz

& McKee, 2008; Krumholz et al., 2010), supported by recent observational results

which indicate that the upper-end of the IMF may vary with luminosity, surface

brightness or star formation intensity (Hoversten & Glazebrook, 2008; Meurer et al.,

2009; Lee et al., 2009; Gunawardhana et al., 2011). If the IMF is shown to vary

with environment this has implications for the accuracy of star formation rates

(SFRs) derived from indicators such as Hα and UV, as well as star formation history

(SFH) derived from colour magnitude diagrams (CMDs). The outer disks of nearby

galaxies, which have low stellar and gas surface densities, provide an ideal target for

understanding the SFL and IMF at the low density limit and may provide insight

on how star formation varies with environment.

In this work we study star formation in the extreme outer disk of M83, a nearby

grand design spiral with an extended H i disk. This galaxy is a prototype for ex-

tended UV (XUV) disks, which exhibit high-mass star formation well beyond the

traditional optical radius (Thilker et al., 2005a; Gil de Paz et al., 2005; Thilker

et al., 2007), embedded within an extended H i disk. We use Hubble Space Telescope

(HST ) images taken using the Advanced Camera for Surveys/Wide Field Camera

(ACS/WFC) to examine the resolved stellar populations. These observations, as

well as H i data from Bigiel et al. (2010) obtained as part of The H i Nearby Galaxy

Survey (THINGS; Walter et al., 2008) using the NRAO Very Large Array (VLA)

and Hα data from Cerro Tololo Inter-American Observatory (CTIO), are used to

place constraints on the upper-end IMF and to determine the SFL.
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This work follows on from that of Bruzzese et al. (2015, hereafter B15, Chapter 2

of this thesis) in which we developed a new technique to constrain the upper-end

IMF and SFL in the outer disk of the gas-rich blue compact dwarf galaxy NGC 2915

using HST observations of young, high-mass, main-sequence (MS) stars. Usually

studies of resolved stellar populations assume a universal IMF (i.e. Kroupa, 2001b)

and solve for the star formation history. Instead we adopt a plausible star formation

history and solve for the IMF. Like the outer disk of NGC 2915, the extreme outer

disk of M83 has a low stellar density, low star formation intensity, low metallicity

environment making it an ideal target for understanding the IMF and SFL at the low

density limit. Using the same method as our previous study allows us to make direct

comparison between the derived IMF and SFL in each galaxy providing insight as to

how these empirical relations depend on environmental conditions or galaxy type.

This paper is organised as follows: In Section 3.2, we present the HST observations

and photometry of four outer disk fields in M83, including photometric errors and

completeness derived from the artificial star tests, along with Hα aperture photom-

etry and H i observations. In Section 3.3, we present the CMDs and stellar content

of the resolved stellar populations of the observed outer disk fields, including the

spatial distribution of stars in different evolutionary phases. In Section 3.4, we out-

line the technique used to determine the best-fitting upper end IMF parameters and

present our results. We do this primarily using the MS luminosity function and then

apply Hα observations as additional constraints. In Section 3.5, we determine the

SFL in the outer disk regions using the spatial distribution of the observed MS stars

along with the H i observations and compare this to models. Finally, our conclusions

are presented in Section 3.6.

3.2 Observations and photometry

The primary data used in this study were taken by the Advanced Camera for Surveys

(ACS) Wide Field Camera (WFC) on the HST (proposal ID: 10608) in February

and July in 2006. The four ACS/WFC fields were chosen to contain ultraviolet

(UV) bright regions as observed with GALEX. Two exposures were obtained in the

F435W, F606W, and F814W filters (hereafter B, V and I, respectively), with total

exposure times of 2522, 1190 and 890 seconds, respectively. The position of the

ACS/WFC fields with respect to M83 are shown in Figure 3.1. Figure 3.2 shows the

IV B three colour drizzled image for the F62 field, the images for the three other
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Figure 3.1: RGB image composed of H i THINGS VLA (red) from Bigiel et al.
(2010), optical R-band CTIO (green) and NUV GALEX (blue) data. This colour
combination results in the optically bright portion of the galaxy appearing white,
the XUV disk magenta and the extended H i disk as red. The position of the four

ACS/WFC fields are labelled and shown as white footprints.

fields can be found in Appendix B. The ACS/WFC images have a pixel size of 0.05

arcsec (1.06 pc at the adopted distance) and each field covers an area of ∼ 4.6× 4.5

kpc or 20.4 kpc2. Table 3.1 lists the centre of each field along with the deprojected

radius from the centre of M83. Table 3.2 lists the physical properties of M83 we

have adopted throughout this paper.

3.2.1 Data reduction and measurement

Basic image processing was done using Calacs to produce calibrated, flat-fielded

FLT images (Hack, 1999). AstroDrizzle was used to combine the FLT images
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Table 3.1: ]

The position of each field and the deprojected distance from the centre of M83
(R.A.(J2000.0) =13:37:00.9 and Decl.(J2000.0) = -29:51:56).
Field R.A.(J2000.0) Decl.(J2000.0) r (arcmin) r (kpc)

F53 13:36:55.2 -29:34:50:6 10.59 13.86
F09 13:35:55.9 -29:57:22.4 16.40 21.47
F62 13:37:00.8 -30:07:31.1 16.46 21.55
F06 13:35:42.9 -29:43:48.1 18.96 24.82

Figure 3.2: Three colour IV B image of F62 ASC/WFC pointing. The colour
images for the other fields can be found in Appendix B.
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Table 3.2: Adopted M83 properties.

Property Value Reference

Z1 0.006 (∼ 1/3 Z�) Bresolin et al. (2009)
E(B − V )2 0.06 mag Schlafly & Finkbeiner (2011)6

D3 4.5 Mpc Karachentsev et al. (2002)
i4 25◦ Crosthwaite et al. (2002)

PA5 46◦ Crosthwaite et al. (2002)

1Metallicity, 2Total extinction, 3Distance, 4Inclination, 5Position angle, 6The
average total extinction for the outer disk determined by Bresolin et al. (2009) is

approximately the same as the foreground.

to produce a single, geometrically corrected, drizzled image. We performed stel-

lar point source photometry on all four fields using the ACS module of the stellar

photometry package Dolphot (v2.0), a modified version of HSTphot (Dolphin,

2000b). The photometry of all stars is computed individually using pre-computed

point spread functions in each filter. We use the drizzled image in the F435W filter

as the reference image and perform photometry simultaneously on all FLT images in

all filters. We followed the processing steps outlined in the Dolphot/ACS User’s

Guide, adopting Dolphot parameters similar to those used by the ACS Nearby

Galaxy Treasury (ANGST; Dalcanton et al., 2009) team for crowded fields. ANGST

found Force1, RAper, and FitSky to have the strongest influence on photometry and

we have set these parameters to the suggested values and are the same values used in

B15. The output file from Dolphot provides the flux, position and quality param-

eters for each detected star in each filter. Photometry is given in the VEGAMAG

system and corrected for charge transfer efficiency loss according to Riess & Mack

(2004). We note that using the F435W filter as a reference will lead to an incom-

plete census of the red stellar population in comparison to the F606W or F814W

filters. This is not a problem for our analysis of the blue stars. A more complete

study of the older stellar populations in this galaxy and others have been done by

Galaxy Halos, Outer disks, Substructure, Thick disks and Star clusters (GHOSTS)

team (Radburn-Smith et al., 2011).

To select stellar objects we applied the following quality cuts: (S/N)1,2 ≥ 4, |sharp1+

sharp2| ≤ 0.274, crowd1 + crowd2 ≤ 0.6 and flag1,2 ≤ 2. These cuts were done sep-

arately with B,I -band or V,I -bands representing filters 1 and 2. The final catalogue

is the union of the two separate cuts so that the survival in one set of cuts was

sufficient for inclusion in our final catalogue. The sharpness cuts were chosen to

eliminate diffraction spikes, cosmic rays, blended stars, and background galaxies

and the crowding cuts were chosen to eliminate stars with photometry significantly
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Table 3.3: Number of resolved stellar sources that make the final photometric
catalogue for each field and in total for all fields. We also include the number of
MS stars and RGB stars as defined by their position in the CMD (see Section 3.3)

as well as their fractional contribution to the total number of stellar sources.

Field stellar sources MS stars RGB stars

F53 14477 296 (0.02) 3910 (0.27)
F09 2936 159 (0.05) 284 (0.10)
F62 3868 314 (0.08) 474 (0.08)
F06 2535 20 (0.01) 289 (0.11)
All 23816 789 (0.03) 5270 (0.22)

affected by crowding. The chosen cuts are similar to those used by ANGST and pro-

duce the cleanest CMDs, minimising false stellar detections from extended sources

and saturated pixels. In order to further minimise false detections from diffraction

spikes and background galaxies we apply the masks created by the GHOSTS survey1

for each field with minor modifications made to include some blue sources which were

masked by the GHOSTS team. Table 3.3 lists the number of blue, red and total

stellar sources that make the final photometric catalogue for each field (selected by

their position in the CMD see Section 3.3).

3.2.2 Artificial star tests

To determine the photometric errors and completeness of the ACS/WFC data we

use the FakeStars mode of Dolphot to simulate 3× 105 artificial stars distributed

evenly across each of the four images, with colours and magnitudes comparable to

the observations. We then re-ran Dolphot in artificial star mode to recover the

photometry of the inserted artificial stars. The same photometric cuts that were

applied to the real photometry were also applied to the artificial stars to create

a catalogue of found artificial stars. The median photometric error is computed

using Gaussian statistics as the median absolute deviation between the inserted and

recovered magnitude for all recovered stars and is shown in Figure 3.3. Completeness

is determined as the fraction of inserted stars to recovered stars, in binned regions of

colour (0.25 mag) and magnitude (0.5 mag). The 60% completeness limit is shown

for each CMD in red (see Figures 3.4 and 3.5). These tests indicate that the main

features of the CMD suffer minimal incompleteness.

1Downloaded from https://archive.stsci.edu/pub/hlsp/ghosts/
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Figure 3.3: Median photometric errors for each field computed using Gaussian
statistics as the median absolute deviation between the inserted and recovered

magnitudes from the artificial star tests in all filters.

3.2.3 Hα data

In addition to the optical HST ACS/WFC data we use a wide field of view Hα

image, which covers the full extent of the observed H i, to analyse the ionizing

stellar populations. The Hα data were obtained by the CTIO Michigan Curtis

Schmidt telescope in May 2001 as part of the Survey for Ionization in Neutral Gas

Galaxies (SINGG; Meurer et al., 2006). Three exposures with a total exposure time

of 1800 seconds were obtained in both the CTIO R-band filter and 6568/30 MCELS

narrowband filter. The Hα image is produced by subtracting the R-band continuum

from the narrowband image (for details see Meurer et al., 2006). The Hα image has a

pixel size of 2.3 arcsec (50 pc at the adopted distance) and a 1.5 degree field-of-view

(FOV). The Schmidt Telescope images were taken in non-photometric conditions.

We perform a boot-strapped flux calibration using CTIO 1.5 meter observations of

the central regions of M83 obtained with the same filter set using the CTIO 1.5m

telescope and reported in Meurer et al. (2006). The total emission for the H ii-regions

in this paper is 9.03± 0.10 erg cm2 s−1.
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Table 3.4: Correcting VLA data for missing diffuse H i using KAT-7 data. We
list the total H i mass detected in each field along with ΣHI,lev the base level added

to correct the VLA data.

Field VLA KAT-7 ΣHI,lev

M� M� M� kpc−2

F53 2.7× 107 6.4× 107 1.98
F09 3.7× 107 7.5× 107 1.97
F62 2.5× 107 7.3× 107 2.53
F06 3.8× 106 1.7× 107 0.73

3.2.4 H i data

In Section 3.5 we determine the SFL in the outer disk fields of M83 using wide

FOV, high-resolution H i data from the Very Large Array (VLA) Telescope covering

the extended H i disk. We use the natural weighted map from Bigiel et al. (2010),

which has a sensitivity of ∼0.8 mJy beam−1 (0.2 M� pc−2) and a resolution of ∼13

arcsec (203 pc at the adopted distance). The outer disk of M83 has a significant

portion of its total gas mass in the form of diffuse, low surface density H i. The large

scale, diffuse H i gas is missing from these H i observations due to the interferometric

configuration of the VLA, which was chosen to detect H i gas on small scales.

To correct for the missing H i gas mass we compare the total H i gas mass in each

field from the VLA observations to the total H i gas mass in the same regions from

seven dish Karoo Array Telescope (KAT-7) observations of M83. The large-scale, low

column density emission in M83 is detected in the KAT-7 observations because of its

compact configuration and low system temperature (for more details see Carignan

et al., 2013). The synthesised beam size (225 arcsec x 205 arcsec) is slightly larger

then the HST ACS/WFC field of view (202 arcsec x 202 arcsec). We add the missing

H i gas mass to the VLA observations by assuming it is distributed evenly across

each HST field. Table 3.4 lists the total H i gas mass detected in each HST field

from VLA and KAT-7 observations along with the surface density of the missing

H i gas mass (ΣHI,lev) added to each field. All stated ΣHI have been corrected for

inclination and include a factor 1.36 to account for Helium and heavier elements.
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3.3 Stellar content

3.3.1 Colour-magnitude diagrams

In Figures 3.4 and 3.5 we show the (B-I ) versus I and (V-I ) versus I CMDs for each

field. The CMDs of all fields show stellar evolutionary features of composite stellar

populations, such as MS and red giant branch (RGB) stars. The polygons for each

evolutionary phase are chosen to match the location of the same evolutionary phases

in simulated CMDs of the same metallicity with the exception of F53, in which the

RGB polygon is wider in colour to allow for the differing metallicity often found in

the stellar halo. Particular attention was paid to the MS selection polygon, which

was designed to avoid contamination from blue loop stars. The lowest (initial) mass

for stars found in the MS polygon is ∼ 4M�, which have a MS lifetime of ∼ 150

Myr and the lowest initial mass for stars found in the RGB polygon is ∼ 3 M�. The

MS polygon used to select MS stars is approximately 100% complete according to

our artificial star tests and the RGB polygon suffers from minor incompleteness at

low-luminosities. The number of stars present in each evolutionary phase in each

field are shown in Table 3.3. From these CMDs we see that all evolutionary phases

are present in all fields and that the prominence of MS and RGB stars increases

with decreasing radius, as expected.

We discuss each field separately:

F53: This field, which is closest to the centre of M83, is the most densely populated

CMD. It has the most prominent MS along with an extremely high density of RGB

stars, compared to the other fields. The width of the RGB indicates that there may

be multiple populations of RGB stars with different metallicities present, or varying

amounts of dust causing differential extinction.

F62: This field has a prominent MS (more so than F09), along with a modest

amount of RGB stars, indicating ongoing star formation for > 1 Gyr.

F09: This field has a prominent MS, along with a modest amount of RGB stars,

indication ongoing star formation for >1 Gyr.

F06: This field, which is farthest from the centre of M83, shows recent star for-

mation at the lowest levels in our survey with only a few stars occupying the MS

selection box. The UV bright sources in this field detected by GALEX are produced

by a background galaxy. This field has a large percentage of RGB stars, which

indicate star formation occurring > 1 Gyr ago.
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Figure 3.4: (B-I ) (left) and (V-I ) (right) versus I CMDs for F06 and F09
fields. Stellar sources identified from the photometry are shown as dots with blue
representing stars in the MS selection polygon and red prepresenting stars in the
RGB selection polygon. Uncertainties derived from the artificial star tests are
shown on the left, the 60% completeness limits are shown as thick red lines and

the red arrows indicate assumed foreground extinction.
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Figure 3.5: Same as previous Figure for F53 and F62 fields. The F53 field which
has a Hess diagram plotted over regions of high density with contours of 1.25, 2.5,
7.5, 12.5 ×103 stars mag−2 and 1.25, 2.5, 3.75, 5.0 ×103 stars mag−2 in the (V-I)

and (B-I) versus I CMDs respectively.
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In Figure 3.6 we show the spatial distribution of the different evolutionary phases

present in each field, as identified from their location in the CMDs. The distribu-

tion of MS stars indicate the location of recent star formation (. 150 Myr ago as

determined by the MS lifetime of the lowest mass stars present in the MS selection

polygon). Most of the MS stars are grouped together in a clumpy formation, while

other MS are more diffusely distributed. In the three closest fields (F53, F62, F09)

the location of the MS stars appear to be highly correlated with the distribution of

H i gas that traces out the location of the extended spiral arms in M83 (see Sec-

tion 3.5 for more details). This is consistent with the results of Bigiel et al. (2010)

which show that H i and star formation (traced by UV) in the XUV disk of M83 are

spatially correlated.

In contrast, all fields display a dominant distribution of old, red stars, which are

not correlated with the location of the H i spiral arms. In F09 and F62 the RGB

stars appear to be randomly distributed across the entire field. However, this is not

the case for F53 and F06. F53 (the closest field to the main galaxy), which has

a substantially higher density of RGB stars compared to the other fields, shows a

distribution of RGB stars, which has a decreasing density with galactocentric radius.

F06 (the farthest field) has a clump of RGB stars on the left edge of the ACS image.

We could find no apparent enhancement corresponding to this clump in our CTIO

Schmidt data (see Section 3.2.3). However, this clump could be associated with

an extremely low surface-brightness dwarf galaxy designated KK208 by Karachent-

seva & Karachentsev (1998) at R.A.(J2000.0) = 13:36:35.5 and Decl.(J2000.0) =

-29:34:15.0. This source corresponds to an arc like feature seen in the Palomar Sky

Survey plate extending 20 arcmin northwest and 12 arcmin northeast to southwest

(for details see Miller et al., 2009). The northwest arc of KK208 extends towards

F06 and corresponds to the position of the observed clump of RGB stars.

We model galactic stellar contamination using the population synthesis code TRI-

LEGAL (Girardi et al., 2005) to determine the amount of Milky Way foreground

contamination present in each field. To do this we assume constant foreground Milky

Way extinction (E(B − V ) = 0.06 assumed throughout the rest of this paper), a

Kroupa IMF corrected for binaries (using the standard inputs: binary fraction = 0.3

with mass ratios between 0.7 and 1), along with the standard inputs for the Milky

Way for the position of each field. These simulations indicate that we expect very

few foreground stars (n = 0.8 on average) to appear in our MS selection box, with

mild contamination for the rest of the CMD.
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Figure 3.6: Spatial distribution of stars that make the quality cuts for each field.
MS stars in blue, RGB stars in red, and other stars in black (as identified from
the regions shown in the CMDs in Figures 3.4 and 3.5). The black outline shows
the regions covered by the WFC CCDs. The magenta circles show the position of
the H ii regions in Section 3.3.2. The radius of each circle indicates the radius of

the aperture used to determine the Hα photometry.



70
C

h
ap

ter
3

IM
F

an
d

S
F

L
in

th
e

ou
ter

d
isk

of
M

83

Table 3.5: Properties of H ii regions from CTIO Hα imaging. The spectral type and mass are determined by comparing the ionising
photon rates to those listed in Martins et al. (Table 1 2005). We determine the SFR using the Hα SFR calibration of Meurer et al.

(2009). The number of MS stars detected in each H ii region is also included.

Name Field R.A decl. Rapp FHa,0 cHβ σFHa
log Q0 Spectral Mass Hα SFR NMS

arcsec erg cm2 s−1 erg cm2 s−1 s−1 type M� M� yr−1

H ii-1 F62 13:36:58.65 -30:05:59.88 11.6 5.9 ×10−15 0.12 3.4 ×10−16 49.0 O6-5.5 31-24 9.1 ×10−5 24
H ii-2 F62 13:36:58.10 -30:07:39.48 13.9 1.4 ×10−14 0.05 4.8 ×10−16 49.4 O5-4 37-46 2.2 ×10−4 56
H ii-3 F62 13:36:57.20 -30:08:11.89 11.6 7.5 ×10−15 0.11 3.4 ×10−16 49.1 O5.5 34 1.2 ×10−4 64
H ii-4 F53 13:36:58.90 -29:41:17.17 25.5 3.2 ×10−14 0 7.4 ×10−16 49.7 <O3 > 58 5.1 ×10−4 157
H ii-5 F09 13:35:56.70 -29:56:39.00 11.6 2.8 ×10−14 0 2.1 ×10−16 49.7 <O3 > 58 4.4 ×10−4 23
H ii-6 F09 13:35:55.09 -29:56:57.44 11.6 2.1 ×10−15 0 2.1 ×10−16 48.6 O7-7.5 24-26 3.3 ×10−5 36
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3.3.2 H ii regions

We use the CTIO Hα data described in Section 3.2.3 to determine the properties

of the H ii regions detected within the observed ACS/WFC fields. We use SEx-

tractor to locate all Hα bright regions and then manually check these against

the R-band continuum image to determine if they are real sources (i.e. not a bright

foreground star that has been incorrectly continuum subtracted nor a noise spike).

In Figures 3.7 and 3.8 we show IV B three colour cut-outs from the ACS/WFC

images, which correspond to the H ii regions identified in the CTIO Hα data. All of

these regions coincide with groups of MS stars, which have a greenish appearance in

our IV B three colour images, and some are embedded in a low surface-brightness

green emission. This colour is likely due to contamination by emission lines such as

Hβ, [Oiii] λλ4959, 5507 Å, Hα, and [Sii] λλ6716, 6731 Å, which fall in the F606W

V -band filter pass band. Table 3.5 lists the location of the H ii regions along with

their properties, which we describe below.

We use aperture photometry to determine the Hα flux from the CTIO data for these

regions. All H ii regions appear to be a single source, except for H ii-4, which appears

as three extended sources located within a 26 arcsec radius of the stated coordinates.

We use a larger aperture to recover the flux of the three sources together as they

appear blended with some diffuse emission in the CTIO Hα data. In Figure 3.9

and 3.10 we show the CTIO Hα images along with the apertures used in the Hα

photometry. From these images there does not appear to be any diffuse emission

outside of the apertures. Five out of the six H ii regions have been spectroscopically

analysed by Bresolin et al. (2009). We apply the extinction corrections determine by

Bresolin et al. (2009) using line flux ratios. The extinction corrected Hα flux for each

H ii region is listed in Table 3.5 along with the extinction applied and associated

errors.

We compare our Hα flux measurements to those of Bresolin et al. (2009) in Table

3.6. In all cases the Hα flux we measure is larger than that of Bresolin et al. (2009),

which is due to the width of the slitlets used (1 arcsec). We find that all of the

sources appear larger than 2.3 arcsec (1 pixel) in the CTIO Hα images and thus the

flux measurements of Bresolin et al. (2009) are a lower limit. Our measurements

will also slightly overestimate the Hα flux due to contamination from [Nii] λλ6548,

6583 Å, which fall within the Hα filter passband. Using measurements of [Nii] λ

6583 Å, from Bresolin et al. (2009) and multiplying by 1.3 to account for the lines



72 Chapter 3 IMF and SFL in the outer disk of M83

Figure 3.7: Close up of the H ii regions identified in the CTIO Hα data and
their location in comparison to MS stars in HST data for F62. The HST data are
shown as three-colour IV B images. The H ii regions are indicated by the green
circles, their properties are listed in Table 3.5. The field and designated name of
each H ii region is indicated in each image. The radii of the green circles used
in the Hα aperture photometry are: 11.6, 11.3, 11.6 and arcsec for H ii-1, H ii-2,

H ii-3 respectively.

present in our passband we estimate there to be ∼ 20± 0.03% contamination to the

first order.

H ii regions indicate the presence of young (.10 Myr), high-mass (M? & 15 M�),

O-type stars, which produce large amounts of UV radiation capable of ionising

the ISM. We convert the Hα luminosity of each H ii region to an ionizing rate

making the standard assumption that all ionizing photons are absorbed by the ISM

surrounding the O stars to produce discreet H ii regions (i.e. case-B recombination).

We compare the ionizing rates for each H ii region to Martins et al. (Table 1, 2005)

to determine the type of MS star capable of producing each region. The spectral
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Figure 3.8: Close up of the H ii regions identified in the CTIO Hα data and
their location in comparison to MS stars in HST data for F09 and F53. The HST
data are shown as three-colour IV B images. The H ii regions are indicated by
the green circles their properties are listed in Table 3.5. The field and designated
name of each H ii region is indicated in each image. The radii of the green circles
used in the Hα aperture photometry are: 25.5, 11.6, 11.6 and arcsec for H ii-4,

H ii-5, H ii-6 respectively. H ii-4 is made up of three extended sources.
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Figure 3.9: Hα images from CTIO for each field. These images show the aper-
tures used in each field to determine the Hα flux. Larger apertures are used
to recover all of the flux from the H ii regions and the surrounding diffuse Hα
emission often located between H ii regions (as in F53) and surrounding the H ii
regions. Each field is labelled in the bottom right and each H ii region is also
labelled. The HST footprint is shown in white and the coloured circles indicate

the apertures used in the Hα photometry.
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Figure 3.10: Hα image from CTIO for F09. This image show the apertures used
to determine the Hα flux. The HST footprint is shown in white and the yellow
circles indicate the apertures used in the Hα photometry and the H ii regions are

also labelled.

type and spectroscopic mass of the MS capable of producing each H ii region is

shown in Table 3.5. H ii-4 and H ii-5 produce more ionizing flux than a single O3

star, therefore these regions are likely composed of multiple O stars (indeed H ii-4

is made of three blended H ii regions). For example, the ionizing flux from H ii-4 is

equivalent to three O5 stars (∼ 37 M�) and one O8 star (∼ 34 M�), and H ii-5 has

the equivalent ionizing flux as two O5 stars and one O6 star (∼ 24 M�). It is also

possible that the ionizing flux from all of the H ii regions is composed of multiple

lower mass O stars or early-type B stars (see Table 3.1 of Conti et al., 2008). In all

cases only a few O stars are needed to ionize each H ii region.

3.3.3 Comparison to GALEX UV data

We compare the distribution of MS stars to FUV imaging of the M83 outer-disk

from GALEX. GALEX is sensitive to UV continuum emission from high-mass MS

stars but lacks the resolution of the HST. In Figure 3.11 we show the GALEX FUV

imaging of the F62 outer-disk region. By comparing the two images one can see that
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Table 3.6: Comparison to H ii regions from Bresolin et al. (2009)

Name FHa B09 ID FHa,B09

erg cm2 s−1 erg cm2 s−1

H ii-1 5.9 ×10−15 30 2.1 ×10−15

H ii-2 14.1 ×10−15 27 1.7 ×10−15

H ii-3 7.5 ×10−15 25 1.3 ×10−15

H ii-4 32.5 ×10−15 26, 31, 33 3.5 ×10−15

H ii-5 28.1 ×10−15 1 4.9 ×10−15

0.0000 0.0025 0.0049 0.0074 0.0098 0.0123 0.0148 0.0172 0.0197 0.0221 0.0246

Figure 3.11: Comparison between the detected MS stars from HST imaging
and the FUV emission from the same stars detected by GALEX FUV imaging in
the F62 field. MS stars are shown in green and the WFC footprint is shown in
white. There are some MS which show no corresponding detection in the GALEX

FUV imaging.

there is agreement between the GALEX and MS stars. However, there are some MS

stars which are not detected in the GALEX FUV images. The same result is also

found in the other fields. The comparison images for the other three fields are located

in Appendix C. Our HST data is able to detect single MS stars with M? ≥ 4 M�

compared to GALEX, which is just able detect FUV emission from single B0 stars

(M? ≈ 19 M�) (3σ detection limit from Koda et al., 2012). Thus, using this method

we are able to detect low intensity star formation that is sometimes missed by lower

resolution and sensitivity FUV and Hα imaging.
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3.4 Constraints on the initial mass function

In this section we apply the method developed in B15 to constrain the upper-end

IMF in the outer disk of M83. This involves solving for the IMF while assuming a

plausible SFH. The form of the IMF used throughout this paper is:

ξ(m) =
dN

dm
∝ mα for Ml < m < Mu, (3.1)

where m is stellar mass in units of Solar masses, α is the power-law slope, Ml is the

lower-mass limit and Mu is the upper-mass limit. In this form the Kroupa (2001a)

IMF has α = −2.35 and Mu = 120 M�.

3.4.1 Choice of star formation history

The choice of an appropriate SFH is essential in this analysis due to the degeneracy

between the IMF and the SFH of a star-forming region. For example, a lack of

high-mass MS stars may be due to a truncated IMF or a recent drop in the SFR

(e.g. Elmegreen & Scalo, 2006). M83 is considered a starburst galaxy with intense

star formation occurring in its nucleus and spiral arms (Elmegreen et al., 1998;

Harris et al., 2001; Liu et al., 2013; Andrews et al., 2014). Massive star formation

in extreme outer disks occurs in gas with relatively low densities and metallicities,

and long gas consumption time-scales, an environment very different from the inner

regions of galaxies. Thus, the SFH of the outer disk is likely to be different to that

of the central region of the galaxy. In this study we assume that the outer disk has

been forming stars at a constant rate for the last 150 Myr (i.e. the MS lifetime of

the lowest mass stars in the MS selection polygon). We discuss the reasons for our

assumptions below.

Recent studies of the metal abundances in the XUV disk of M83 are consistent with

constant low-level star formation for ≈ 1-3 Gyr (Gil de Paz et al., 2007; Bresolin

et al., 2009). The idea of low-level constant star formation in these regions is sup-

ported by Bush et al. (2008), who shows that XUV disks can be successfully repro-

duced using simple prescriptions of star formation applied to an extended gas disk

for a few Gyr. This type of low-level, continuous star formation would leave behind

a disk of evolved stars, such as that observed (see Section 3.3), as the spiral density

wave propagates. The observed metal abundances along with the evolved population
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of stars in the observed CMDs suggest that low-level continuous star formation has

been occurring in the outer disk of M83 for a least 1 Gyr.

It has long been suggested that the starburst in M83 was triggered by an encounter

with a companion galaxy such as NGC 5231 1-2 Gyr ago (Rogstad et al., 1974;

van den Bergh, 1980). The stars in our MS selection box were formed much more

recently (. 150 Myr as determined in Section 3.3). Hence, if this event triggered the

star formation in the outer disk it has been a long sustained event. Meanwhile, the

tidal perturbation parameter indicates that M83 is not strongly affected by external

tides at the moment (Thilker et al., 2007). Since the blue stars in our images are

spread across the fields we expect the minimum time-scale of star formation to be the

crossing time of the fields. If star formation propagates at a speed equal to the H i

velocity dispersion (σg = 6 km s−1 in the outer disk of M83 from Ianjamasimanana

et al., 2015) it would take ∼ 700 Myr to spread across the fields (d = 4.5 kpc).

In addition, we see star formation spread across numerous fields separated by large

projected distances (∼ 34 kpc), where the orbital time is≈ 500−900 Myr, suggesting

that star formation has been occurring on at least this time-scale.

There has also been a growing realisation that star formation time-scales even in the

bright parts of galaxies are long. CMD analyses of dwarf galaxies indicate that these

bursts last on the order of 0.5-1 of Gyr and that the previous assumption of burst

time-scales of a few Myr related to only a small portion of the galaxy (McQuinn

et al., 2010). A burst that lasts on the order of 0.5-1 Gyr, is consistent with the

time-scales previously mentioned and will appear as a constant (yet elevated) SFR

over the time-scales we are probing using the observed MS stars (. 150 Myr). The

number of stars in the three main fields contain between 159-315 stars, indicating

that none dominates the star formation history. However, even if a burst did occur

in only one of the fields this SFH may dominate the overall SFH but would still

appear as a constant (yet elevated) SFR over the time-scales we are probing using

the observed MS stars.

As noted in B15, it is not just the temporal evolution of the SFR which is impor-

tant to understanding upper-end IMF variations, but also the small-scale spatial

environment. It is a common assumption that all stars form in star clusters (e.g.

Lada & Lada, 2003) and this has become the basis for many studies involving the

IMF. This assumption, however, may not hold in low density environments. It has

been shown that protostars form over a large range of gas column densities and that

there is no distinct break between clusters and field population (Gutermuth et al.,

2011). Low pressure gas environments are thought to preferentially form stars in
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loose OB associations, not in bound clusters (Elmegreen, 2008). There is also strong

evidence supporting the formation of isolated O stars in the Large Magellanic Cloud

(Bressert et al., 2012) along with theoretical and observational evidence showing

that the fraction of stars in clusters is low in low-density environments. This evi-

dence suggests that not all stars form in clusters, and that clustered star formation

is not significant in low density regions such as outer disks; thus, following B15 we

model star formation in the outer disk as non-clustered, random sampling of the

IMF and SFH.

In summary, the observed metal abundances, tidal perturbation parameters and

time-scales of star formation over 0.5-1 Gyr support our assumption of a constant

SFR over the time-scale of the recent star formation we observe (. 150 Myr). We

also combine the data from our four fields in the subsequent IMF analysis to smooth

over any local enhancements that may occur in the individual fields.

3.4.2 Simulated colour-magnitude diagrams

As in B15, our primary method to constrain the IMF is to compare the observed

MS luminosity function to simulated MS luminosity functions. We use the MS

luminosity function as the MS evolutionary phase is the best understood phase

of stellar evolution and allows us to constrain the upper-end of the IMF. We use

the (B − I) versus I CMD as it has the largest colour baseline out of our available

filters, making the MS stars easier to separate from other phases such as blue Helium

burning stars. To determine the best-fitting upper-end IMF in the outer disk we

first produce an ensemble of simulated CMDs in which we vary the IMF slope (α)

and upper-mass limit (Mu), the relevant IMF parameters.

A brief outline of the method used to model the CMDs is given below, details can be

found in B15. To produce the simulated CMDs we randomly sample stars from the

assumed IMF and adopt a constant SFH over 300 Myr (this is chosen to be twice the

MS lifetime of the lowest mass stars found in the MS selection polygon). To model

stellar evolution we use the PARSEC evolutionary tracks (Bressan et al., 2012; Tang

et al., 2014), which assume single, non-rotating stars. We assume uniform foreground

Milky Way dust extinction E(B−V) = 0.06 (from Schlafly & Finkbeiner (2011) with

the Fitzpatrick (1999) reddening law with for the Milky way with Rv = 3.1) and

uniform metallicity Z ∼ 0.3 Z� (Bresolin et al., 2009). The foreground extinction

is comparable to the average total extinction found in the outer disk by Bresolin
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Table 3.7: K–S test results comparing simulations with a Kroupa IMF and the
best-fitting IMF (α = −2.35 and Mu = 25 M�). If p� 1 then there are significant

differences between the two MS luminosity functions.

MSLF 1 MSLF 2 p-value D

Combined Kroupa 0.007 0.084
Combined Best-fitting 0.69 0.035

et al. (2009) (E(B−V) = 0.05 for r > r25) and as such we use the foreground value.

Except for the constant SFH, these are common assumptions of CMD analyses in

nearby galaxies (e.g. Williams et al., 2008; Annibali et al., 2013; Lianou & Cole, 2013;

Meschin et al., 2014). In Section 3.4.6, we discuss the biases these assumptions may

induce in our results.

We use the PARSEC stellar evolutionary tracks, which have recently been extended

to high-mass stars for low metallicities (Bressan et al., 2012; Tang et al., 2014)

and interpolate between the available mass tracks at the same phase to determine

the surface gravity and effective temperature at the required age for each star. To

determine the observed magnitudes in each filter, the surface gravity and effective

temperature is matched to a grid of stellar atmospheres. We use grids of stellar-

model colours, which are corrected for extinction and constructed in the HST filters

(Bianchi, in preparation) tabulated in part by Bianchi et al. (2014) and shown by

Bianchi (2009). We then interpolate between the closest matching magnitudes to

determine the magnitude in each filter. Approximately 0.1% of the simulated stars

have higher temperatures than our stellar atmosphere grid, in which case we extrap-

olate the available data. We model photometric errors and correct for completeness

using the results from the artificial star tests.

At the end of each simulation we extract the MS stars from the (B−I) versus I CMD

using the same MS selection box as the observations. The MS luminosity function is

the distribution of the I-band magnitudes of the MS stars in the selection box. We

produce an ensemble of 100 simulations for each set of IMF parameters to account for

the effects of stochasticity. We then compare the simulated MS luminosity functions

to the observed MS luminosity function, using the Kolmogorov–Smirnov (K–S) test.

We minimize the K–S test statistic, D, to determine the best-fitting IMF parameters.
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Figure 3.12: Comparison between the observed MS luminosity function for each
of the four fields and the combined MS luminosity function. Each MS luminosity
function is shown as the cumulative distribution of MS stars as a function of

I-band magnitude.

3.4.3 IMF constraints from the MS luminosity function

We combine the observed MS stars from each of the four fields to produce a combined

MS luminosity function. We produce simulated CMDs for each field matched to the

number of observed stars then combine the data and simulations for the combined

analysis. We conduct a combined analysis so to better reproduce our assumption of

a constant SFH; by combining the fields we smooth over any local enhancements in

the SFR. Figure 3.12 shows the combined observed MS luminosity function along

with the individual MS luminosity functions for each field.



82 Chapter 3 IMF and SFL in the outer disk of M83

Figure 3.13: Contour plot showing the mean test statistic, D, for the IMF
slope α and upper-mass limit Mu for the combined MS luminosity function IMF
analysis. The best-fitting IMF parameters are shown in red (determined as the
minimum of the contour) and listed in the right of the panel. There is however,
little difference between the best-fitting parameters and the elongated minimum
region shown in white. A Kroupa IMF is shown by the blue point for comparison.

Figure 3.13 shows the results of the K–S test as a contour plot of the test statistic

D in the plane of the free parameters, the IMF slope (α), and upper-mass limit

(Mu). The lower the value of D the better the fit, with the parameter set with the

lowest D corresponding to the best fit. The best-fitting parameters are α = −2.35

and Mu = 25 M� (hereafter the best-fitting IMF parameters). Hence the preferred

slope is consistent with the Kroupa IMF, but the upper-mass limit is truncated.

This contour plot also reveals an extended minimum region which encompass 40 <

Mu/M� < 120 with α ∼ −2.85, indicating that the upper-mass limit is not well

constrained. This is due to the steepness of the high-mass MS evolutionary tracks.

High-mass MS stars have a significant change in luminosity over their MS lifetime

with limited change in colour making it hard to differentiate between different high-

mass MS stars using optical photometry alone.

Figure 3.13 reveals that an IMF deficient in high-mass stars compared to Kroupa
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Figure 3.14: Comparison between the combined observed MS luminosity func-
tion (black) and 20 of the closest matching realizations for a: Kroupa IMF (blue),
best-fitting IMF parameters from the MS luminosity function analysis (red; Sec-
tion 3.4.3), and best-fitting IMF parameters determined via matching the observed
Hα equivalent width to simulations (purple; Section 3.4.5). Each combined MS
luminosity function is shown as the cumulative distribution of MS stars as a func-
tion of I-band magnitude. The differences at the high luminosity end of the MS

luminosity functions are exaggerated by the logarithmic scale used.
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IMF is a preferred fit to the MS luminosity function in the outer disk of M83.

In Figure 3.14 we compare the observed and simulated MS luminosity functions,

plotted as normalized cumulative distributions, for the 20 best-matching realization

to the observed data for each of three sets of IMF parameters: (1) the Kroupa IMF;

(2) α = −2.35 and Mu = 25 M�; and (3) α = −1.95 and Mu = 25 M�. Set (2)

corresponds to the best-fitting IMF parameters from the MS luminosity function

analysis (Figure 3.13), while set (3) are within the best-fitting IMF parameters from

Hα analysis in Section 3.4.5 (Figure 3.15). From this figure it is apparent that the

best-fitting IMF is preferable to the Kroupa IMF. We list the K–S test statistics and

p-values for the best-matching realizations for the Kroupa and our preferred IMF in

Table 3.7. In this case the K–S test rules out a Kroupa IMF (p = 0.005) and shows

that the best-fitting IMF is well matched to the combined observed MS luminosity

function.

3.4.4 Uncertainty on IMF parameters

We ran simulations to determine how well this technique recovers known IMF pa-

rameters, and to estimate the uncertainties in the recovered IMF parameters. To

do this a simulated stellar population (as described in § 3.4.2) is used as the ‘ob-

served’ data (with known α and Mu). We randomly select MS stars, equal in number

to those observed in each field, from the simulations to produce an ‘observed’ MS

luminosity function. We use the same K–S test minimization to determine the best-

fitting IMF parameters of the ‘observed’ MS luminosity function. We then repeat

this for the other 99 simulations with the same α and Mu as the ‘observed’ MS

luminosity function. The distribution of the recovered values is used to estimate the

uncertainty on the best-fitting IMF parameters.

For an input Kroupa IMF (α = −2.35 and Mu = 120 M�) the average recovered

IMF parameters are α = −2.29 ± 0.16 and Mu = 86 ± 28 M�. For our best-fitting

IMF parameter, we determined the average recovered IMF slope via the K–S test to

be α = −2.59± 0.31 and the upper-mass limit to be Mu = 40± 28,M�. To obtain

uncertainties on the best-fitting IMF parameters we use the standard deviation of

the recovered values from the input value. Thus our best-fitting parameters are

α = −2.35± 0.35 and Mu = 25± 32 M�. The distribution of the recovered α values

is Gaussian so the standard deviation from the input gives a good estimator of the

uncertainty on the best-fitting α. However, the distribution of the recovered Mu

values is highly skewed towards lower values of Mu (Median= 25 M�). For skewed
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distribution the standard deviation may not be the best estimator of the uncertainty

and we also provide the first and third quartiles (Q1 = 25 M� and Q3 = 40 M�).

In the case of the Kroupa IMF the recovered value for the slope is less steep and

in the case of our best-fitting IMF the recovered value for the slope is steeper than

the input (with a greater uncertainty). For low values of the upper-mass limit there

is a degeneracy in the IMF slope and the upper-mass limit, as can be seen from

the vertical part of the best-fitting region, we believe this is causing the recovered

IMF slope to be steeper and have a higher uncertainty. To confirm this we also

test to see how well an IMF from the centre of the best-fitting region is recovered

where only the upper-mass limit is degenerate. In this case we use an input IMF

with α = −2.85 and Mu = 60 M�. In this case the recovered IMF parameters are

α = −2.83 ± 0.20 and Mu = 68 ± 28 M�. In all cases we find that the large 1σ

uncertainty for Mu is consistent with the elongated region seen in Figure 3.13.

In our previous paper we determined that increasing the number of observed MS

decreases the uncertainty on the recovered slope. By combining the four fields in M83

we are increasing the number of observed MS stars, thus reducing the uncertainty

on the slope. However, we find that when the upper-mass limit is low Mu < 40 M�

there is a degeneracy in the IMF slope, which is reflected in the large uncertainties

on the derived slope.

3.4.5 IMF constraints from Hα

The Hα fluxes in our fields (Section 3.3.2) provide an independent constraint on the

upper end of the IMF. Here we assume these H ii regions represent case-B recom-

bination, so that the Hα flux measures the total ionizing flux and thus the O star

content of these regions. We also assume that the apertures used to measure the Hα

flux captures all the Hα within the field. Special care was taken to determine aper-

tures which capture as much of the Hα from these H ii regions. We normalize the

measured Hα flux by the sum of the STMAG V -band flux densities of the stars in

our MS selection box, yielding a ‘pseudo’ Hα equivalent width (wHα), which allows

us to compare the observed ionisation with V -band photometry of the stellar pop-

ulations that are most likely responsible for the ionisation. We list the pseudo Hα

equivalent width for each field in Table 3.8 along with the pseudo equivalent width

for all fields combined. This is a pseudo equivalent width because the flux density

is not measured at the same wavelength as the Hα emission, and the CMD selec-

tion box misses the fainter stars associated with recent star formation and avoids
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Table 3.8: Pseudo Hα equivalent width (wHα) for each field along with the total
wHα for the combined fields.

Field wHα (Å)

F53 396± 7
F09 647± 7
F62 298± 9
F06 0

Combined 398± 5

contamination by the evolved stellar populations. Since the spectra of hot young

stars are fairly constant over the optical part of the spectrum, incompleteness is the

major effect, hence wHα over estimates the true equivalent width.

The accuracy of the match in the combined wHα is an important parameter in

determining the constraints. As in the previous study of NGC 2915 the constraint is

too tight and arbitrary if we require a match that is within the observational errors;

with better observations the error on wHα could be reduced and it would become

increasingly difficult to match this quantity to the simulations. Therefore, we apply

±20% of the total wHα as the constraints we require for a match to take into account

the observational uncertainty and to allow for fluctuations of the wHα due to random

sampling of the IMF.

For each of our previously produced simulations we randomly select stars that are

within our MS selection box to match the observed number of stars in each field.

We then combine the MS stars from each field and model the wHα. We calculate

the ionizing photon rate of the simulated MS stars using their initial masses and

interpolating data for dwarf stars in the mass range 7.5 M�−80 M� and extrapolating

for masses > 80M� from Table 3.1 in Conti et al. (2008). We convert this to an Hα

flux and obtain the wHα for each simulation by summing the Hα and V -band fluxes

over all MS stars in the selection box.

In Figure 3.15 we show the fraction of simulations which have a wHα that we consider

a match to the observed wHα. For comparison we also include the best-fitting region

from the MS luminosity function fitting (Figure 3.13) as a black contour. The IMF

parameters with the highest percentage of matches (74%) are α = −1.95 and Mu =

25 M�. The contour plot shows that the best-fitting IMF parameters recovered from

the MS luminosity function analysis (Section 3.4.3: α = −2.35 and Mu = 25 M�)

are consistent with the observed wHα (36%). There is a second region of enhanced

matching for α < −3, which is ruled out by the MS luminosity function analysis. In
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Figure 3.15: Contour plot showing the fraction of simulations which have a
pseudo Hα equivalent width (wHα) that is matched (within 20%) to the combined
observed wHα. The IMF with the maximum number of matches is shown in
purple (IMF parameters are listed in the bottom left). We show the best-fitting
IMF parameters determined via the MS luminosity analysis in red. A Kroupa
IMF is shown by the blue point for comparison. The best-fitting region from

Figure 3.14 is shown by the black contour for comparison.

Figure 3.16 we compare the histograms of the wHα from simulations with a Kroupa

IMF, the best-fitting IMF from the MS luminosity function analysis and the Hα

analysis. The two best-fitting IMFs overlap, while the simulations with a Kroupa

IMF consistently have a higher wHα than observed. Using this method we are

able to rule out a Kroupa IMF as none of the 100 simulations match the observed

Hα equivalent width. To confirm the match between the Hα analysis and the MS

luminosity function analysis we compare 20 realizations from each best-fitting IMF

to the observed MS luminosity function and to 20 realizations from a Kroupa IMF

in Figure 3.14.

In addition to matching the observed wHα to simulations we can compare the

observed Hα flux (FHα) from all fields to the expected Hα flux for a Kroupa

IMF. The same simulations we use to model the wHα are used to model the ex-

pected Hα flux. The total observed Hα flux over the four fields is FHα,obs =

8.95 ± 0.11 × 10−14erg cm2 s−1 (see Table 3.5). In Figure 3.17 we show the dis-

tribution of the ratios of the simulated Hα flux (FHα,sim) to the observed Hα flux for

100 simulations. On average the expected Hα flux (FHα,sim) is 4.2± 0.8 times larger
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Figure 3.16: Comparison of the wHα from simulations inputting a Kroupa IMF,
the best-fitting IMF from the MS luminosity function fit and the best-fitting IMF
from the wHα analysis. The upper and lower limits on the observed wHα are shown

by the dashed lines.

than the observed Hα flux across the observed fields. The minimum expected Hα

flux is 2.6 times the observed Hα flux.

It is interesting to compare our results to those of Koda et al. (2012), which find

that a stochastically sampled Kroupa IMF and an ageing effect can explain the

Hα/FUV ratios observed in the XUV disk of M83. Koda et al. (2012) study the

light only from cluster populations, however in our study of the resolved stellar

populations in the HST fields we observe young stars with M? & 4 M� (making

all observed stars O or B stars) both in loose OB associations and spread diffusely

over the field. The FUV light from the diffuse stellar populations is likely missed

as Koda et al. (2012) only consider sources found using SExtractor and is not

included in their Hα/FUV ratios. This missing UV light will reduce the Hα-FUV

ratio making the difference between the models and observations to be > 30%. It is

a commonly assumed that all stars form in star clusters (e.g. Lada & Lada, 2003),

however this may not be the case in low density regions. The fraction of stars that
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Figure 3.17: Distribution of the ratio of simulated Hα flux (FHα,sim) to observed
Hα flux (FHα,obs = 8.95± 0.11× 10−14erg cm2 s−1) for 100 simulations.

form in star clusters has been shown to decrease with gas surface density and can

be as low as 1% in low surface-density environments, such as the outer disks of

galaxies (Kruijssen, 2012). Instead, these low density, low surface-brightness regions

should predominately produce stars that form in loose OB associations (Elmegreen,

2008).Thus, the diffuse stellar populations of young, high-mass stars we observe in

the outer disk of M83 are significant and the inclusion of this light will increase the

difference between the models and observations of Koda et al. (2012).

3.4.6 Caveats and limitations

Our results depend on the assumptions of our model, as well as the corrections we

applied to our data. Here we outline those assumption and the effects they may

have on our results.

In our model we assume uniform total extinction of E(B − V ) = 0.06 mag from

Schlafly & Finkbeiner (2011) with a Fitzpatrick (1999) reddening law of Rv = 3.1.



90 Chapter 3 IMF and SFL in the outer disk of M83

However, the ISM is particularly dense and clumpy where new stars are being formed.

This is likely to add intrinsic scatter to the photometry, which we have not mod-

elled. The evolutionary tracks we use do not include stellar rotation, which extends

the MS lifetime, induces stronger mass loss, and causes higher effective tempera-

tures and luminosities compared to non-rotating stars of the same initial masses

(Levesque et al., 2012). The differences between rotating and non-rotating stars are

more pronounced in later evolutionary phases and in solar metallicity environments,

compared to sub-solar metallicity environments (Leitherer, 2014). Thus, neglecting

stellar rotation will bias the results to have a higher upper-mass limit or shallower

slope than actually exists. However, the effect is likely to be small due to the low

metallicity environment found in the outer disk of M83 (i.e Z ≈ Z� in the inner

disk compared to Z = 0.3 Z� in the outer disk fields we study). In our analysis we

neglect binaries and higher order multiples. Multiple stars exaggerate the luminosity

of stars that are detected and underestimate the total number of stars found. Hence

our assumption will bias the IMF slope to shallow values and the upper-mass limit

to higher values compared to reality. In Section 3.4.3 we show using simulations

that our numerical method tends to recover IMF slopes that are steeper than the

simulations when the input upper-mass limit is Mu . 25 and shallower than the

input for Mu > 25.

It is possible that a considerable fraction of the ionizing photons, produced by the

highest mass stars, are not being counted. Some of the H ii regions in our fields may

be ‘leaky’, breaking our assumption of case-B recombination (i.e. that all photons

are absorbed locally). Photons can leak from H ii regions and either escape the

galaxy entirely or can become part of the diffuse ionized gas (DIG). This effect may

be significant as DIG emission has been found to contribute up 60% of Hα emission

in local H i-selected galaxies (Oey et al., 2007). However, H ii regions observed in

low-luminosity environments are found to be less leaky than H ii regions in high-

luminosity environments. For example, Pellegrini et al. (2012) found that in the

Magellanic Clouds the frequency of optically thin nebulae increases with luminosity

above a threshold value of log(LHα/erg s−1) = 37, with all H ii being optically thin

above log(LHα/erg s−1) = 38.5. The Hα luminosity of the brightest singular H ii

region in our observed fields is H ii-5 with log(LHα/erg s−1) = 37.83 (H ii-4 is com-

posed of three blended H ii regions, see Section 3.2.3). At this luminosity 50% of H ii

regions in the study of Pellegrini et al. (2012) were found to be optically thin and

may be leaking photons. This effect is reduced for the other H ii regions observed

in the field. This is consistent with the results of Oey et al. (2007), in which the

highest luminosity galaxies are found to have the leakiest H ii regions. Thus, we
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expect that escaping ionizing photons is not a dominant effect in the low-luminosity

H ii regions we observe in the low-surface brightness outer disk of M83. If we are

missing some of the ionizing photons from the outer disk fields, either in the form of

DIG below our detection limit or from ionizing photons escaping the galaxy entirely,

then the observed wHα, becomes a lower limit and the IMF may be less deficient

in high-mass stars than our derived IMF. However, a significant fraction of missing

ionizing photons is required for the observed wHα to match the wHα distribution

produced by a Kroupa IMF in our simulations (see Figure 3.15), which we consider

unlikely. In particular, we find that on average the observed Hα flux across all fields

is 23% of the expected Hα flux for a Kroupa IMF.

A basic assumption of our analysis is that star formation is not temporally clus-

tered based on evidence suggesting that the fraction of stars that form in clusters is

not significant in low-density regions (Elmegreen, 2008; Bressert et al., 2012; Krui-

jssen, 2012). Fumagalli et al. (2011) found that temporally clustered, stochastic

star formation reduces the observed Hα to FUV flux ratios at low SFRs, such as

those observed in low-density regions. This study finds that when all stars form

in clusters (fc = 1) the observed Hα to UV ratios are consistent with observations

ruling out a truncated IMF. Thus, it may be the case that our observation are not

due to a truncated IMF but due to clustered star formation. However, this analysis

only looks at the extreme cases where all stars are formed in clusters (fc = 1) and

compares this to the case where no stars are formed in clusters (fc = 0) and does not

consider the fact that fc < 1. The results for fc = 0 do not match the observations

assuming a Kroupa IMF. This trend suggests that as fc decreases the observations

will become less like the observations and that a truncated IMF may be responsible

for the low Hα to FUV fluxes. In order to determine if our observations are due to a

truncated IMF or if they are the result of clustered star formation we would need to

extend the current analysis to include different fractions of clustered star formation

(0 < fc ≤ 1), which is beyond the scope of this thesis.

In summary, neglecting stellar rotation and multiple star systems will both bias the

results to appear to have more of the highest mass stars than actually exist. Since

the best-fitting MS luminosity function results is an IMF that is already deficient

in high-mass stars compared to the Kroupa IMF, the actual deficiency in high-mass

stars is likely to be more extreme than our best-fitting IMF. On the other hand,

there may be escaping ionizing photons that are not detected in our Hα imaging. In

this case the observed wHα is a lower limit only and the IMF in the outer disk may

be less deficient in high-mass stars than our results indicate.
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Figure 3.18: Comparison between the MS luminosity function for different burst
scenarios and the MS luminosity function for a model with a constant SFH. All
models have a Kroupa IMF. Here we show four different Gaussian burst models
with a FWHM of 1 Myr, Sburst = 0.5 and tburst = 50, 100, 150 and 200 Myr (as
indicated in the label). Each MS luminosity function is shown as the cumulative

distribution of MS stars as a function of I-band magnitude.

3.4.7 Non-constant star formation history

Throughout this paper we have assumed a constant SFH, the basis for our assump-

tion is discussed in detail in Section 3.4.1. However, as we note in our previous paper

(B15) the IMF and SFH are degenerate; the best-fitting IMF could be caused by a

non-constant SFH, such as a ‘burst’2 of star formation in the recent past or because

the IMF is truncated. In our IMF analysis we combine the four fields to average

out any enhancements in star formation in the individual fields. In this section we

2Here we use the term ‘burst’ to describe any event where there is an increase in the SFR.
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model CMDs with different SFHs (and an assumed Kroupa IMF) to determine how

sensitive our method is to different burst scenarios. Comparison of the observed MS

luminosity function may then be compared to any burst scenario that our analysis

is sensitive to.

We use the same method outlined in Section 3.4.2 to produce model CMDs with

different input SFHs. We model the SFH to have an underlying constant SFR

combined with a Gaussian burst. We produce model CMDs in which we vary the

input parameters of the Gaussian burst. These parameters are: Sburst the burst

strength, which is defined as the relative fraction of star formation that occurs in

the burst to the amount of constant star formation over 300 Myr (the time-scale of

our simulations) and tburst, how long ago the burst occurred. We set the full-width

at half-maximum of each burst to be 1 Myr and trial three different relative burst

strengths (Sburst = 0.5,0.1 and 0.03) and four different burst times (tburst = 50, 100,

150 and 200 Myr ago). We then compare the MS luminosity function from each

of the burst scenarios to the MS luminosity function with a constant SFR using

the K–S test. We use the p-value of the K–S test to determine how sensitive the

MS luminosity function is to different burst scenarios. Small p-values (i.e. p � 1)

indicate that there is a large difference between the MS luminosity function of a

model CMD with a constant SFH compared to the bursty SFH. Table 3.9 lists the

p-value for the different burst scenarios. We find that the MS luminosity function is

sensitive to high strength bursts (Sburst = 0.5) that occur < 100 Myr ago. This can

be seen as the large difference between the MS luminosity function for tburst = 50

Myr ago and the other burst models for Sburst = 0.5 shown in Figure 3.18. This

method is also mildly sensitive to intermediate strength bursts Sburst = 0.1 over the

same time range and insensitive to small bursts (tburst = 0.03) over all burst times

(50-200 Myr ago).

Another possible scenario is a burst of star formation followed by a slow exponential

decay over a constant SFR. The parameters of this model which we vary are: Sburst

is the burst strength, and tburst how long ago the burst occurred. We set the expo-

nential half-life to be 15 Myr in all models and then use the K–S test to determine

how sensitive the MS luminosity function is to each burst-decay scenario. Table 3.9

lists the p-value for each of the scenarios. We find that the MS luminosity func-

tion is only sensitive to large bursts (Sburts = 0.5) that occur <150 Myr ago. Any

high strength burst (Sburst > 0.5) which has an exponential half-life that is greater

than 75 Myr will appear as a slowly decreasing SFH and we find the MS luminosity

function is also insensitive to this type of SFH.



94 Chapter 3 IMF and SFL in the outer disk of M83

Table 3.9: Tested burst scenarios and their corresponding p-value. The Gaussian
models have a FWHM of 1 My and the exponential models have a burst which
is followed by exponential decay with a half-life of 15 Myr. We compare the MS
luminosity function for each burst scenario to the MS luminosity function from a
model with a constant SFR using a K–S test. All models have a Kroupa IMF. If

p� 1 then the distributions are significantly different.

Sburst tburst (Myr ago) Gaussian Burst Exponential Burst
p-value p-value

0.5 50 1.0e-18 3.6e-6
0.5 100 0.23 1.4e-2
0.5 150 0.90 0.45
0.5 200 0.37 0.91
0.1 50 1.8e-3 7.3e-2
0.1 100 0.71 0.63
0.1 150 0.46 0.53
0.1 200 0.42 0.78
0.03 50 0.47 0.87
0.03 100 0.47 0.43
0.03 150 0.94 0.89
0.03 200 0.38 0.58

In summary, our MS luminosity function analysis is sensitive to recent (< 100 Myr

ago) large strength Gaussian bursts (Sburst > 0.1) and large strength (Sburst > 0.5)

burst-decay scenarios that occur in the last 150 Myr. This method is insensitive

the low strength burst scenarios (Sburst = 0.03) and burst-decay scenarios with

Sburst = 0.1. The projected separations between the fields is typically 25 arcsec or

34 kpc and the crossing time between fields is ∼ 200 Myr at orbital velocities of

170 km s−1. Invoking a star formation timescale shorter than this is implausible

because it would break causality constraints: how would shorter duration events be

synchronised? Given this we find it unlikely that one of the burst scenarios, which

we are able to sense, could happen simultaneously in all four fields and rule out this

as a likely cause for the observed MS luminosity function.

3.4.8 Additional analysis

In addition to the MS luminosity function analysis it would be useful to perform a

full CMD fitting analysis to determine the best-fitting IMF and SFH combination

for each M83 field. This analysis could be conducted using the CMD fitting pro-

gram MATCH described in Dolphin (2002), which is extensively used to determine

the SFHs of resolved stellar populations in nearby galaxies (Dolphin et al., 2003;
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Table 3.10: Best-fitting IMF parameters for NGC 2915 and M83 combined field.
The IMF parameters of a Kroupa IMF are included for comparison.

Galaxy α Mu (M�)

M83 -2.35 25
NGC 2915 -2.85 60

Kroupa -2.35 120

Williams, 2003; Weisz et al., 2008; Weisz et al., 2014b). Typically the input IMF is

assumed to be Kroupa in these analyses, however MATCH could also be used to

determine the SFH for a range of input IMFs. The resulting SFHs would be evalu-

ated for plausibility to determine the IMF in these regions. This type of CMD fitting

fully exploits all information encoded in the CMD and provides an accurate measure

of the SFH while simultaneously fitting for extinction, distance and metallcity. It is

known that the uncertainty in stellar evolutionary models is larger for older evolu-

tionary stages, such as AGB and RGB, which is why we restrict our analysis to MS

stars only (Lewis et al., 2015). This can be overcome by restricting the full CMD

analysis to only include younger evolutionary stages, such as MS and blue-loop stars,

exploiting the IMF information encoded in the blue-loop phase, which we exclude in

our analysis. This analysis would prove to be computationally expensive but would

remove the assumption of a constant SFH improving our results.

3.4.9 Comparison to the IMF determined in NGC 2915

We compare the observed MS luminosity function in the outer disk of M83 to the

previously studied NGC 2915 outer disk (see B15). The best-fitting IMF parameters

for each galaxy are listed in Table 3.10. The MS selection box used for M83 is

different than the one used for NGC 2915, as we do not have g-band observations

of M83. To compare the MS luminosity function in each galaxy we use the (V − I)

versus I MS luminosity function as the V and I-band observations are available for

both galaxies. We correct for differences in apparent magnitude due to different

extinction values and convert the NGC 2915 distance modulus to that of M83. We

list the IMF parameters determined for the outer disk of NGC 2915 and M83 in

Table 3.10. In Figure 3.19 we show the MS luminosity function for NGC 2915 and

the combined MS luminosity function for M83 along with 20 random realizations

of a Kroupa IMF. The M83 combined MS luminosity function has an excess of

low-luminosity MS stars compared to NGC 2915 and is deficient in high-mass stars

compared to NGC 2915. Both M83 and NGC 2915 are deficient in high mass stars
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Figure 3.19: The combined observed MS luminosity function for M83 (red)
compared to the observed MS luminosity function in the outer disk of NGC 2915
(blue). The MS luminosity function is shown as the cumulative distribution of MS
stars in I-band magnitude. We also include 20 random realizations of simulated
MS luminosity function with a Kroupa IMF (grey) for comparison. The cumula-
tive distribution for both NGC 2915 and M83 are below the Kroupa realizations
as they are both defecient in high-mass stars compared to a Kroupa IMF. M83 is
also deficient in high-mass stars compared to NGC 2915, which is in agreement

with the best-fitting IMF values for each (see Table 3.10).

compared to a Kroupa IMF suggesting that high-mass star formation is suppressed

in the low-density outer disks of galaxies.

A non-universal IMF has implications for our current understanding of galaxy evolu-

tion. A well defined IMF is required to determine observable properties of galaxies,

such as inferring the stellar mass of a galaxy from its luminosity, SFRs from Hα

emission (e.g. Kennicutt, 1989, 1998b), to determine SFHs from CMDs (e.g. Gallart
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et al., 1996; Dolphin, 1997; Skillman et al., 2003; Williams et al., 2008; Weisz et al.,

2013, 2015) and to model the formation and evolution of galaxies (e.g. Springel,

2000; Vogelsberger et al., 2013; Schaye et al., 2015). In the context of the local

Universe if the IMF is deficient in high-mass stars in low density regions then a re-

cent SFH that is truncated or declining could be inferred when the SFR is constant

(Meurer et al., 2009), the SFR inferred using Hα emission in low density regions will

also be lower than it actually is (e.g. Zhang et al., 2013, and our Table 3.12) and

it will change our understanding of chemical evolution in these regions (e.g. Gil de

Paz et al., 2007).

Our conclusions challenge the universality of the upper-end IMF, however this is

limited by our small sample size (two galaxies). In order to determine if the IMF

varies with environment we need to study a large sample of different low stellar-

density environments using the same methodology to create a homogeneous survey.

With this large, homogeneous survey one would be able to determine if the upper-

end IMF is different to the universal IMF and if it varies with environment (i.e. star

formation intensity, luminosity, metallicity etc.), such as the observed correlation

between the bottom-heavy IMF and velocity dispersion in elliptical galaxies (e.g.

Conroy & van Dokkum, 2012; Cappellari et al., 2012; Conroy et al., 2013; Ferreras

et al., 2013). In addition, the inclusion of UV photometry would improve upon

the optical only photometry used in this analysis. Optical photometry alone does

not provide adequate constraints on both the upper-mass limit and IMF slope,

shorter wavelengths are needed to differentiate better between different high-mass

stars (Bianchi & Efremova, 2006; Bianchi et al., 2012).

3.5 Star formation law

The empirical relation between star formation and gas density was introduced by

Schmidt (1959) and states that the star formation density varies as a power of

the gas density. This relationship was later adapted to projected surface densities

ΣSFR ∝ ΣN
g (e.g. Sanduleak, 1969; Madore et al., 1974) and is usually stated in

this form. Kennicutt (1989, 1998b) determined that a Schmidt type SFL with N =

1.3 − 1.4 accurately describes star formation in a variety of galaxies over a wide

range of star-forming conditions. This has become the standard SFL and is used to

model star formation in galaxies (e.g. Springel, 2000; Schaye et al., 2015). The SFL

can be determined using both the global properties of galaxies (i.e. disk averages
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Kennicutt, 1998b) and also the local properties of galaxies using radial profile and

on sub-kpc scales (Kennicutt, 1989; Bigiel et al., 2008, 2010). Recent studies of the

local SFL on sub-kpc scales find that N takes on a wide range of values from sub-

linear (N < 1; Boissier et al., 2003; Kennicutt et al., 2007; Genzel et al., 2013) to

super linear (N > 1; Shetty et al., 2013) The range in values of N is often attributed

to differences in the ISM phase that is used determine the SFL (i.e. total gas

H2+ H i, or molecular/atomic gas only) or due to environmental differences such as

metallicity. In the central regions of galaxies star formation is found to correlate best

with the total gas surface density (H2+ H i Kennicutt, 1989, 1998b; Boissier et al.,

2003; Bigiel et al., 2008), however in the outer regions of spiral and in dwarf galaxies

star formation is found to correlate with the atomic gas (H i) surface density (Bigiel

et al., 2010; Roychowdhury et al., 2015; Elmegreen & Hunter, 2015). The SFL in the

outer disks of galaxies is observed to have large scatter (Bigiel et al., 2010) which

is thought to be due to the dependence on environment, such as metallicity and

the density of stars plus dark matter (Ostriker et al., 2010; Krumholz, 2013). In

this section we determine the local SFL in the outer disk of M83 and compare it

to recent observations and theories of star formation in low density environments.

Understanding the SFL in the outer regions of galaxies is important if we are to have

a complete understanding of star formation across all star-forming environments.

3.5.1 Local star formation law

We analyse the position of the MS stars with respect to the H i gas distribution to

examine the local SFL in the outer disk of M83 using the same method outlined in

B15. In this case the SFL is defined as: ΣSFR = AΣN
HI as we are studying the SFL in

the outer disk of M83, and outer disks are found to be H i-dominated (i.e. H i > H2;

Bigiel et al., 2010; Roychowdhury et al., 2015). Figure 3.20 shows the distribution

of MS stars and the ΣHI in each field. In the three closest fields (F53, F62 and F09)

the MS stars have a clumpy distribution and are preferentially located in regions

which have higher surface density. The furthest field (F06) has some MS stars that

are located near a peak in the H i gas distribution, however there are multiple stars

that are located in regions where the H i density is very low.

In all fields there is an offset between the highest peaks in ΣHI and the location of the

MS stars. There are also H i concentrations with no new stars and concentrations

of stars without a corresponding concentration of H i. This could be caused by two

effects: (1) from spiral density wave theory we expect an offset between the high
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Figure 3.20: Contour plot of the H i gas distribution and the spatial distribution
of MS stars. All data have been corrected to for inclination and the gas density has
been multiplied by 1.36 to account for Helium and other heavier elements. The MS
stars are shown in blue. By eye one can see that the MS star are preferentially
located in regions of higher density H i gas. The green, magenta and orange
vectors, in the top left corner of the panel for F62, indicate the maximum (912pc),
average (84 pc), and minimum distance (13 pc), respectively, that an MS star

could travel from its birth location during its MS lifetime.
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density gas in the spiral arm and stars that have formed there. The spiral density

wave has a pattern speed that is faster than the rotational velocity of the disk and

the spiral arms will overtake the stars (this occurs outside the co-rotation radius;

Lin & Shu, 1964), and (2) these stars are up to 150 Myr old, and some of the older

stars may have dispersed from their birth location (at most ∼ 900 pc for a 150 Myr

old star travelling at a gas velocity dispersion σg = 6 km s−1). In Figure 3.20 we

include vectors indicating the maximum, average and minimum distance an MS star

could travel from its birth location during its MS lifetime. We calculate the average

distance by determining the average age of stars in our MS selection box from our

simulations assuming a Kroupa IMF, constant SFR, and velocity dispersion equal to

σg = 6 km s−1. The maximum and minimum distances are based on the MS lifetime

of a 120 M� and 4 M� star, respectively.

To determine the SFL in the H i-dominated outer disk regions of M83 we use the

same method as B15, which we outline below. We determine the relationship be-

tween ΣHI and ΣMS using the natural weighted H i map from Bigiel et al. (2010),

which we have corrected for missing diffuse H i gas (see Section 3.2.4). We determine

the surface density of MS (ΣMS) stars by counting the number of MS stars in 0.16

dex bins of H i gas surface density (ΣHI), and divide by the area in the ACS image

that has the same ΣHI. The ΣMS is converted to a ΣSFR assuming a Kroupa IMF

and following the method outlined in the Appendix A. A Kroupa IMF is assumed

to allow comparison to previously published results. The SFL for each field is deter-

mined using a weighted linear ordinary least-squares fit with errors determined via

Poissonian counting statistics. The power-law index of the SFL in each field as well

as the combined SFL is given in Table 3.11. Figure 3.21 shows the SFL data for

each individual field along with the weighted linear ordinary least-squares fit for the

combined fields. Using this method we find a power-law slope of N = 2.37±0.09 and

intercept of A = (4.6± 0.79)× 10−6 M� yr−1 kpc−2 (reduced χ2 value of ∼ 12). We

list the SFR determined in each field using the observed MS stars in Table 3.12 and

compare this to the SFR determined using the observed Hα emission from Section

3.3.2 using the calibration of Meurer et al. (2009) and a Kroupa IMF.

Figure 3.21 compares our results for the SFL in the outer disk fields of M83 to

the commonly used global SFL of Kennicutt (1998b) and to low-density outer-disk

star formation from Bigiel et al. (2010). Star formation in the outer disk of M83

is suppressed compared to the global integrated SFL, however it is slightly higher

than the median observed values in the outer disks of nearby spiral galaxies from

Bigiel et al. (2010). We also include the results from the outer disk of NGC 2915,
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which use the same method of MS star counts to determine the SFR. Both NGC

2915 and M83 have ΣSFR that is slightly above the observed median values but is

within the observed scatter. These elevated values are consistent with the observed

MS stars being offset slightly from the highest ΣHI, as discussed previously, causing

the SFR to be systematically higher than methods which average over larger areas.

We also note that the data from Bigiel et al. (2010) differs from our data in Figure

3.21: we derive the ΣSFR from MS star counts compared to the local ΣHI using H i

data with a resolution of 350 pc and Bigiel et al. (2010) derive their ΣSFR from UV

surface brightnesses and ΣHI over 750 pc, and our HST fields tend to probe areas

with star formation rather than an unbiased estimate of the SFL determined from

all areas of the XUV disk.

We find the power-law index for the combined HST M83 fields to be N = 2.37 ±
0.09. This value is steeper than the theoretical value of N = 1.5 from simple self-

gravitation prescription in which the SFR scales with the growth rate of gas pertur-

bations (Kennicutt, 1998b) and commonly derived from observations N = 1.3− 1.4

(Kennicutt, 1998b; Kennicutt et al., 2007). Our results are similar to those of

Boissier et al. (2003) N ≈ 2, however these results pertain to the total gas surface

density (H i+H2). It is also particularly important to compare these results to other

results of the resolved or local SFL in the H i-dominated regime, as the power-law

slope is known to change depending on the phase of the ISM used in the relation.

Bigiel et al. (2010) found N ≈ 1.7 in the outer disks of both spirals and dwarf galax-

ies. In our previous study of NGC 2915, we found N = 1.53 using the same method

as outlined here. Both of these studies are in line with the previously stated obser-

vations having N ≈ 1.5 (i.e. Kennicutt, 1998b; Kennicutt et al., 2007). Recently,

Elmegreen (2015) proposed a dynamical model of star formation where the ISM is

condensing to form stars on dynamical time-scales of the midplane density. This

model reproduces a slope of N = 1.5 for the inner regions of galaxies and N = 2 in

the outer regions of galaxies. In this model the steeper slope in the outer disk is due

to disk flaring and a change in the midplane density. The difference between the

slope of the SFL in the outer disk of M83 and NGC 2915 can then be attributed to

differences in the disk scale height at larger radii, as the regions we study in M83

are typically r > 2 r25, where the NGC 2915 field is r = 1.4 r25.

It is not clear whether this steep slope is an accurate measurement of the SFL

or instead indicates the inadequacy of our correction for the VLA observations to

account for the missing diffuse H i gas. This correction tends to overestimate the

missing H i mass in lower surface density regions more than the higher surface density
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Figure 3.21: The star formation law for the outer disk of M83 (blue) compared
to the outskirts of spiral galaxies from Bigiel et al. (2010) (grey, only detections
above 3σ) and the outer disk of NGC 2915 from B15 (purple). All data have been
corrected to face-on quantities. ΣSFR for M83 and NGC 2915 was determined from
the MS star density (right-hand axis), with errors determined using Poissonian
statistics. A weighted linear least-square fit to the M83 data is shown as the dashed
line with a fit of N = 2.37 ± 0.09 and A = (4.6 ± 0.79) × 10−6 M� yr−1 kpc−2.
The weighted least-square fit for NGC 2915 is shown by the purple dashed line
(N ≈ 1.5). The dark grey contours show where 16, 13, 53, 67 and 86% of the
Bigiel et al. (2010) data are located. The dark grey data represent the median
values from Bigiel et al. (2010) for all detections. The ΣSFR of M83 is above the
median relationship for spiral galaxies but is within the scatter of these data. We
have included the global Schmidt Law for star-forming galaxies from Kennicutt

(1998b) with N = 1.4 for reference (solid line).

Table 3.11: Power-law index (N) of the SFL in each field and the power-law
index for the combined field.

Field N

F53 3.51± 0.24
F09 2.33± 0.19
F62 3.15± 0.23
F06 2.57± 0.63

Combined 2.37± 0.09
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Table 3.12: Comparison between the Hα SFR determined in Section 3.2.3 and
the SFR determined via the number of MS stars. On average the SFR from MS

stars is ∼8 times higher than the Hα SFR.

Field SFRHα SFRMS ratio
M� yr−1 M� yr−1

F53 5.05× 10−4 4.13× 10−3 8.2
F09 4.37× 10−4 2.22× 10−3 5.1
F62 4.27× 10−4 4.39× 10−3 10.3
F06 0 2.79× 10−4 NA

Total 1.37× 10−3 1.10× 10−2 8.0

regions, skewing the SFL to steeper slopes. Our corrected H i data provide an upper

limit to the power-law slope, whereas the uncorrected VLA data provide a lower-limit

(the combined SFL slope for the uncorrected data is N ≈ 1). In order to accurately

determine the power-law slope we need a sensitive H i intensity map which include

both large and small-scale structure. It would be useful to redetermine the SFL in

the outer disk of M83 when an appropriate H i map becomes available.

This method assumes that star formation is not clustered in time or space and that

we have detected all resolved stars associated with recent star formation. It has been

found that loose OB associations preferentially form in low-pressure environments

and the fraction of stars forming in clusters is low (Elmegreen, 2008; Kruijssen,

2012). Therefore, we may be missing clustered star formation from the higher density

regions and not from the lower density regions. This will have the effect of increasing

the derived slope N and intercept A and may also explain the high values we have

determined for the SFL slope N = 2.37 compared to N = 1.5 the value commonly

derived from observations (Kennicutt, 1998b; Kennicutt et al., 2007).

3.5.2 Fits to the star formation law

Our results are consistent with the relationship shown by Bigiel et al. (2010) between

the ΣHI and the ΣSFR in outer regions of spiral galaxies. The SFL in the outer disks

of galaxies is different to the inner parts of galaxies where the ΣSFR correlates with

ΣH2 and not at all with ΣHI. The observed relationship between ΣHI and ΣSFR in

the outer regions suggests that star formation is regulated by the H i column density

in these regions.

Figure 3.22 compares the observed SFL in the outer disk of M83 to the models of

Krumholz (2013, K13) and Ostriker et al. (2010, OML10), which can be applied
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Figure 3.22: Comparison between the observed SFL in the outer disk regions
of M83 and the star formation models of Krumholz (2013, K13) and Ostriker
et al. (2010, OML10). We assume that the total gas density is equal to the H i
gas density and a metallicity of Z = 0.3 Z�. The observed SFL is shown in blue
and is the same as in Figure 3.21. For both models we show the results for two
different values of the volume density of stars plus dark matter ρsd = 0.1 M� pc−3

and ρsd = 0.01 M� pc−3.

to regions of low star formation intensity and low gas-density such as those found

in outer disks. These models are used as recipes for star formation in cosmological

simulations and semi-analytical models of galaxy formation and evolution and as

such it is important to determine which models best match observations. For both

models we assume that the total surface gas density (H i + H2) is equal to the

H i surface density (i.e. H i-dominated regime) and for the model of K13, which

is also dependent on metallicity, we assume Z = 0.3 Z�. Figure 3.22 shows both

models with two different values of the volume density of stars plus dark matter

ρsd = 0.1 M� and ρsd = 0.01 M�. Our observations appear to be consistent with

the high density model from K13 and also with the low density model of OML10,

with the K13 model reproducing the steep slope of the derived SFL best. There is

tension between these two models as the low density model from OML10 overlaps

with the high density model of K13, making it difficult to distinguish between these

models without knowledge of ρsd in the outer disk of M83.
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3.6 Conclusions

We have examined star formation in the extended H i disk of the nearby spiral galaxy

M83. The outer disk of M83 is known to harbour young, high-mass as seen from

the discovery of its extended UV disk. To analyse these young, high-mass stars in

more detail we study the resolved stellar populations using Hubble Space Telescope

observations of four regions in the extreme outer disk. Our CMD analysis reveals a

clumpy distribution of main-sequence stars and a smooth distribution of red giant

branch stars, which dominate the total number of stars in each of the four M83

fields. We compare these main-sequence stars to simulations, as well as Hα and H i

data to determine the nature of star formation in this outer disk environment.

We place constraints on the IMF by comparing the observed main-sequence lumi-

nosity function to simulations and Hα observations, while assuming a constant star

formation rate. To do this we produce an extensive ensemble of simulations in

which we vary the IMF slope and upper-mass limit. These simulations randomly

sample the input IMF and SFH to take into account the stochastic nature of low

intensity star formation. The main-sequence luminosity function analysis indicates

that an IMF with a power-law slope α = −2.35 ± 0.35 and an upper-mass limit

Mu = 25 ± 32 M� is preferred. Hence the preferred slope is consistent with the

Kroupa IMF, but the upper-mass limit is truncated. However, we find a degener-

acy between the IMF slope and upper-mass limit causing large uncertainties in the

best-fitting IMF parameters. To provide additional constraints on the form of the

IMF we compare Hα observations to our set of simulations. By assuming that all

of the Hα emission is confined to H ii regions we find that the observed Hα flux is

consistent with the best-fitting IMF parameters from the main-sequence luminosity

function. The Hα observations allow us to rule out a Kroupa IMF since they should

produce excess Hα flux according to our simulations. Our results are limited by

the assumptions of our models, such as the assumed constant star formation history

and case-B recombination. A non-constant formation history or escaping ionizing

photons will alter the derived IMF parameters and the IMF in the outer disk may

be less deficient in high-mass stars than our results indicate.

Both the MS luminosity function and Hα analysis results indicate that the IMF in the

extreme outer disk of M83 is deficient in high mass stars compared to a Kroupa IMF.

This finding is similar to the results of our previous study of NGC 2915, which also

found the IMF to be deficient in high-mass stars using the MS luminosity function

(Bruzzese et al., 2015). These results are limited by our inability to constrain the
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upper-mass limit using optical photometry alone and the small size of our sample.

A larger, homogeneous sample of galaxies is required, with the addition of UV

photometry, to make a more definitive conclusion. If the IMF is deficient in high

mass stars in the outer disks of galaxies this has implications for our interpretation of

Hα measurements to measure SFRs, the SFHs derived from CMDs and the chemical

evolution of outer disks.

We determine the star formation law in the outer disk of M83 using the same set of

extensive simulated CMDs and the observed main-sequence stars. Using this method

we find the SFL in the observed regions follows a Kennicutt–Schmidt parametriza-

tion (ΣSFR = A ΣN
HI) with N = 2.37±0.09 and A = (4.6±0.79)×10−6 M� yr−1 kpc−2,

assuming a Kroupa IMF. This is steeper than the Kennicutt–Schmidt SFL but is

within the observed scatter of observations and models in H i-dominated, low-density

environments. Fits to the SFL show there is tension between different models of star

formation and more information is required to distinguish between these models.
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Local star formation thresholds in

outer disks

Foreword and context

This chapter investigates local star formation thresholds in the outer disk of the

previously studied galaxies NGC 2915 and M83. The high-mass, main-sequence stars

from Chapters 2 and 3 are compared to the location of star formation thresholds

from theory.
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Abstract

We investigate local star formation thresholds in the extended H i disk of two nearby

galaxies (NGC 2915 and M83) which have localised regions of high-mass star for-

mation occurring beyond the optical radius. We use high-resolution H i maps in

conjunction with Hubble Space Telescope observations of young (. 150 Myr), high-

mass (& 4 M�), resolved stellar populations to directly trace recent star formation.

Using this method we are able to directly detect low-intensity star formation that

is sometimes not detected by the usual methods of low resolution Hα or ultraviolet

imaging in outer disks. Using an analysis based on the Toomre stability parameter

we show that star formation occurs wherever the disk is locally unstable in M83;

however, we observe widespread star formation across the NGC 2915 field, which

is found to be entirely stable. This is consistent with previous results that show

dwarf galaxies exhibit sub-critical star formation. We also investigate a metallicity

dependent surface density criterion, which is expected to trace the transition from

the warm phase to the cold phase of the interstellar medium, or in the case of H i-

dominated outer disks, the cool neutral medium. We find that star formation occurs

predominantly in regions which are above the local critical surface density in both

NGC 2915 and M83. We suggest applying this surface density criterion to other

dwarf and irregular galaxies to determine if it can be used as a universal local star

formation threshold across all galaxy types.

4.1 Introduction

The empirical relation between star formation and gas density introduced by Schmidt

(1959) states that the rate of star formation density varies with a power of the gas

density and was later adapted to projected surface densities ΣSFR ∼ ΣN
g (e.g. Sand-

uleak, 1969; Madore et al., 1974). The Schmidt law accurately describes the radial

profiles of star formation in galaxies over a wide range of gas densities and this ba-

sic description of star formation has been extensively used in simulations of galaxy

formation and evolution, and to assess theoretical models of star formation (e.g.

Springel, 2000; Schaye & Dalla Vecchia, 2008; Murante et al., 2010). However, at

large radii this relation is observed to break down as seen by a truncation in the ra-

dial Hα profiles, used to trace star formation, in spiral galaxies. This truncation was

thought to be due to the existence of a threshold radius beyond which star formation

is suppressed. It is generally thought that star formation is suppressed beyond this
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threshold as the disk becomes gravitationally stable at large radii (Kennicutt, 1989;

Martin & Kennicutt, 2001).

The Toomre stability criterion is often used to determine if a differentially rotating

gas disk is stable against axisymmetric (radial) density perturbations (e.g. Quirk,

1972; Kennicutt, 1989). The parameter Q, as defined by Toomre (1964), is used to

investigate the stability of stellar disks and a modified version is used to investigate

the stability of gas disks. The condition for the stability of a gas disk is defined by:

Qg =
Σc

Σg

=
csκ

πGΣg

> 1, (4.1)

where κ is the epicyclic frequency:

κ =
v

r

√
2

(
1 +

r

v

dv

dr

)
, (4.2)

Σc is the critical gas density, cs is the effective sound speed of the gas and v is the

orbital velocity (Binney & Tremaine, 1987). When Qg > 1 the gas is stable to all pos-

sible wavelengths (i.e. all size density perturbations; Safronov, 1960; Toomre, 1964).

However, when Qg . 1 the disk is unstable to density perturbations with certain

wavelengths; at these unstable wavelengths the amplitude of a density perturbation

can grow exponentially, leading to gravitational collapse. Small wavelengths are sta-

bilised by pressure and large wavelengths are stabilised by rotation; in these regimes

gravitational collapse can only occur when Qg � 1. Intermediate wavelengths are

the most unstable and gravitational collapse can occur when Qg . 1.

The rotation curves of galaxies are flat at large radii (e.g. Rubin et al., 1978, 1980;

Bosma, 1981) and the gas velocity dispersion within the disk is approximately con-

stant. Thus, on a global scale star formation thresholds are expected to occur in

the outer regions of galaxies where the gas density, which decreases with radius, be-

comes low enough that the disk becomes gravitationally stable to large scale density

perturbations (i.e. Qg > 1). Beyond the threshold radius star formation is inhibited

due to stability of the disk, which is observed as a star formation threshold. The gas

densities observed at the star formation threshold in spiral galaxies are similar to the

densities expected from disk stability models supporting this hypothesis (Kennicutt,

1989; Martin & Kennicutt, 2001).

Martin & Kennicutt (2001) determined that H ii regions, and thus star formation,

commonly occur when the gas density exceeds the critical surface density defined
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as:

Σc = α
csκ

πG
. (4.3)

In Equation 4.1 α = 1; however, when compared to observations of the threshold

radius α < 1 (e.g. Hunter et al., 1998; Martin & Kennicutt, 2001). The value

of α is empirically determined to be the average observed value of 1/Qg at the

threshold radius and is thought to be due to deviations from a thin disk model.

From observations of spiral galaxies Martin & Kennicutt (2001) determined α =

0.531(assuming constant velocity dispersion of σg = 6 km s−1). Applying this to

Equation 4.1 we expect star formation to be suppressed when Qg > 1.9. Disks

contain gas and stars, with stars playing a significant role in destabilising the disk,

which needs to be considered in a comprehensive disk stability analysis (e.g. Wang &

Silk, 1994; Elmegreen, 1995; Romeo & Wiegert, 2011; Zheng et al., 2013). However,

this study examines star formation in the extended H i disks of galaxies, which are

gas-dominated and thus, we expect Qg to approximate the overall stability of the

outer disk (Q ≈ Qg).

The idea of a star formation threshold was put in question when deep Hα images

revealed the presence of faint H ii regions beyond the threshold radius in nearby

galaxies (Ferguson et al., 1998; Ryan-Weber et al., 2004; Werk et al., 2009). These

observations indicate that high-mass star formation is occurring well beyond the

threshold radius in discrete regions. Following on from this, the Galaxy Evolution

Explorer (GALEX) revealed ultraviolet (UV) bright complexes in the outer disks of

∼ 30% of nearby spiral galaxies, indicating that outer disk star formation is common

(Thilker et al., 2005a; Gil de Paz et al., 2005; Thilker et al., 2007). Further studies of

the star formation law also find no clear evidence of a global star formation threshold

like that of Kennicutt (1989) and Martin & Kennicutt (2001), showing instead a

continuing decrease of star formation efficiency with H i column density (Leroy et al.,

2008; Bigiel et al., 2010; Schruba et al., 2011). However, these observation do not

rule out a local star formation thresholds.

The discovery of widespread star formation beyond the threshold radius is important

as it reveals that galaxy disks are still forming, and the presence of high-mass stars

implies chemical enrichment and feedback processes are active in the interstellar

medium (ISM) in these regions. Such processes need to be accurately modelled

as they play an important role in the evolution of outer disks. Thus we need an

1Following Schaye (2004) we correct Equation 4.3 for the use of the velocity dispersion cs = σgγ
1
2

in place of the effective gas speed by multiplying the α value by γ−
1
2 . Where γ is the heat capacity

ratio and γ = 5
3 for a monatomic gas.
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accurate method to determine when and where star formation can occur across all

galactic environments, including outer disks.

Outer disk star formation can be attributed to localised regions of gas which are

above the critical surface density. Ferguson et al. (1998) noted that the outer disks

of the spiral galaxies in their sample are close enough to the Toomre critical surface

density that swing amplification could trigger star formation locally. Bush et al.

(2008) reproduce outer disk star formation using simple prescriptions of star forma-

tion applied to spiral galaxies embedded in an extended gas disk near critical surface

density. In this model spiral density waves propagate outward from the centre of the

galaxy causing local over densities in the extended gaseous disk leading to regions

of localised star formation along the spiral arm. However, density waves cannot ex-

plain star formation in the entirely sub-critical disks of irregular and dwarf galaxies

(Hunter et al., 1998). More recently, a constant stability criterion has been success-

fully applied to dwarf galaxies (e.g. de Blok & Walter, 2006). Given the failure of

the Toomre criterion in dwarf and irregular galaxies further studies are required to

determine the applicability of other predictors of star formation thresholds.

Most studies of recent star formation use observations of Hα, which indirectly traces

the presence of the most massive and shortest lived stars. Hα light is emitted from

H ii regions, which form when high energy photons from high-mass (M & 15 M�), O-

type stars ionize the surrounding ISM. However, Hα is known to underestimate star

formation in low star formation intensity regions (e.g. Thilker et al., 2007; Meurer

et al., 2009; Lee et al., 2009). Possibilities for this include: stochastic sampling

of the IMF and the short lifetime of O-type stars (da Silva et al., 2014), escaping

ionizing flux (Oey et al., 2007) and an IMF which is deficient in high-mass ionizing

stars (Meurer et al., 2009; Bruzzese et al., 2015). Thus, in the outer regions of

galaxies where the star formation intensity is low Hα is an unreliable tracer of

recent star formation. To overcome this we use Hubble Space Telescope (HST )

Advanced Camera for Surveys/Wide Field Camera (ACS/WFC) observations of

resolved stellar populations in nearby galaxies targeting the high-mass (M & 4 M�),

main-sequence (MS) stars to directly trace recent star formation. Here we compare

the spatial distribution these stars to the distribution of H i gas that is above the

critical density to determine which methods predict where outer disk star formation

occurs locally.

In this paper we examine local star formation thresholds in the extended H i disks

of two galaxies. The first is NGC 2915, a nearby (D = 4.1 Mpc) blue compact dwarf

with an H i disk extending over five times its Holmberg radius (Meurer et al., 1994,
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Figure 4.1: Top: This RGB image is composed of H i THINGS VLA (red)
from Bigiel et al. (2010), optical R-band CTIO (green) and NUV GALEX (blue)
data. The position of the four ACS/WFC fields are labelled and shown as white
footprints. Bottom: Three colour image of NGC 2915 from the CTIO 1.5-m
telescope using V -band (blue), R-band (green), and I -band (red) filters. The
ACS/WFC footprint is shown in green, covering the observed outer-disc region of

NGC 2915. (Elson et al., 2010).
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1996; Elson et al., 2010). This galaxy initially showed no signs of star formation

beyond its core. However, Hα observations published by Werk et al. (2010) show

three faint H ii regions in the extended H i disk. In Bruzzese et al. (2015) (Chapter

2) we have directly studied recent star formation in the outer disk of NGC 2915

using HST ACS/WFC images of young, high-mass, resolved stellar populations.

These results show that star formation in the outer disk of NGC 2915 is far more

widespread than indicated by the presence of H ii regions alone (Werk et al., 2010).

The second galaxy M83 (NGC 5236), is a nearby (D = 4.5 Mpc) grand-design spiral

with an extended H i disk. This galaxy is a prototype for extended UV (XUV) disks,

which exhibit high-mass star formation, detected in the UV, beyond the optical

radius (Thilker et al., 2005a; Gil de Paz et al., 2005). We have studied recent star

formation in the extended H i disk of M83 using HST ACS/WFC images of young,

high-mass, resolved stellar populations (Bruzzese et al,. in prep, Chapter 3). This

study reveals that star formation is more widespread in the outer disk of M83 than

indicated by the presence of H ii and UV regions alone (Bresolin et al., 2009). Both

galaxies have recent, high-mass star formation embedded in an extended H i disk.

The available HST observations of resolved stellar populations along with sensitive

H i observations covering the entire extended H i disks provide a unique opportunity

to study the connection between star formation, traced directly by resolved stellar

populations, and local disk instability in the outer regions of these galaxies.

This paper is organised as follows: In Section 4.2 we present the HST ACS/WFC

and H i observations, including a brief outline of how the resolved photometry was

produced. In Section 4.3 we determine the Toomre-Q-based critical surface density

of gas in each galaxy and compare this to the distribution of high-mass, MS stars.

In Section 4.4 we discuss these results and compare them to other models of star for-

mation thresholds. Specifically we investigate whether a density threshold criterion

based on the local conditions of the ISM can be applied to both galaxies. Finally,

we present our summary and conclusions in Section 4.6.

4.2 Observations and Data Analysis

M83 was observed with the ACS/WFC on board the HST (proposal ID: 10608) in

February and July in 2006. An optical and UV composite image of M83 showing the

extended H i disk and the position of each HST ACS/WFC field is shown in Figure

4.1. The projected distances of each field from the centre of the galaxy are listed in
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Table 4.2. Two exposures were obtained in each of the F435W, F606W, and F814W

filters with total exposure times of 2522, 1190 and 890 seconds, respectively. We use

H i data from The H i Nearby Galaxy Survey (THINGS; Walter et al., 2008), which

has a resolution of 13 arcsec or 284 pc at the adopted distance (for more details see

Bigiel et al., 2010).

M83 contains a large portion of its total H i mass in its diffuse, low-column density

outer disk. This diffuse H i gas is missing from the THINGS data due to the lack of

short baselines in the Very Large Array (VLA) configurations employed (Bigiel et al.,

2010). To correct for the missing H i gas mass we compare the total H i gas mass in

each field from the VLA observations to the total H i gas mass in the same regions

from wide field-of-view, low-resolution, seven dish Karoo Array Telescope (KAT-7)

observations of M83. The KAT-7 observations are able to detect the large-scale, low

column density emission in M83 because of its compact configuration and low system

temperature (for more details see Carignan et al., 2013). The synthesised beam size

is 225 arcsec x 205 arcsec, which is slightly larger then the HST ACS/WFC field of

view (202 arcsec x 202 arcsec). Table 4.1 lists the total H i gas mass computed in

each field from the VLA and KAT-7 observations, along with the fraction of the gas

mass detected by the VLA observations compared to the KAT-7 observations. We

assume that the diffuse H i gas mass is distributed evenly throughout each field and

add this base level to the existing VLA observations. We use this method, as these

VLA data are the only high-resolution H i observations available which cover the

extended outer disk. We note that the correction to F06 may be unreliable as 43%

of the ACS field is masked to zero in the VLA data. The masked fraction is much

smaller in the remaining fields, . 0.01%. After correcting for the diffuse H i gas we

multiply the H i surface density by 1.36 to account for Helium and other heavier

elements and correct for inclination assuming i = 24 deg (Talbot et al., 1979, via

isophote fitting).

NGC 2915 was observed with HST ACS/WFC (proposal ID: 9288) in December

2002. The projected distance from the centre NGC 2915 to the observed field is listed

in Table 4.2. Four exposures were obtained each in the F475W, F606W, and F814W

filters, with total exposure times of 2480, 2600, and 5220 seconds, respectively.

We use the H i data from the Australian Compact Telescope Array, which has a

resolution of 18 arcsec or 350 pc at the adopted distance (for more details see Elson

et al., 2010). We multiply the H i surface density by 1.36 to account for Helium

and other heavier elements and correct for inclination assuming i = 55 deg (Elson

et al., 2010, via dynamical modelling). An optical image of NGC 2915 showing the
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Table 4.1: Correcting VLA data for missing diffuse H i using KAT-7 data. We
list the total H i mass detected in each field along with ΣHI,lev the base level added

to correct the VLA data.

Field VLA KAT-7 ΣHI,lev

M� M� M� kpc−2

F53 2.7× 107 6.4× 107 1.98
F06 3.8× 106 1.7× 107 0.73
F09 3.7× 107 7.5× 107 1.97
F62 2.5× 107 7.3× 107 2.53

extended H i disk and the position of the HST ACS/WFC field used in this study

is shown in Figure 4.1. The projected distance of this field from the centre of the

galaxy is listed in Table 4.2.

We performed stellar point source photometry on all HST fields using the ACS

module of the stellar photometry package Dolphot (v2.0), a modified version of

HSTphot (Dolphin, 2000b). Dolphot computes the photometry of all stars indi-

vidually using pre-computed point spread functions in each filter. We use drizzled

images as reference images, and performed photometry simultaneously on all FLT

images in all filters. We applied quality cuts to the photometry to produce colour-

magnitude diagrams (CMDs) cleansed of background galaxies, extended sources,

and saturated pixels.

We select MS stars based on their position in the CMDs, relative to evolutionary

tracks with Z = 0.008 (Werk et al., 2010) from the Geneva stellar evolutionary

library (Schaerer et al., 1993) for NGC 2915 and Z = 0.006 (Bresolin et al., 2009)

from the PARSEC stellar evolutionary library for M83 (Tang et al., 2014). The

change from Geneva to the PARSEC evolutionary tracks is motivated by the new

and improved physics for high-mass stars included in these models. All selected MS

stars have masses (M? & 4 M�) and thus were formed . 150 Myr ago (Charbonnel

et al., 1993). At the adopted distances to each galaxy 1 pixel in the ACS/WFC

data corresponds to 0.99 pc and 1.06 pc for NGC 2915 and M83, respectively. We

refer the reader to Bruzzese et al. (2015) (Chapter 2) and Bruzzese et al. (in prep,

Chapter 3) for more details on the point source photometry and selection of the MS

stars.
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4.3 Star formation and critical gas density

4.3.1 M83

To determine the spatially resolved Q values across the observed ACS/WFC fields in

M83 we use Equation 4.1 and assume a flat rotation curve (i.e. κ = v
r

√
2, where v is

the rotational velocity at distance r from the centre of the galaxy), due to the large

distances of the fields from the centre of M83 (r > 13 kpc). At large radii the ISM

in spiral galaxies is predominately H i and the fraction of molecular gas is expected

to be low (i.e. H i-dominated; Leroy et al., 2008; Bigiel et al., 2008; Schruba et al.,

2011). We use the H i rotation curve from Barnes et al. (2014) to approximately

determine the rotational velocity at the radius of the four M83 fields (listed in Table

4.2). We adopt a constant gas velocity dispersion of σg = 6 km s−1 for consistency

with Martin & Kennicutt (2001) and apply α = 0.53 as the disk truncation value.

Table 4.2 lists the following properties of each field: average critical gas density,

average and maximum H i gas densities, fraction of the field exceeding the critical

surface density, the ratio of the average H i gas surface density to the average critical

gas surface density, the radius and r/r25 for each field.

Figure 4.2 shows the distribution of Q values in each field on a pixel by pixel basis.

It is apparent that F09 (bottom right) and F62 (bottom left) are mostly unstable

as the peak of each distribution has Q . 1.9 (dotted line) and star formation can

in principle proceed across most of the field. The peak of the distribution for F53

(top left) occurs at Q > 1.9, indicating regions of stability where star formation is

predicted to be inhibited. On the other hand, F06 (top right) is almost entirely

stable and star formation is predicted to be inhibited across this field.

To examine the relationship between recent star formation and the local stability of

the disk we compare the spatial distribution of Q values to the spatial distribution

of MS stars. In the case of M83, this is simply a one to one transformation of ΣHI to

Q as we assume σg, vrot and κ are constant within each field. Figure 4.3 shows the

spatially resolved Q values along with the position of the high-mass MS stars from

the ACS/WFC images. Most of the MS stars are situated in or near regions with

Q . 1.9, which is the expected value for star formation to occur for the assumed

disk truncation value of α = 0.53.

In Figure 4.2 some regions of recent star formation are located in stable regions of

the disk. This offset could be caused by two effects: (1) from spiral density wave



Chapter 4 Local star formation thresholds in outer disks 117

Figure 4.2: Histogram of Qg values at each pixel in the M83 fields (as labelled n
each panel) with σg = 6 km s−1. The disk is unstable when Qg < 1.9 (log10(Qg) <
0.28 for α = 0.53 (dotted line) and Qg < 1 (log10(Qg) < 0) for α = 1 (dashed

line).

theory we expect an offset between the high density gas in the spiral arm and stars

that have formed there. The spiral density wave has a pattern speed that is faster

than the rotational velocity of the disk and the spiral arms will overtake the stars

(this occurs outside the co-rotation radius; Lin & Shu, 1964), and (2) these stars

are 0 − 150 Myr in age, thus do not exclusively trace the current (instantaneous)

star formation activity – some of the older stars may have dispersed from their birth

location (at most ∼ 900 pc for a 150 Myr star travelling at σg = 6 km s−1).

One should also consider the effects of star formation itself on the gas and thus

the Q values derived at the location of the MS stars: (1) a decrease in gas density
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Figure 4.3: The spatial distribution of the Q values in each HST ACS/WFC
field (indicated at the top of each panel) of M83 assuming σg = 6 km s−1. The
orange contour show where Qg = 1 for α = 1 and the red contour shows where
Qg = 1.9 for α = 0.53. The spatial distribution of high-mass MS stars trace recent
star formation (blue circles). The green, magenta and orange vectors, in the top
left of each panel, indicate the maximum (919 pc), average (84 pc), and minimum
(13 pc) distance, respectively, that an MS star could travel from its birth location

during its MS lifetime travelling at 6 km s−1.



Chapter 4 Local star formation thresholds in outer disks 119

Figure 4.4: Histogram of Qg values at the location of each MS star in the M83
fields (as labelled in each panel) assuming σg = 6 km s−1. The disk is predicted
to be unstable when Qg < 1.9 (log10(Qg) < 0.28) for α = 0.53 (dotted line). The
disk is unstable when Qg < 1 (log10(Qg) < 0) for α = 1 (dashed line). The median

Q value (Q̃) over the ACS field is shown in each panel.

due to condensation into stars, (2) an increase in the gas velocity dispersion of the

gas due to feedback from the stars, (3) ionizing and dissociating gas from feedback,

and (4) physical dispersal with supernovae explosions and winds. As a caveat we

note that the Q map is not precise because of these effects and we only expect

the match between stars and where Q ≈ 1.9 to be approximate. In Figure 4.4 we

show the distribution of Q values at the location of each MS star. If the peak of

the distribution occurs at Q ≈ 1.9 we conclude that star formation is occurring in

regions that are above the critical surface density.
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Table 4.2: Properties of H i gas in each outer disk field: the radius, ratio of the radius to the optical radius, critical surface density,
average and maximum H i gas density, fraction of the field that has an H i gas density above the critical surface density and ratio of
average H i gas density to the critical surface density for σg = 6 km s−1. The area covered by each field is ∼ 20.4 kpc2 for M83 and

∼ 17.8kpc2 for NGC 2915.

Field r r/r25
a vrot

b Σc,ave ΣHI,ave ΣHI,max % of field % of field ΣHI,ave/Σc,ave

kpc km s−1 M� pc−2 M� pc−2 M� pc−2 > Σc (Q < 1) > 0.53 Σc (Q < 1.9)

M83 F53 13.3 1.5 160 5.11 4.23 9.82 0.09 24.19 0.83
M83 F06 27.6 3.1 150 2.67 1.16 3.85 0.00 1.23 0.43
M83 F09 22.4 2.5 155 3.41 4.91 12.89 15.30 86.22 1.44
M83 F62 20.4 2.3 155 3.30 4.78 10.02 15.26 98.72 1.45

NGC 2915 3.2 1.4 - 22.45 3.42 7.80 0.00 0.00 0.15
a r25 taken from HyperLeda (Makarov et al., 2014) using the adopted distances for each galaxy. b vrot taken from Barnes et al.

(2014) for M83 and have errors of 15%.
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On a field by field basis this is how the stars are distributed relative to the gas near

the critical surface density.

F53: Approximately 24% of the field has Q < 1.9. The peak of the distribution

of Q values at each MS star occurs at Q < 1.9 and the median Q is Q̃ = 1.83,

indicating that star formation is generally occurring in regions that are above the

critical surface density.

F62: Approximately 99% of the field has Q < 1.9. The peak of the distribution of

Q values at each MS star occurs at Q < 1.9 with Q̃ = 1.07, indicating that most

star formation is occurring in regions that are above the critical surface density.

F09: This field has less recent star formation than F62 and F53 despite approxi-

mately 86% of this field having Q < 1.9. The peak of the distribution of the Q values

at each MS star occurs at Q < 1.9 with Q̃ = 0.88, indicating that star formation is

generally occurring slightly below the critical surface density.

F06: This field has the smallest percentage of the field with Q < 1.9 (1.23%). It

has the lowest average H i surface density of our fields because it is the farthest from

the centre of M83 (r > 3 r25). The distribution of the Q value at each of the MS

stars peaks at Q > 1.9 and Q̃ = 3.50, with almost all star formation occurring below

the critical surface density. There is a clump of MS stars in F06 that is offset from,

but close to a gas clump which is above the critical density (see Figure 4.3). This

may be an example of where the spiral density wave has continued past the stars.

We expect the spiral density wave to overtake the stars faster in this field than the

other fields as the angular speed of the density wave should be constant with radius;

hence the density wave moves more quickly pass a point rotating with the mean

velocity (which is also nearly constant with radius) as the radius from the centre

of the galaxy increases. In addition, we may overestimate the rotational velocity

in this field (which we extrapolate from the rotation curve of Barnes et al. (2014)),

causing us to overestimated the critical density in this field. This may also be due

to the unreliable H i data in this field as noted in Section 4.2.

In summary, we find that star formation mostly occurs in regions which are above

or close to the critical surface density (i.e. Qg . 1.9) in the outer disk of M83.

These results are consistent with those of Dong et al. (2008), which found that star

formation in the outer disk of M83 occurs roughly at the critical surface density

using Spitzer and GALEX observations of star formation on a physical scale of

440 pc. We do, however, find that star formation in F06 occurs mostly below the

critical surface density but this may be due to a decreasing rotation curve, in which

we overestimate the critical density, the passing of the spiral density wave and/or

unreliable H i data.
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4.3.2 NGC 2915

We use H i observations of NGC 2915 from Elson et al. (2010), which include a

rotation curve measured to the edge of the observed H i distribution (r ≈ 14 kpc).

There is significant variation in the rotation curve across the observed HST region

(0.89–5.12 kpc), thus we cannot approximate the epicyclic frequency as we did for

M83. To determine the epicyclic frequency as a function of radius and to determine

the radially varying critical surface density Σc we use a parametrized function for

the rotation curve:

V (r) = Vflat

(
1− exp

[
−r
lflat

])
, (4.4)

from Elson et al. (2011b) with Vflat = 83.9 km s−1 and lflat = 1.5 kpc.

In Figure 4.5 we plot the radially varying critical surface density for α = 1 and

α = 0.53 along with the azimuthally averaged H i surface density profile from Elson

et al. (2010). Again we assume a constant gas velocity dispersion of 6 km s−1 to

be in line with Martin & Kennicutt (2001). This figure shows that the azimuthal

averaged H i gas density is always below the critical surface density for both α = 1

and α = 0.53 in line with the findings of Meurer et al. (1996) despite widespread,

albeit weak, star formation observed in this region.

To analyse the local stability of this region we include the spatially resolved H i

surface density data. To do this we determine the epicyclic frequency as a function

of radius for each pixel on the H i surface density map and then compare the spatially

varying critical surface density to that of the H i surface density. In the top panel

of Figure 4.6 we plot the spatially resolved Q values over the observed HST region.

Table 4.2 lists the average values of the critical surface density and gas density for

NGC 2915. In the bottom panel of Figure 4.6 we show the distribution of Q values

in the NGC 2915 field.

In this case the entire outer disk field of NGC 2915 is stable, despite the fact that

we observe widespread star formation. Thus, we find that a simple Toomre stability

analysis is not useful for determining local star formation thresholds in the outer

disk of NGC 2915. A similar analysis in NGC 2915 has been conducted by Elson

et al. (2011b)2, which found the entire galaxy, including the extended H i disk, to

be below the critical surface density for star formation. These results are consistent

2This study assumes σg = 5 km s−1 and does not account for He and other elements.
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Figure 4.5: Radial profile of the H i gas surface density and the critical surface
density in the outer disk of NGC 2915. Here we assume a constant velocity
dispersion (σg = 6 km s−1) and use the functional form of the rotation curve to
determine the epicyclic frequency as a function of radius. The H i gas surface
density is always below the critical value indicating stability for both α = 1 (solid
black line) and α = 0.53 (solid red line). The inclination corrected H i surface

density profile in taken from Elson et al. (2010).

with van Zee et al. (1997), which found global and local star formation to occur

below the Toomre critical surface density in dwarf galaxies.

4.4 Discussion

4.4.1 ISM phase

Theory states that the atomic gas in galaxies is comprised of cold, H i gas clouds

which are embedded in a warm inter-cloud medium (McKee & Ostriker, 1977; Wolfire

et al., 1995; Braun, 1997). The central regions of these cold H i gas clouds contain
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Figure 4.6: Top: Spatial distribution of the Q values along with the observed
MS stars in NGC 2915. We see that the entire region is stable i.e. all of the
MS stars are located in regions where Q > 1.9 for σg = 6 km s−1. The green,
magenta and orange vectors, in the top left corner, indicate the maximum (1284
pc), average (99 pc), and minimum (13 pc) distance, respectively, that an MS star
could travel from its birth location during its MS lifetime travelling at 6 km s−1.
Bottom: Histogram of Qg values for all pixels in NGC 2915. The disk is unstable
when log10(Qg) < 0.28 (dotted line). The disk is unstable when log10(Qg) < 0 for

α = 1 (dashed line).
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dense molecular gas clouds which condense to form stars (Krumholz et al., 2009).

Molecular gas is not directly detectable in galaxies under the cold conditions of the

ISM, instead its presence is commonly inferred from carbon monoxide (CO) spectral

lines. CO is easily detectable in the central regions of galaxies where the gas density

and metallicity is high. However, observations of CO in the outer regions of galaxies

have yielded mostly non-detections as CO emission is expected to be faint due to

low gas densities and metallicities (Taylor et al., 1998; Schruba et al., 2011, 2012).

Despite the difficulty in detecting molecular gas in these regions, observations of

star formation in conjunction with star formation theory suggest that molecular gas

must be present. Models of star formation predict that stars condense from cool,

dense molecular clouds, which form from the cooling of the warm neutral medium

(WNM; T ∼ 8000 K) to the cool neutral medium (CNM; T . 300 K) (e.g. Bate &

Keto, 2015).

We are unable to detect the quantity or distribution of molecular gas in these regions

however, some studies have detected the presence of the CNM, which is a precursor

to the formation of molecular gas, through H i emission. Young & Lo (1996, 1997)

conducted a detailed analysis of the H i profiles in nearby dwarf galaxies Leo A and

Sag DIG in which they found a broad H i component with a velocity dispersion σg =

8−10 km s−1 and a narrow H i component with a velocity dispersion σg = 3−5 km s−1.

They assert that the narrow H i component is associated with the CNM and is found

in cloud-like structures of 150 pc and that the broad H i component is associated

with the WNM and is found all over the galaxy. This study along with Young

et al. (2003) determined that there is a connection between the location of the CNM

and recent star formation in dwarf galaxies. Further studies have detected both

broad and narrow H i velocity dispersion components in spiral and dwarf galaxies,

suggesting that a multiphase ISM is commonly found in both galaxy types (e.g.

Warren et al., 2012; Ianjamasimanana et al., 2015)

Most studies of disk stability assume a constant gas velocity dispersion of σg =

6 km s−1 following the analyses of Kennicutt (1989) and Martin & Kennicutt (2001).

This velocity dispersion is derived from second-moment maps and is predominately

caused by the WNM, which has a higher velocity dispersion than that of the CNM.

Second moment maps can only be directly interpreted as the velocity dispersion of

the gas for simple, single-component Gaussian profiles and does not apply for non-

Gaussian multi-component profiles, such as the case where the ISM has both a cool

and a warm phase present. In this case the profile is the sum of the of the warm

and the cool components and the recovered velocity dispersion will be some mean
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of the true velocity dispersion for the CNM and WNM. Therefore, the simple gas

velocity dispersion derived from second-moment maps should not be used in disk

stability analyses. Instead the velocity dispersion of the CNM, which is associated

with the formation of dense molecular clouds and star formation should be used. For

example, Schaye (2004) finds that if Martin & Kennicutt (2001) had set the velocity

dispersion to the appropriate value for cold gas phase (i.e. σg = 3 km s−1) then the

onset of the star formation threshold would occur when Qg < 1 and not Qg < 1.9, as

empirically determined from observations (i.e. α = 0.53). In addition, the difference

in the assumed velocity dispersion can account for the sub-critical star formation

that occurs in irregular galaxies (e.g. α = 0.5 for σg = 9 km s−1 from Hunter et al.,

1998). Similarly, de Blok & Walter (2006) perform a profile decomposition of the

H i gas in nearby dwarf galaxy NGC 6822 in which they identify a warm and a cool

component of the ISM with velocity dispersions of σg = 6, km s−1 and σg = 4 km s−1.

They use the velocity dispersion associated with the cool H i gas component in a

Toomre disk stability analysis and show that Qg < 1 provides an optimal description

of ongoing star formation in NGC 6822.

In an alternative approach, Schaye (2004) shows that the decrease in the thermal ve-

locity dispersion of gas, which occurs during the transitions from the warm phase to

the cold phase, triggers gravitational instabilities on a wide range of scales. Schaye

(2004) produce models based on this hypothesis which show that the formation

of the cold phase depends only on the column density of the gas for set values of

metallicity, UV radiation field, turbulent pressure, and the mass fraction in gas.

Thus the transition to the cold phase is independent of the rotation curve of the

galaxy and as such it is a local criterion; star formation can proceed wherever the

local gas density exceeds the critical gas density. As the formation of stars is de-

pendent on the transition from the warm phase to the cool gas phase only, then

the star formation threshold occurs at a fixed surface density for set fiducial input

parameters. The critical surface density for the fiducial parameters used in Schaye

(2004) are logNH,c = 20.75 (in cm−2 for Z = 0.1 Z�, I = 106 cm−2s−1 and f = 1)

or ΣH = 5.9 M� pc−2 (corrected for He and other elements). As we are observing

the outer regions of both M83 and NGC 2915, which are H i-dominated the critical

surface density will pertain to that of the H i gas.

We now perform a disk stability analysis on the M83 and NGC 2915 fields to de-

termine if star formation occurs in local unstable regions when using the thermal

velocity dispersion associated with the cool gas phase (i.e. σg = 3 km s−1 as in

Schaye, 2004). We consider this a reasonable assumption as Ianjamasimanana et al.
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(2015) find the narrow component of H i gas in M83 to have σg < 3 km s−1 for

r > 2 r25 = 20.2 kpc. In this study a similar result is found for dwarf galaxies and

we extend this assumption to NGC 2915. In our analysis we assume that the CNM

follows the distribution of the high surface-density H i gas as previous studies have

shown that the cold H i is preferentially located in regions of high H i column density

(e.g. Young & Lo, 1996; Warren et al., 2012). We note that the change in velocity

dispersion would make the fields studied here more unstable only if the surface den-

sity of the CNM is similar to that of the WNM (or at least smaller than 2 ΣWNM). A

profile decomposition of the H i gas is required to determine the exact distribution

of the CNM in these galaxies and is beyond the scope of this paper. In the next

section we also test whether the surface density criterion from Schaye (2004), which

is associated with the transition from the warm phase to the cool phase of the ISM,

is able to predict local star formation thresholds in both NGC 2915 and M83.

4.4.1.1 M83

We apply a spatially resolved Toomre disk stability analysis to the outer disk fields in

M83 using the velocity dispersion associated with the cool gas phase σg = 3 km s−1.

In Figure 4.7 we show the distribution of the Q values in each field and list the

properties of the gas in each field in Table 4.3. This analysis shows that F09 and F62

are almost entirely unstable with approximately 91% and 100% of each field having

Q > 1. Only 23% of F53 is above the critical surface density, indicating there are

stable and unstable regions within the field. Only 1.7% of F06 is above the critical

density indicating that most of the disk is stable. In Figure 4.8 we compare the

spatial distribution of the Q values in the outer disk fields to the spatial distribution

of recent star formation traced by young, high-mass, MS stars. To examine the local

star formation threshold and recent star formation we determine the distribution of

Q values at the location of each MS star for each field (see Figure 4.9). In F62 and

F09 almost the entire distribution has Q < 1, indicating that star formation occurs in

regions above the critical surface density. In F53 the peak of the distribution occurs

slightly below Q ≈ 1 with Q̃ = 0.92, indicating that in general star formation occurs

at or above the critical surface density. The peak of the distribution in F06 has

Q > 1 and Q̃ = 1.75, indicating that star formation occurs in regions well below the

critical surface density. In general, we find that a simple Toomre stability analysis,

using the velocity dispersion associated with the cold gas phase, also provides a good

description of the location of recent star formation in M83.
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We now apply the threshold surface density criterion from Schaye (2004) to the

outer disks fields in M83. We use Equation 24 from Schaye (2004) to determine the

column density at which the transition from the WNM to the CNM takes place. We

use the fiducial values for f ≡ fg/fth, I from Schaye (2004) and assume Z = 0.3Z�

(from Bresolin et al., 2009). We calculate the critical surface density in M83 to be

Σc,S04 = 4.23 M� pc−2 (after applying a factor of 1.36 to account for He and other

elements). In Figure 4.10 we show the spatial distribution of the H i surface density

in the M83 fields along with the critical gas density Σc,S04 (red). The critical surface

density Σc,S04 traces out the shape of the spiral arms and it appears that most stars

are located at densities above the critical surface density. To examine the local star

formation threshold in detail we determine the H i surface density at the location of

each MS star (see Figure 4.11). We find that in F09, F53 and F62 the peak of the

distribution is above Σc,S04, indicating that in general star formation is occurring in

local regions that are above the critical surface density.

In summary, we find that the star formation occurs in regions that are above the

critical surface density using a Toomre stability analysis with σg = 3 km s−1 (see

Figure 4.9), with the exception of F06; however we apply the same reasoning as in

Section 4.3.1 to this exception. We consider this method advantageous over using

the velocity dispersion associated with the warm gas phase as it removes the need to

empirically derive α. We also find star formation occurs in regions that are above the

constant critical surface density of Schaye (2004) (see Figure 4.10 and Figure 4.11),

with the exception of F06. This may be due to the unreliable H i corrections we

apply as noted in Section 4.2 or because the fiducial values we assume from Schaye

(2004) are different in this field, possibly due to its substantially lower SFR and

average surface density (see Table 4.3). We find this method advantageous over both

Toomre stability analyses; in addition to star formation occurring in regions above

the critical surface density we are also able to differentiate between local star-forming

and non-star-forming regions.

4.4.1.2 NGC 2915

We apply a Toomre disk stability analysis to the outer disk of NGC 2915 using the

velocity dispersion associated with the cool gas phase σg = 3 km s−1. We determine

the Q values in NGC 2915 using Equation 4.1 and Equation 4.4. The bottom panel

of Figure 4.12 shows the radial critical surface density along with the azimuthally

averaged H i gas density showing that it is always below the critical surface density
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Figure 4.7: As in Figure 4.2, except with updated velocity dispersion assump-
tion. Distribution of Qg values for each pixel in our M83 fields (as labelled in each
panel) assuming σg = 3 km s−1, which is associated with the CNM. In this case

the disk is unstable when Qg < 1 (log(Qg) < 0; dashed line).
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Figure 4.8: As in Figure 4.3, except with updated velocity dispersion assump-
tion. The spatial distribution of the Q values in each HST ACS/WFC field of
M83 (as labelled in each panel) for σg = 3 km s−1. The red contours show where
Qg = 1. The spatial distribution of high-mass MS stars trace the recent star
formation (blue circles). The green, magenta and orange vectors, in the top left
of each panel, indicate the maximum (919 pc), average (84 pc), and minimum
(13 pc) distance, respectively, that an MS star could travel from its birth location

during its MS lifetime travelling at 6 km s−1.
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Figure 4.9: As in Figure 4.4, except with updated velcoity dispersion assump-
tion. Distribution of Qg values at the location of each MS star in our M83 fields
(as labelled in each panel) assuming σg = 3 km s−1, which is associated with the
CNM. In this case the disk is unstable when log(Qg) < 0 (dashed line). The

median Q value (Q̃) over the ACS field is shown in each panel.



132 Chapter 4 Local star formation thresholds in outer disks

Figure 4.10: Spatial distribution of the H i surface density (ΣHI) for each of
the M83 fields (as labelled in each panel) for investigation of the star formation
threshold from Schaye (2004). The red contour indicates H i gas that is above the
critical surface density Σc,S04 for the transition from the warm to cold phase from
Schaye (2004). The spatial distribution of high-mass MS stars trace the recent
star formation (blue circles). The green, magenta and orange vectors, in the top
left of each panel, indicate the maximum (919 pc), average (84 pc), and minimum
(13 pc) distance, respectively, that an MS star could travel from its birth location

during its MS lifetime travelling at 6 km s−1.
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Figure 4.11: The H i surface density at the location the MS stars in the M83
fields (as labelled in each panel). The dashed line shows the threshold surface
density value Σc,S04 = 4.23 M� pc−2 from Schaye (2004), gas above this value is

predicted to form a cool phase and thus support star formation.
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Figure 4.12: Top: As in Figure 4.6, except with updated velocity dispersion.
Distribution of Toomre Qg in NGC 2915 using the model of Schaye (2004) in
which we consider the cold component of the ISM (σg = 3 km s−1). In this case
the disk is unstable when Qg < 1 (dashed line). We can see that no regions in
NGC 2915 when are even marginally unstable. Bottom: Radial critical surface
density Σc from Toomre analysis assuming σg = 3 km s−1 and α = 1 (solid black
line) compared to the azimuthal average H i gas density ΣHI (black dashed line) in
the outer region of NGC 2915. The inclination corrected H i surface density profile
in taken from Elson et al. (2010) with each ring having a width of dR = 17 arcsec
(338 pc) and using position angle PA = 285 deg. The critical surface density for
the transition to the cold phase Σc,S04 from Schaye (2004) is shown by the red
dash-dot line. In this case r . 60 arcsec (1.2 kpc) is above the critical surface

density.
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Figure 4.13: Top: Spatial distribution of ΣHI in NGC 2915. The red contour
shows where the gas is above the critical surface density Σc,S04 = 3.77 M� pc−2

from Schaye (2004). The spatial distribution of the MS stars are shown in blue.
The green, magenta and orange vectors, in the top left corner, indicate the maxi-
mum (1284 pc), average (99 pc), and minimum (13 pc) distance, respectively, that
an MS star could travel from its birth location during its MS lifetime travelling
at 6 km s−1. Bottom: Distribution of ΣHI value at the location of MS stars. The
dashed line shows the threshold value Σc,S04, gas above this value is able to form

stars.
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Table 4.3: As in Table 4.2, excpet with updated velocity disperion assumption. Properties of H i gas in each outer disk field: the
radius, ratio of radius to optical radius, critical surface density, average and maximum H i gas density, fraction of the field that has an
H i gas density above the critical surface density and ratio of average H i gas density to the critical surface density for σg = 3 km s−1.
The area covered by each field is ∼ 20.4 kpc2 for M83 and ∼ 17.8 kpc2 for NGC 2915. We also include the star formation rate (SFR)

determined via the number of MS stars using the method of Bruzzese et al. (2015) (Appendix A) for each field.

Field r r/r25
a Σc,ave ΣHI,ave ΣHI,max % of field ΣHI,ave/Σc,ave SFRMS

kpc M� pc−2 M� pc−2 M� pc−2 > Σc (Q < 1) M� yr−1

M83 F53 13.3 1.5 2.56 4.23 9.83 29.36 1.65 4.13× 10−3

M83 F06 27.6 3.1 1.33 1.16 3.85 1.77 0.87 2.79× 10−4

M83 F09 22.4 2.5 1.70 4.91 12.89 91.40 2.88 2.22× 10−3

M83 F62 20.4 2.3 1.65 4.78 10.02 99.97 2.90 4.39× 10−3

NGC 2915 3.2 1.4 8.69 3.42 7.80 0.00 0.39 2.45× 10−3

a r25 taken from HyperLeda (Makarov et al., 2014) using the adopted distances for each galaxy.
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(black dashed line). Next we examine the pixel by pixel Q values in the outer disk

of NGC 2915. The distribution of Q values is shown in the top panel of Figure 4.12

shows that there are no local regions that are above the critical surface density. The

properties of the gas in this field are listed in Table 4.3. The average H i surface

density is below the critical surface density for star formation despite observing

widespread star formation.

We now apply the threshold surface density criterion from Schaye (2004) to the outer

disk field of NGC 2915. We use Equation 24 from Schaye (2004) to determine the

surface density at which the transition from the WNM to the CNM takes place. We

use the fiducial values for f ≡ fg/fth, I from Schaye (2004) and assume Z = 0.4Z�

(from Werk et al., 2010). We calculate the critical surface density to be Σc,S04 =

3.77 M� pc−2 (with a factor or 1.36 to correct for He and other elements). The

bottom panel of Figure 4.12 shows the azimuthally averaged H i gas surface density

over the observed HST field along with the critical surface density determined from

Schaye (2004), Σc,S04 (red dot-dashed line). This figure shows that for r . 60 arcsec

(1.2 kpc) the H i surface density is above the critical surface density Σc,S04. According

to Schaye (2004) this is the location of the global threshold for star formation and

coincides with the edge of the optical disk. This agrees with optical observations of

NGC 2915 which show that the core of the galaxy is contained within r . 70 arcsec

(1.4 kpc) (Meurer et al., 1994).

In addition to determining the global threshold for star formation the model of

Schaye (2004) predicts that star formation will occur locally wherever the gas surface

density exceeds the critical surface density. The top panel of Figure 4.13 compares

the spatial distribution of the H i gas mass surface density in NGC 2915 to the critical

gas density Σc,S04. From this we find there are localised regions that are above the

critical surface density. The bottom panel of Figure 4.13 shows the distribution of the

H i gas surface density at the location of each MS star. The peak of the distribution

occurs above the critical surface density indicating that star formation is generally

occurring in regions which are above the threshold surface density. This also shows

that even though the H i gas with r & 60 arcsec (1.2 kpc) is below the critical surface

density on average (see bottom panel of Figure 4.12), there are localised regions that

have gas density above the critical surface density, where instabilities trigger star

formation.

In general dwarf and irregular galaxies, including NGC 2915, have disks that are

stable against star formation when using a Toomre stability analysis (e.g. van Zee

et al., 1997; Hunter et al., 1998; Elson et al., 2010, and this study). We show here
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that a threshold gas surface density associated with the transition from the WNM to

the CNM is able to differentiate between star-forming and non-star-forming regions

in NGC 2915. It would be useful to extend this analysis to other dwarf galaxies

to determine if this threshold is widely applicable. In particular, a decomposition

of the H i velocity dispersion to determine if the location of the narrow component

(and hence the CNM), along with areas of star formation and the critical H i surface

density, are correlated would prove insightful.

4.5 Caveats and limitations

In this section we outline assumptions made and corrections applied to our data and

the effects they may have on our results.

We determine the Q values at the position of each MS star in our HST data and

the H i data has been linearly smoothed on the scale of the HST images. Thus, the

derived Q value at each pixel are averages over the H i images resolution. This will

change the noise properties of the H i data and modify the value of the H i density

at the HST pixels on the edges of the original H i pixels. However, this effect will

be minimal compared to the corrections we have applied to M83 to account for the

missing diffuse H i and the uncertainty in the rotation curves used in this analysis.

Our analysis is conducted on a star-by-star basis at the resolution of the HST data

on the pc scale. It has been found that the SFL and thus star formation thresholds

break down at the scale size of giant molecular clouds (∼ 80-300 pc; Schruba et al.,

2010; Onodera et al., 2010). However, our conclusions are based on the number

of MS stars that are located in regions of H i gas that are unstable, which are on

the kpc scale. For example, in Figure 4.9 we extract our conclusions not from the

individual values of Q at the location at each MS star but the distribution of Q

values at the MS star positions and in Figure 4.10 we base our conclusions on the

number of MS stars that are located in regions that are unstable. These unstable

regions are located along the H i spiral arms, which have a width greater than 1 kpc.

This is also the case for NGC 2915. Thus, even though we conduct our analysis on

a star-by-star basis our conclusions are over kpc scales.

This analysis also assumes that the MS stars are located in the gas clouds in which

they formed. In our previous analyses of the SFL in NGC 2915 and M83 we have

shown that there is a correlation between the H i gas density and the density of
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MS stars. However, there are also very few stars located in the highest density H i

regions. This offset could be due to multiple effects such as stars migrating from

their birth location, the passing of the spiral density wave and feedback from star

formation process itself. These effects have been discussed in Section 4.3.1.

4.6 Conclusions

In this paper we examine local star formation thresholds in the extended gas disks of

two nearby galaxies. The first galaxy NGC 2915, is a blue compact dwarf (D = 4.1

Mpc) and the second is M83 a grand-design spiral (D = 4.5 Mpc). Both galaxies have

extended H i disks with localised regions of recent star formation observed beyond

the optical radius. Most studies use observations of Hα to indirectly trace recent

high-mass star formation. However, Hα is known to underestimate star formation

rates in low intensity environments, such as the outer disks of galaxies (Thilker

et al., 2005a). To overcome this we use HST ACS/WFC observations of resolved

stellar populations targeting high-mass (& 4 M�), main-sequence stars to directly

trace recent star formation (.150 Myr). We compare the spatial distribution of

these main-sequence stars to high sensitivity H i surface density maps determine if

star formation occurs in locally unstable regions.

We conduct a standard Toomre stability analysis by assuming a constant gas velocity

dispersion σg = 6 km s−1 and α = 0.53 to be in line with Martin & Kennicutt (2001).

With these initial, canonical assumptions, we find that star formation generally

occurs above the critical surface density in the outer disk of M83.. We next repeat

the Toomre stability analysis, with updated assumptions, using thermal velocity

dispersion associated with the cool gas phase (σg = 3 km s−1). In this case we find

that star formation occurs above the critical surface density in the M83 outer disk

with α = 1. We consider this method advantageous over using the thermal velocity

dispersion associated with the warm gas phase (σg = 6 km s−1) as α does not need to

be derived empirically. However, using the same Toomre Q parameter analysis we

find the outer disk region of NGC 2915 to be entirely sub-critical despite observed

star formation.

In an alternative approach we investigate the surface density threshold of Schaye

(2004), which is associated with the transition from the warm gas phase to the cold

gas phase. We find that star formation occurs in localised regions that are above

the critical surface density in both NGC 2915 and M83. We find the critical surface
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density from Schaye (2004) to be superior to the Toomre stability analysis as it is

able to differentiate between star-forming and non-star-forming regions in the outer

disks of both galaxies. Further investigation is needed to determine if this description

of star formation is applicable to other dwarf and irregular galaxies which exhibit

sub-critical star formation using the standard Toomre stability analysis, and if it can

be used to determine where star formation occurs locally in other spiral galaxies.

We also show that azimuthal averages smooth out local regions which are above the

critical surface density and have the potential to form stars locally. We find that a

high-resolution, spatially resolved study of the gas and star formation is required to

examine local star formation thresholds in the outer regions of galaxies where the

gas densities are low and star formation occurs at low intensities in localised regions.
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Chapter 5

Summary and future work

This thesis examines star formation in the outer disk regions of nearby galaxies

NGC 2915 and M83 using observations of young (. 150 Myr), high-mass (& 4 M�)

resolved stellar populations from the Hubble Space Telescope (HST ). Outer disk star

formation occurs in∼30% of nearby galaxies (Thilker et al., 2007, 2005b,a; Gil de Paz

et al., 2005), yet we have limited understanding of how stars form in these regions.

The outer disks of galaxies typically have low metallicity, long dynamical times, are

dominated by H i gas and have low star formation intensity. In regions with low star

formation intensity, tracers of recent star formation, such as Hα become unreliable.

To overcome this I use young, resolved stellar populations to directly trace recent

star formation made possible by the high resolution of the HST.

In this thesis I have presented the photometry and resolved stellar populations in

the outer disks of NGC 2915 and M83. In both galaxies these observations reveal an

dominant distribution of old, red stars, with a clumpy distribution of main-sequence

stars (MS), which appears to follow the distribution of H i gas. These MS stars,

which are identified by their position in colour-magnitude diagrams (CMDs), are

used throughout this thesis to determine the nature of star formation in outer disks

in order to test theories of star formation at the low-density limit.

The goals of this study were:

1. Develop a novel technique determine the form of the upper-end initial mass

function (IMF) in low-density regions using resolved stellar populations.

2. Determine if the IMF in outer disk regions is different from the universal IMF.

141
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3. Determine the form of the star formation law (SFL) in H i-dominated outer-

disks. Does it differ from observations using other star formation rate indica-

tors? How does it compare to models?

4. Investigate local star formation thresholds in outer disks. Determine whether

star formation occurs in regions that are considered unstable using the Toomre

stability criterion. If so whether theoretical models that can be applied to

determine the observed threshold levels?

In this chapter I summarise the main results of this thesis in the context of these

goals and discuss prospects for future research.

5.1 Summary of main results

In Chapter 2, I develop a novel technique to determine the upper-end IMF in low

density regions using MS stars. The observed MS luminosity function is compared

to a suite of simulations in which the upper-mass limit (Mu) and IMF slope (α) are

varied. An ensemble of 100 simulations is produced for each set of IMF parameters

(Mu, α) to account for the stochastic nature of low intensity star formation. To

simulate the CMDs, we trial a range of input IMF parameters and adopt a constant

star formation rate over the time frame of star formation we are probing. The IMF

and star formation history are randomly sampled and evolved to the observation

time using evolutionary tracks of the appropriate metallicity and corrected for ex-

tinction. The stars that appear in the MS selection box of the simulated CMDs at

the end of the simulations are compared to the observed MS luminosity function

using the two-sided Kolmogorov–Smirnov (K–S) test. To determine the best-fitting

IMF parameters the K–S test statistic D is minimised over all simulations. To test

how well this technique recovers the actual IMF parameters I apply the analysis to a

simulated MS luminosity function with a known input IMF. This test indicates that

this method is able to correctly recover the input IMF slope, however it is unable to

constrain Mu using optical photometry alone.

This technique is used to place constraints on the form of the IMF in an outer

disk field of NGC 2915. The MS luminosity function analysis shows that an IMF

slope α = −2.85 ± 0.36 and Mu = 60 ± 36, M� are preferred. In order to further

constrain Mu I compare the observed pseudo Hα equivalent width to the same set

of extensive simulations used in the MS luminosity function analysis. In the case
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of NGC 2915, if it is assumed that all of the Hα emission in the outer disk is

confined to H ii regions, then a single O-type star with Mu . 20 M� is all that is

required to produce the observed Hα flux. The Hα observations are at odds with

the observed MS stars from the CMD and the best-fitting IMF parameters from the

MS luminosity function analysis, which suggest there should be dozens of stars with

masses greater than 20 M�. If all Hα is confined to H ii regions then the objects

identified as MS stars may be binaries or compact clusters of lower-mass stars. If

this is the case, then the IMF is even more deficient in high-mass stars. On the

other hand, if all objects observed in the MS luminosity function are single stars

then the Hα observations must be discounted, indicating a large fraction of escaping

ionizing photons or diffuse Hα. These scenarios are considered unlikely because of

the abundance of atomic hydrogen in the outer disk.

In Chapter 3, I apply the technique developed in Chapter 2 to constrain the IMF in

the outer disk of M83 using four fields. The MS luminosity function analysis shows

that an IMF slope of α = −2.35 ± 0.35 and upper-mass limit of Mu = 25 ± 32 M�

are preferred. Hence the preferred slope is consistent with the Kroupa IMF, but

the upper-mass limit is truncated. However, there is degeneracy between the upper-

mass limit and IMF slope producing large uncertainties on the recovered parameters.

To provide additional constraints on the IMF the observed pseudo Hα equivalent

width is compared to simulations using the same method applied to NGC 2915.

By assuming all of the Hα is confined to H ii regions I find that the observed Hα

flux is consistent with the best-fitting IMF parameters from the MS luminosity

function analysis and rule out a Kroupa IMF in M83. These results are limited by

the assumptions of our models. A non-constant star formation history or escaping

ionizing photons could mean the IMF in the outer disk is less deficient in high-mass

stars than the best-fitting IMF.

The results from the IMF analyses of M83 and NGC 2915 indicate that IMF in low-

density outer disk regions is deficient in high-mass stars compared to a Kroupa IMF.

This suggests that high-mass star formation is suppressed in low-density regions such

as outer disks. Such a result has been previously suggested on a theoretical basis by

Elmegreen (2004) and Krumholz & McKee (2008). If the IMF is found to vary with

star-forming conditions this has implications for our current understanding of galaxy

evolution and our interpretation of the physical properties of galaxies. A well defined

IMF is required to model the formation and evolution of galaxies (e.g. Springel, 2000;

Schaye & Dalla Vecchia, 2008; Murante et al., 2010; Schaye et al., 2015), to study

integrated properties of galaxies, such as stellar mass and SFR (e.g. Taylor et al.,



144 Chapter 5 : Summary and future work

2011; Kennicutt Jr & Evans II, 2012) and to determine the star formation history

of nearby galaxies from CMDs (e.g. Dolphin, 2002; Skillman et al., 2003; Williams

et al., 2008; Weisz et al., 2014a). It will also impact our current understanding of

chemical evolution in outer disks and low surface-brightness galaxies (e.g Gil de Paz

et al., 2007).The results presented in this thesis challenge the universality of the

upper-end IMF, however this conclusion is limited by the small number of galaxies

analysed in this study and limitations in the optical analysis of the IMF. In order

to determine if the IMF varies with environment a larger study that includes UV

photometry is required, which I discuss in the next section.

In Chapter 2 and 3, I use the previously analysed MS stars from NGC 2915 and

M83 to determine the local SFL in these outer disk regions. The simulated CMDs

for each galaxy are used to determine the star formation rate from the number of

MS stars. Using this method I find that the SFL in the outer disk of NGC 2915

follows a Kennicutt-Schmidt parametrization with a power-law slope N = 1.53±0.21

and normalisation A = (9.6 ± 3.3) × 10−6 M� yr−1 kpc−2, assuming a Kroupa IMF.

If the IMF determined via the MS luminosity function analysis in Chapter 2 is

adopted then A is a factor of 4.5 higher. Applying the derived SFL to the edge of

the observed H i disks indicates that outer disk star formation is significant in NGC

2915, contributing 11-28% of the total recent star formation. The contribution

depends on whether the IMF is a constant across the entire disk or if it varies from

the centre to the low-density outer regions.

Applying this method to M83 I find that the SFL has a power-law slope N =

2.37 ± 0.09 and normalisation A = (4.6 ± 0.79) × 10−6 M� yr−1 kpc−2, assuming a

Kroupa IMF. The local SFL slope in NGC 2915 is consistent with previous obser-

vations in dwarf galaxies derived from UV SFRs Bigiel et al. (2010) and theoretical

expectations from simple dynamical and gravitational pictures (N = 1.5 e.g. Kenni-

cutt, 1998b; Elmegreen, 2015). In comparison, the slope derived for M83, is much

steeper than this value. This difference may be due to the vary large radii of the M83

fields compared to NGC 2915 (r2915 = 1.4 r25 and rM83 > 2 r25, where disk flaring

and a change in the mid-plane density are expected to change the value of the SFL

slope to N = 2 (Elmegreen, 2015). The local SFL in both M83 and NGC 2915 are

compared to models of star formation in low-density, H i-dominated regimes from

Krumholz (2013) and Ostriker et al. (2010). There is tension between the models

of Krumholz (2013) and Ostriker et al. (2010) at the assumed metallicities and the

density of stars plus dark matter is required to determine which of these models best

match the observations in M83.
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In Chapter 4, I use my earlier analyses of NGC 2915 and M83 to investigate local

star formation thresholds. The spatial distribution of MS stars is used to directly

trace recent star formation and is compared to the spatially resolved Toomre Q

parameter. I find that star formation occurs wherever the disk is locally unstable

in M83 and is suppressed below the threshold. However, widespread star formation

is observed across the NGC 2915 field, which is found to be totally stable. This is

consistent with previous observations which find star formation in dwarf galaxies to

occur in stable disks (van Zee et al., 1997; Hunter et al., 1998). A surface density

criterion, which depends on local conditions of the interstellar medium (ISM) and

is independent of the rotation curve, developed by Schaye (2004) is investigated.

This surface density criterion traces the location of the transition from the warm

phase to the cold phase of the interstellar medium. The transition form the warm

ISM to a cold phase of the ISM triggers local gravitational instabilities, leading to

the formation of stars. The surface density threshold of Schaye (2004) traces the

location of recent star formation in the outer disks of both NGC 2915 and M83. This

result suggests that this criterion is applicable to both spiral and dwarf galaxies and

that it may be useful as a universal star formation threshold across all galaxy types.

5.2 Future work

The upper-end IMF in both NGC 2915 and M83 is found to be deficient in high-

mass stars compared to a Kroupa IMF, indicating that high-mass star formation is

suppressed in low-density environments. However, as mentioned previously, these

results are limited by the small sample analysed in this thesis. In order to determine

if the IMF varies with environment, a much larger sample of different low-density

environments analysed using the same methodology is required. A definitive answer

to whether the IMF varies with environment can only be answered with a large,

homogeneously analysed survey. Thus, it would prove advantageous to extend this

IMF analysis to include as many low-density star-forming regions, which have been

imaged by the HST, as possible. There is a wealth of archival HST data of nearby

galaxies with low-density regions with publicly available photometry, such as the

ANGST 1, LEGUS 2 and GHOSTS 3 surveys, which are appropriate for use in the

upper-end IMF analysis developed in this thesis.

1ACS Nearby Galaxy Treasury (https://archive.stsci.edu/prepds/angst/)
2Legacy Extragalactic UV Survey (https://legus.stsci.edu)
3Galaxy, Halos, Outer Disks, Substructure, Thick Disks, Star Clusters

(https://archive.stsci.edu/prepds/ghosts/ghosts/about.html)
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The main-sequence luminosity function analysis developed in this thesis is unable

to constrain the upper-mass limit of the IMF due to the inability to discriminate

between different stellar masses using optical photometry alone. The addition of

UV data would significantly improve our ability to discriminate between different

stellar masses. The UV data required for this analysis is not available for NGC 2915,

however a limited number of FUV images have been obtained with HST using the

the Solar Blind Camera of the Advanced Camera for Surveys and the F150LP filter.

Eight fields observed with this setup overlap our WFC image fields. The analysis

of the FUV photometry of M83 is partially complete and we plan to publish this

analysis in the future. UV data combined with optical photometry will allow us to

simultaneously constrain both the IMF slope and upper-mass limit.

This thesis has studied the connection between star formation and H i gas in the

outer disk of M83 and NGC 2915. However, it is generally thought that stars

form from dense clouds of molecular hydrogen gas (McKee & Ostriker, 1977; Braun,

1997; Wolfire et al., 1995). In order to obtain a complete picture of star formation

in low-density, outer disk regions the molecular gas must be included. Molecular

hydrogen gas is not directly detectable under the cold conditions of the ISM, instead

its presence is inferred from carbon monoxide (CO). Attempts at observing CO in

the outer disks of galaxies have yielded mostly non-detections. This is due to the

expected faint emission of CO at the low densities and metallicities found in outer

disks. The issue of sensitivity in CO may be overcome with the use of the Atacama

Large Millimeter/submillimeter Array (ALMA), which is able to image CO in nearby

galaxies in much shorter integrating times and at higher angular resolution than

what is currently available. Incorporating the distribution of molecular gas into the

analysis of the SFL and star formation thresholds will improve the current analysis

by increasing the accuracy of the measured total gas surface densities and will allow

a direct comparison between the location of star formation and molecular gas. This

will provide insights into current theories of star formation and the interplay between

molecular gas, neutral gas and star formation in outer disks.

Star formation in dwarf galaxies has previously been found to occur below the

Toomre critical density. In this thesis I investigated the ISM surface density thresh-

old criterion of Schaye (2004) and found it to be applicable in the outer disks of

both M83 (a spiral galaxy) and NGC 2915 (a dwarf galaxy). Extending this anal-

ysis to a large sample of galaxies with different morphologies and densities would

provided a basis to determine if it can be applied as a universal predictor of star
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formation thresholds. Such an analysis would prove useful for increasing the confi-

dence of such thresholds being used in simulations of galaxy formation and evolution

in cosmological simulations such as Evolution and Assembly of Galaxies and their

Environments (EAGLE; Schaye et al., 2015) and provide insight into the minimum

conditions required for star formation.
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Appendix A: Star formation rates

from main-sequence stars

We use the number of MS stars in the observed region of NGC 2915 to determine

the star formation rate by comparing the number of observed MS stars to simulated

stellar populations. We assume a constant SFR over the simulation time-scale ∆t =

600 Myr, which is designed to be greater than the MS lifetime of the stars in the

simulation. We determine the ratio, Rsel, of the number of stars in the MS box,

Nsel, to the total number of stars formed over the observation time Ntotal in the

simulations. Hence:

Ntotal =
Nobs

Rsel

. (A1)

These simulations have a lower mass limit of M? = 2.5 M� so the SFR for stars

M? > 2.5 M� is:

Ψ′sim =
NtotalM′?

∆t
. (A2)

M′? is the average stellar mass for stars with M? > 2.5 M�:

M′? =

∫ mu

2.5
m ξ(m) dm∫ mu

2.5
ξ(m) dm

. (A3)

The total SFR Ψ is then the ratio of the total mass formed in stars to the mass

formed with M? > 2.5M�:

g2.5 =

∫ mu

ml
m ξ(m) dm∫ mu

2.5
m ξ(m) dm

. (A4)

Where ξ(m) is the IMF as defined in the introduction. Thus, the total SFR is given

by:

Ψ = g2.5Ψ′ = g2.5
Nobs

Rsel

M′?
∆t

. (A5)
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164 Appendix A: Star formation rates from main-sequence stars

Table A1: Total SFR intensity calculated for different IMFs. In each case the
IMF slope for 0.08 M� < M < 1 M� is a Kroupa (2001a) IMF and for M > 1 M�

the IMF slope is equal to α.

α Mu g2.5 ΣSFR

(M�) (M� yr−1 kpc−2)

-2.35 120 3.5 8.74× 10−5

-2.35 25 4.4 9.09× 10−5

-2.85 120 9.4 28.9× 10−5

-2.85 60 9.5 28.8× 10−5

-2.85 25 10.4 30.4× 10−5

-3.05 120 13.8 48.4× 10−5

-3.05 25 14.8 50.7× 10−5

The inclination corrected number density per area of MS stars ΣMS is converted to

the total star formation intensity, ΣSFR, using a modified version of Equation A5:

ΣSFR = g2.5
ΣMS

Rsel

M′?
∆t

, (A6)

where ΣMS is the inclination corrected MS stellar density. Using Equation A6 the to-

tal ΣSFR of the observed field of NGC 2915 is 8.74×10−5 M� yr−1 kpc−2 for a Kroupa

(2001a) IMF over a time-scale of 200 Myr, and the total SFR in this field is 2.45×10−3

M�yr−1. The ΣSFR derived by Werk et al. (2010) is 2.00× 10−4 M� yr−1 kpc−2 (cor-

rected to a Kroupa IMF) for radii 44 – 150 arcsec over the entire disc using the UV

SFR conversion of Salim et al. (2007) for sub-solar metallicity, and star formation

averaged over a time-scale of 100 Myr. In comparison our observations in the ACS

field cover radii 45 – 257 arcsec for ∼ 1/6 the of the outer disc over a time-scale of

200 Myr.

The ratios g2.5 along with the ΣSFR for various IMFs and are given in Table A1. In

each case the upper IMF slope (α) extends down to 1 M�, and a Kroupa IMF is used

for masses 0.08M� < M < 1 M�. g2.5 is the ratio of the total mass formed in stars

to the mass formed in stars with M? > 2.5 M�, which increases with steeper α, and

decreases as Mu increases. The derived ΣSFR from MS stars has a weak dependence

on Mu (< 5%) between Mu = 120 M� and Mu = 25 M� but a strong dependence on

α, up to a factor of ∼ 6 over the range we explore. Our best-fitting IMF is a factor

of 3.2 heavier than a standard Kroupa IMF.



Appendix B: Colour images of

M83 HST ACS/WFC fields

Figure B1: Three colour HST ACS/WFC BV I images of F53.
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Figure B2: Three colour HST ACS/WFC BV I images of F09.
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Figure B3: Three colour HST ACS/WFC BV I images of F06.





Appendix C: Comparison between

MS stars and FUV GALEX

imaging

0.0000 0.0025 0.0049 0.0074 0.0098 0.0123 0.0148 0.0172 0.0197 0.0221 0.0246

Figure B4: Comparison between the detected MS stars from HST imaging for
F53 and the FUV emission from the same stars detected by GALEX FUV imaging.
MS stars are shown in green and the WFC footprint is shown in white. There are
some MS which show no corresponding detection in the GALEX FUV imaging.
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0.0000 0.0025 0.0049 0.0074 0.0098 0.0123 0.0148 0.0172 0.0197 0.0221 0.0246

Figure B5: Comparison between the detected MS stars from HST imaging and
the FUV emission from the same stars detected by GALEX FUV imaging. MS
stars are shown in green and the WFC footprint is shown in white. There are
some MS which show no corresponding detection in the GALEX FUV imaging.

Top: F09. Bottom: F06
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