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Abstract

The scatter of the spatially-resolved star formation main sequence (SFMS) is investi-

gated in order to reveal signatures about processes of galaxy formation and evolution.

We have assembled a sample of 355 nearby galaxies with spatially-resolved Hα and

mid-infrared fluxes from the Survey for Ionized Neutral Gas in Galaxies and the

Wide-field Infrared Survey Explorer, respectively. We examine the impact of various

star formation rate (SFR) and stellar mass transformations on the observed SFMS.

Ranging from 106 to 1011.5 M� and derived from colour to mass-to-light ratio methods

for mid-infrared bands, the stellar masses are internally consistent within their range

of applicability, given the systematic errors inherent to such transformations; a con-

stant mass-to-light ratio (M∗/L3.4µm = 0.5) also yields representative stellar masses.

The various SFR estimates show intrinsic differences and produce noticeable vertical

shifts in the SFMS, depending on the timescales and physics encompassed by the cor-

responding star formation tracer. SFR estimates appear to break down on physical

scales below 500 pc. We examine the various sources of scatter in the spatially-

resolved SFMS and find that morphology plays little or no role. We identify three

unique tracks across the spatially-resolved SFMS by individual galaxies, demarcated

by a critical stellar mass of log( M∗/ M�)∼8.5. Below this scale, the spatially-resolved

SFMS shows no clear trend and is likely driven by local, stochastic internal processes.
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Above this scale, galaxies have comparable spatially-resolved SFMS slopes but ex-

hibit two different behaviours, likely resulting from the mass accretion rate and/or

quenching at the center of the galaxy. The effect of a bulge or AGN on these types

must be considered. Additionally, we contrast these observational results with the

study of 58 galaxy simulations by the NIHAO (Numerical Investigation of a Hundred

Astrophysical Objects) project. We uncover the three unique tracks also in simula-

tions, though they are not as prominent. While the local simulated SFMS matches

observations fairly well, some of our more detailed comparisons point to deficiencies

in the underlying physics that regulate the evolution of NIHAO galaxies.
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Chapter 1

Introduction

The majority of the following introduction to the star formation main sequence is also

included in the submitted paper for publication. However, elaborations in discussion

have also been added here to provide a broader review of the topic and to introduce

the analysis of simulations which was preformed for this thesis, though not included

in the paper.

The complex nature and evolution of the wide variety of galaxies in our universe

is broadly understood to be driven by the coalescence of gas to form stars and the

corresponding energetic feedback processes, though the details of such evolution re-

main convoluted and yet well understood. We can gather hints of galactic evolution

by examining these systems at various cosmological epochs and by creating a census

of physical galactic measurements; such as the size, luminosity, mass, etc; in order

to understand their variation among galaxy populations. Two measurements in par-

ticular have been a focus of study for several decades; the stellar mass and rate of

star formation of a galaxy. The stellar mass within a galaxy, or even any given re-

gion, is determined by the integral of the (time-dependent) star formation rate over

time ( M∗ ≈
∫

SFR(t)dt). From this correlation of these two parameters, it should
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seem natural that the two would have a tight relation. And indeed, when plotted

against each other in log-space, the two measurements form a positive, linear rela-

tion. However, scatter, and therefore complexities and nuance, remain about this

sequence; containing vital information on the unique processes that drive galaxy evo-

lution. This relation between star formation rates (SFRs) and stellar mass (M∗) is

known as the star formation main sequence (SFMS) of galaxies. Studies of the SFMS

for galaxies throughout our universe have revealed that galaxy formation is an orderly

process, and universal laws must govern their evolution throughout cosmological time

and across many different environments. Global SFRs rise with cosmic time (Noeske

et al. 2007; Whitaker et al. 2014; Salmon et al. 2015; Kelson et al. 2016; Tomczak

et al. 2016), whilst only exhibiting a moderate increase in scatter (Kurczynski et al.

2016; Mitra et al. 2017). Of interest in the study of galaxy scaling relations, like

the SFMS, is the ability to separate and identify the processes that lead to their de-

velopment. Broadly speaking, studies have shown morphology and galaxy structure

to correlate strongly with the SFMS, though we will arrive at a slight different con-

clusion (see Chapter 5.3.2). Two well-known, distinct sequences of SFR emerge as

typically gauged by Hα emission equivalent widths (EW (Hα)), separating star form-

ing (blue cloud) and quiescent (red sequence) galaxies, which are generally associated

with spiral and elliptical galaxies, respectively (Noeske et al. 2007; Eales et al. 2017;

Oemler et al. 2017; Pandya et al. 2017). Similarly, the degree of light concentration,

or Sérsic index, is thought to influence the scatter of the global SFMS (Wuyts et al.

2011; Whitaker et al. 2015; Brennan et al. 2017), though its induced shift across the

SFMS is more gradual (continuous) than that characterized by the blue cloud and the

red sequence. The global environment in which a galaxy evolves also affects its star
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formation (SF) activity. Indeed, while the relation between environment, from void

galaxies to clusters to centrals to satellites, and SF activity in galaxies is non-trivial,

there is general agreement that quenching or passive environments prevail in increas-

ingly dense environments (Peng et al. 2012; Fossati et al. 2015; Beygu et al. 2016;

Coil et al. 2017). The processes of gas supply (infall) and depletion (outflows and

consumption) that enable SF may also be traced through the SFMS’s dependence on

metallicity (Mannucci et al. 2010; Wuyts et al. 2011; Obreja et al. 2014; Magdis et al.

2016; Telford et al. 2016).

On large scales, the dark matter halo in which a galaxy is embedded also affects

the SFMS through the stellar mass-halo mass ( M∗-Mhalo) relation (Gu et al. 2016;

Garrison-Kimmel et al. 2017). Disentangling which of the stellar or halo mass drives

this relation is however challenging (Kimm et al. 2009), especially since processes of

different nature dominate in different stellar mass ranges (Williams et al. 2010; Pérez

et al. 2013; Beygu et al. 2016; Magdis et al. 2016), with an increasing degree of scatter

at lower M∗ (Guo et al. 2013; Obreja et al. 2014). It remains unclear if the scatter

increase at lower M∗ arises from enhanced stochasticity in lower mass environments,

or simply results from the uncertainty in the transformations that are applied.

Most studies of the SFMS and its scatter have relied on integrated, global values

of the SFR and M∗ over each galaxy, despite the fact that SF processes display a

well-known local dependence through the star formation, or Kennicutt-Schmidt (K-

S), law. In its most common form, the Kennicutt-Schmidt relation states that star

formation densities scale with gas surface densities by ΣSFR ∝ ΣN
gas, where N=1-2 is a

constant (Schmidt 1959; Kennicutt 1998a; Genzel et al. 2013). It follows that the gas

fraction and surface density should influence the SFMS (Tacconi et al. 2013; Saintonge



4

et al. 2016). Since this relationship arises on small scales, one must therefore examine

the spatially-resolved SFMS, and determine whether the connection between the star

formation law and the SFMS holds in progessively smaller regions. Several studies

have recently capitalized on the newly available spatially-resolved data, probing a

local scale SFMS (see Pérez et al. 2013; Wuyts et al. 2013; Hemmati et al. 2014;

Cano-Dı́az et al. 2016; González Delgado et al. 2016; Magdis et al. 2016; Abdurro’uf

and Akiyama 2017; González Delgado et al. 2017; Maragkoudakis et al. 2017; Wang

et al. 2017). Such preliminary spatially-resolved studies have demonstrated trends of

comparable amplitude between the global and local SFMS properties such as their

slope, zero-points and scatter, whilst highlighting that variations in the SFMS on local

scale do exist. The morphological dependence of the global SFMS shows late-type

galaxies with the highest SFRs defining an upper boundary in the local SFMS, with

progressively earlier systems moving across and below the local sequence (González

Delgado et al. 2016; Abdurro’uf and Akiyama 2017; González Delgado et al. 2017).

Intriguingly, the global morphology seems to dictate local structural trends within

the galaxy by establishing the vertical offset from the SFMS fit, whilst maintaining

minimal scatter, as measurements from galaxies of the set morphology run along the

same SFMS slope.

One of the more powerful observations afforded by spatially-resolved studies may

arise from examining the shapes of specific SFR (sSFR = SFR/ M∗) radial profiles.

These profiles are tell-tales of quenching behaviour across the galaxy, presenting

strong motivation for both inside-out quenching (Forbes et al. 2014; González Del-

gado et al. 2016; Tacchella et al. 2016a; Belfiore et al. 2018) and outside-in quenching

(Schaefer et al. 2017; Medling et al. 2018), and possibly suggesting a shift between
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inside-out vs. outside-in quenching behaviour dictated by total M∗ (Kimm et al. 2009;

Pérez et al. 2013; Liu et al. 2018).

Observational studies of the SFMS can also be contrasted with models and simula-

tions at both global and local scales (Kimm et al. 2009; Dutton et al. 2010; Somerville

et al. 2015; Lagos et al. 2016; Rodŕıguez-Puebla et al. 2016; Tacchella et al. 2016a,b;

Brennan et al. 2017; Orr et al. 2017; Pandya et al. 2017; Matthee and Schaye 2018).

Simulations can highlight the quenching trends and physical mechanisms that may

drive the SFMS over time (Tacchella et al. 2016a; Pandya et al. 2017; Wang et al.

2017); for instance, Tacchella et al. (2016b) surmises that the scatter of the SFMS

reflects the oscillation of a galaxy about the SFMS through different evolutionary

phases. These phases may ultimately give rise to the separation between star form-

ing and quiescent sequences (Pandya et al. 2017). In contrast, (Matthee and Schaye

2018) claim that galaxies above or below the SFMS will remain in such a relation to

the sequence throughout its evolution, and such oscillations are minimal with respect

to the degree of scatter. Tracking the evolution of individual galaxies across cosmo-

logical time and redshift can also highlight whether or not the scatter is influenced by

mass accretion (Dutton et al. 2010; Rodŕıguez-Puebla et al. 2016), merger histories

(Mitra et al. 2017), and/or unique star formation activity (Orr et al. 2017). Lagos

et al. (2016) claim that the fraction of neutral gas is critical to minimize the scat-

ter in particular by introducing a fundamental plane of stellar mass-SFR-neutral gas

fraction. Careful data-model comparisons can indeed complete our understanding of

the SFMS scatter.

This study recognizes that spatially-resolved investigations of galaxies are the key

to understanding the fundamental underpinnings of the SFMS. We wish to identify
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basic drivers of the SFMS as determined empirically, and particularly uncover the

physics hidden within integrated, global measurements. We expand upon the cur-

rent realm of empirical investigations by exploring universal trends on the smallest

possible galactic scales. To this end, we also examine a comprehensive suite of radial

profiles (mid-infrared colour, stellar masses, SFRs, specific SFRs, and SFR or stellar

mass densities) out to larger radial values than most current studies of the global

and spatially-resolved (local) SFMS. We can also correlate the scatter of the SFMS

with such parameters, and establish connections to theoretical models accordingly by

preforming a congruent analysis on numerical investigations.

The SFMS is characterized by the linear correlation, log (SFR) = a log ( M∗) + b,

and great efforts have been invested to measure the variations and dependence of a and

b. Speagle et al. (2014) provide a comprehensive review of SFMS studies out to z ≈ 6

with corresponding SFMS fit results for a and b and the relation scatter over the last

decade; slope values (a) ranging from 0.05 to 1, and zero point values (b) ranging from

-9.6 to 0.8 are reported. A turnover is commonly observed above log( M∗/M�) ≈ 10.5

at low redshift, suggesting that the slope (a) decreases at this critical mass (Lee et al.

2015; Tomczak et al. 2016); though there remains discussion whether this is intrinsic

to the SFMS, or arises from differences between SF and quiescent galaxies (Pearson

et al. 2018). The substantial variations in a and b have largely been attributed to the

evolution in SFRs over cosmic time; a definitive understanding of the SFMS scatter

is however still lacking (even though the path that a galaxy follows in the SFMS is

clearly a reflection of its mass accretion history and its ability to turn gas into stars

across various environments).
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In order to study the scatter of the global and local SFMS, our study takes ad-

vantage of our own spatially-resolved stellar mass maps and SFRs for an ensemble of

355 low-redshift galaxies, allowing us to probe local SFR and M∗ conditions across

the galaxy. The variations of the slopes (a), zero-points (b), and scatters (σ) of the

global and local SFMS should yield a clearer appreciation of the processes driving SF

on all relevant scales. The residual analysis will take a similar approach as Dutton

et al. (2007), Wuyts et al. (2011), Magdis et al. (2016), and Brennan et al. (2017)

to uncover influences on the scatter, while the anaylsis of radial profiles is similar to

Nelson et al. (2016), González Delgado et al. (2016), Tacchella et al. (2016a), and

Belfiore et al. (2018) to uncover the varying behaviour across a galaxy. This anal-

ysis will also be preformed on our sample of 58 galaxy simulations to contrast with

observations.

The outcome of such spatially-resolved observational SFMS investigations lies

critically in the choice of SFR and M∗ transformations. SFR estimates are made by

exploiting spatially-resolved Hα flux profiles from the Survey for Ionized Neutral Gas

in Galaxies (SINGG, Meurer et al. 2006) and 12µm and 23µm band profiles from

the Wide-field Infrared Survey Explorer (WISE , Wright et al. 2010). Stellar masses

( M∗), which are produced by the integration of star formation rates over time, can

be recovered from the spatially-resolved WISE 3.4µm and 4.6µm band profiles. The

unique physics encompassed in each of these bands will be discussed in greater detail

in Chapter 3. While certainly distance errors may lead to over- or under-estimation

of SFRs and stellar masses, these errors will scatter measurements along the relation,

rather than perpendicular to it, and hence will not impact the investigation of scatter

on which we focus. The appropriate conditions for applicability will be highlighted
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and as such, so will the conditions in which the transformations should be applied

with caution or even break down.

1.1 Overview

This thesis will capitalize on the availability of both observed and simulated galaxy

datasets to examine the global and spatially-resolved star formation main sequence

to investigate the yet ill-understood scatter. Details of the observational and simula-

tion data exploited in this study are described in Chapter 2. The methods to extract

observational SFRs and stellar masses are described in Chapter 3. Special attention

is paid to the dependence of results on the choice and consistency of those methods.

The influence of the choice of spatial binning scale is discussed in Chapter 4. The

observational global and local SFMS is reported in Chapter 5 and the scatter is an-

alyzed in Chapter 5.3 and Chapter 6. The global and local SFMS from simulations

is presented and contrasted to observational results in Chapter 7, and to the corre-

sponding scatter anaylsis in Chapter 7.3 and Chapter 8. Conclusions are summarized

in Chapter 9.
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Chapter 2

Data sample

This study takes advantage of observational and simulated data. Their comparison is

critical to improve existing theoretical models and uncover the driving physics in our

observed measurements. The details of the data exploited are described below. The

details of the observational data given below are included in the submitted paper for

publication.

2.1 Observational data

The observational data examined in this study encompass the two large, spatially-

resolved, complementary data sets of SINGG (Survey for Ionization in Neutral Gas

Galaxies) and WISE (Wide-field Infrared Survey Explorer). Surface brightness pro-

files have been extracted from the original photometry by Gerhardt Meurer and Tom

Jarrett, respectively. These profiles are exploited here in this work to uncover the

stellar mass and star formation rate estimates.

These spatially-resolved data offer a unique perspective on the global and spatially-

resolved (local) star formation main sequence. The SINGG Hα and WISE mid-

infrared radial profiles of each individual galaxy have been rebinned to a matching
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scale, in order to directly compare each band. WISE resolution can probe regions as

small as 90-200 pc across for our closest targets and up to a few kpc for our most

distant systems. One must consider whether or not these spatial scales are a proper

match to the transformations being applied and to our theoretical expectations for

the correlation between SFR and stellar mass (given that the latter is the integral of

the former). The impact and motivation of binning our profiles on various physically-

meaningful scales is explored in Chapter 4. Ultimately, our profiles will be rebinned

to a spatial scale of 500 pc. With 355 galaxies, this produces a statistically robust

local main sequence with nearly 6,000 data points.

2.1.1 Survey for Ionized Neutral Gas Galaxies

Targets of the Survey for Ionized Neutral Gas Galaxies (SINGG) were selected from

the HI Parkes All Sky Survey (HIPASS), which maps the HI 21cm line emission,

representing regions that likely fuel star formation (SF). Of the 468 HIPASS tar-

gets, 289 were selected to also be mapped by SINGG. From these targets, 463

distinct galaxies were identified in Hα by these observations, with many HIPASS

targets consisting of multiple galaxies (Meurer et al. 2006). These southern hemi-

sphere galaxies have an average redshift of z ∼ 0.01, with HI masses ranging from

7.0 < log10(MHI/M�) < 11.0 (Hanish et al. 2006). The subselection from HIPASS

favours the nearest galaxies at any given HI mass. Capitalizing on this subselection al-

leviates usual optical biases (ex. total luminosity, surface brightness, or Hubble type;

Meurer et al. 2006). A broad range of star-forming environments is thus enabled.

The sample has no galaxy inclination cut either. SINGG provides resolved Hα and

R-band maps of these nearby star forming galaxies (Meurer et al. 2006), of which
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Figure 2.1: A sample of WISE galaxies. Images are a superposition of the WISE W 1
(3.4µm) and W 2 (4.6µm) bands.
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the former is exploited in this study. The Hα emission line flux is representative of

ionized gas surrounding newly formed, massive stars, and is used as an appropriate

tracer for SFR. In addition to galacto-centric radial Hα flux growth profiles and sur-

face brightness profiles, SINGG provides galactic distances, effective radii (Reff) and

surface brightness (SBeff), signal errors, and complementary total HI masses.

2.1.2 Wide-field Infrared Survey Explorer

The Wide-field Infrared Survey Explorer (WISE ) data set provides spatially-resolved

photometry in the mid-infrared W 1 (3.4µm), W 2 (4.6µm), W 3 (12µm), and W 4

(23µm) bands for galaxies across the whole sky, each with a field of view of 47’ (Wright

et al. 2010). The angular resolution of these bands is 5.9′′, 6.5′′, 7.0′′, and 12.4′′,

respectively (Jarrett et al. 2012). Images of a sample of WISE galaxies are shown in

Fig. 2.1, and demonstrate the diversity encompassed by the data. While WISE covers

the entire sky and probes to higher redshift than SINGG, this study will focus on

the 355 nearby southern hemisphere galaxies that overlap with SINGG (Wright et al.

2010; Jarrett et al. 2013; Brown et al. 2014). The W 1 and W 2 bands are sensitive to

evolved stellar populations and hence enable the calculation of reliable stellar masses;

while the W 3 and W 4 bands, which have been corrected to remove stellar emission,

sample re-radiated light from dust warmed by hot young stars and act as alternative

SFR tracers. WISE provides radial flux growth profiles, surface brightness profiles,

concentration indices, as well as effective radii and surface brightness for each band.
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(a)

(b)

Figure 2.2: The radial extent (Rmax) of Hα emission and W 1 & W 4 band
profiles for all galaxies scaled by (a) kiloparsecs (kpc) and (b)
effective radius (Reff).
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2.1.3 Radial extent of galaxies in the various bands

A tremendous advantage afforded by these data sets is their large radial extent,

reaching out to almost 10 effective radii in some galaxies. The effective radius (Reff)

is defined the radius at which half the light of the galaxy is contained within, and

is used an appropriate indicator of the relative size of a galaxy. Other surveys such

as MaNGA (Albareti et al. 2017) or CALIFA (Sánchez et al. 2016) provide radial

imaging profiles that extend out to only r = 1.5 Reff or r = 4.2 Reff , respectively.

Fig. 2.2 displays the radial extent of all galaxies in our sample, specifically the extent

of Hα emission from SINGG and W 1- and W 4-band emission from WISE. These

three bands are displayed for simplicity since the W 1 & W 2 and W 3 & W 4 profiles

generally have comparable radial extent in most galaxies.

The W 4 band is clearly the most limited and still reaches out to at least Reff = 5

for the majority of galaxies and when used for the SFR estimate still gives a robust

measurement. We rely predominantly on Hα for the SFR calculations (see Chap-

ter 3.2), and in the scenario of the Hα and W 4 hybrid conversion (Eq. 3.8), Hα

contributes the dominant fraction with supplementary W 4 emission to compensate

for dust obstructed light. Regions without W 4 represent where there is no re-radiated

dust, and the SFR is traced purely by the Hα component. More details are in Chap-

ter 3.2.

This large radial extent allows us to trace star formation rates (SFRs) and stellar

mass ( M∗) conditions in commonly unexplored outskirts of a galaxy, reaching low

SFRs and surface brightnesses, and encompassing the full variations of SFR and M∗

across a galaxy.
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2.2 Simulation data

2.2.1 NIHAO

In order to expand and improve upon our current theoretical models, we must con-

trast these observations to simulations. In particular we will analyze galaxies from the

NIHAO project, which refers to the Numerical Investigation of a Hundred Astrophys-

ical Objects, a set of 100 cosmological zoom-in hydrodynamical simulations. These

simulations were not run by the author of this work (Christine Hall), but executed

by the NIHAO team, and specifically Aaron Dutton for the data set used here.

NIHAO simulations are run using the N-body smoothed particle hydrodynamics

solver GASOLINE code (Wadsley et al. 2004) which assumes a flat ΛCDM universe, a

Hubble parameter H0 = 67.1 km s−1 Mpc−1, matter density Ωm = 0.3175, dark energy

density ΩΛ = 1− Ωm − Ωr = 0.6824, radiation density Ωr = 0.00008, baryon density

Ωb = 0.0490, power spectrum normalization σ8 = 0.8344, and power spectrum slope

n = 0.9624 (Wang et al. 2015). These parameters are from the Planck Collaboration

et al. (2014).

A zoom-in simulation, like the NIHAO simulation, uses these initial conditions

to simulate the evolution of the universe at relatively coarse particle resolution in

a cosmological box of 60.1 Mpc h−1. Once the simulation of the universe has fully

progressed through cosmological time, individual dark matter halos are selected for

isolated focus; this defines the ‘zoom-in’ sub-volume of the simulations. The particles

within these sub-volumes are traced back to the beginning of the simulation to be

ran again (Somerville and Davé 2015). This second execution has increased spatial

and mass resolution in order to resolve the underlying physics driving the evolution of

individual galaxies. Resolution is dictated by the size of the cosmological sub-volume
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and mass of the gas and dark matter particles. Within the ‘zoom-in’ executions, the

sub-volume can go down to 15 Mpc h−1 and can have gas particle masses between

from 102-105 M� leading to the ability to resolve physics on the 400-50 pc scale,

respectively. These physical scales are referred to as the force softening lengths,

below which the physics can not be trusted.

The selected zoom-in halo sizes of NIHAO galaxies range from 9.5 . log(M200/M�) .

12.3, where M200 represents the enclosed mass from the radius at which the matter

density is 200× the critical density of the universe (R200). This is an appropriate proxy

for the virial radius, i.e. the radius of a gravitationally bound system assuming the

virial theorem, which is difficult to determine within simulations. Each NIHAO halo

contains ∼ 106 dark matter particles and are isolated, with no overlapping (within

several virial radii) neighbour haloes of mass greater than 0.2 Mvir. Note that our

58 NIHAO galaxies are ‘centrals’ by design. The total stellar mass of galaxies ranges

from 4.7 . log(M∗/M�) . 11.3 (Wang et al. 2015), though in this study we examine

galaxies with log(M∗/M�) > 7.

From these simulations, stellar masses and SFRs have been measured within a

radius at 0.2 R200, where R200 is defined as the radius at which the matter density is

200× the critical density of the universe. The stellar masses ( M∗) are, as defined, the

mass of the stars within this radius, while measurements of the SFR represent the

stellar mass that has formed over the past 15 or 100 Myr (Wang et al. 2015). Star

formation is dictated by the Kennicutt-Schmidt star formation law, with appropriate

temperature (T < 15000 K) and density (nth > 10.3 cm−3) thresholds. Energy

feedback from stars into the interstellar medium is implemented through supernova

and ionization from massive stars (Wang et al. 2015; Buck et al. 2017).
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In addition to the stellar mass and star formation rate measurements, the sim-

ulations provide radial measurements of the circular velocity, mass of HI gas, mean

metallicity (ratio of mass in metals to mass in stars), mean age of stars, and the spin

parameter.

In this study, 58 of these central galaxy simulations will be investigated. Images

of a selection of these can be found in the paper by Wang et al. (2015). The radial

binning for these galaxies is 500 pc, so as to match the binning of the observational

data (see Chapter 4). This corresponds to annular rings about the galactic center with

a width of 500 pc. The softening lengths for baryonic matter range from∼ 45−450 pc,

and hence the 500 pc scale is appropriate for our study (Buck et al. 2017). Star

formation is traced over the past 15 Myr and 100 Myr, matching the SFR timescales

traced by Hα and the WISE (W 3 and W 4) bands, respectively (see Chapter 3.1).
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Chapter 3

A review of transformation methods

The discussion of transformation methods applied to observations reported in this

chapter is included in the submitted paper for publication.

3.1 Stellar masses

Stellar masses can be derived through multiple methods, including colour to mass-to-

light ratio relations (CMLRs), multiband spectral energy distribution (SED) fitting,

or straight band flux to stellar mass transformations. Each method takes advantage

of specific wavelengths, and this study capitalizes on the availability of the WISE

(Wide-field Infrared Survey Explorer) 3.4µm and 4.6µm bands. Jarrett et al. (2013)

advocate the advantage of mid-infrared (MIR) light since low-mass, evolved stellar

populations dominate the emission in that wavelength range and comprise most of a

galaxy’s stellar mass. With the appropriate initial mass functions and M∗/L range,

the total stellar mass in a region can be determined from this MIR light.

CMLRs have been widely studied, especially for optical bands (Taylor et al. 2011;

Roediger and Courteau 2015; Zhang et al. 2017). Optical M∗/L’s increase with redder

colours and dust emission effects are feeble in this wavelength regime. Both Taylor
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et al. (2011) and Roediger and Courteau (2015) have shown that optical colours re-

sult in strongly linear relations since degeneracy from dust, age or metallicity scatter

along the relation, rather than away from it. They use SED fitting (though with

different algorithms) to derive stellar masses and extract CMLRs. Roediger and

Courteau (2015) emphasize, however, that the reliability of stellar mass ( M∗) esti-

mates improves with the number of bands utilized, thus favoring SED fitting when

many bands are available. Similarly, CMLR transformations have been developed to

convert MIR light into stellar masses.

An increase in dust emission in star forming galaxies translates to a reddening

of MIR colours (W 1-W 2), specifically shifting to W1 − W2 > 0. This is unlike

the reddening for optical colours from low mass stars (which would correspond to

increasing M∗/L); red MIR colours lower M∗/LW1 as the light emission is largely

dominated by dust (Querejeta et al. 2015). One must distinguish whether the detected

emission has been corrected for dust effects or not, in order to apply the appropriate

calibration to stellar mass. MIR CMLRs are highly sensitive to dust; the presence

of dust will drastically change the mechanisms driving the relation between the MIR

colour and M∗/LW1. Such trends are demonstrated in Fig. 3.1. If the MIR colour

range is W1 −W2 > 0, dust is typically present. As such, the M∗/LW1 is generally

decreasing as the dust content rises with W1−W2. Wright et al. (2010) and Cluver

et al. (2014) show in their Figures 12 and 5 (respectively) that the range of W1 −

W2 colours corresponding to spiral galaxies is roughly between -0.2 and 0.6; values

exceeding W1−W2 = 0.3 represent AGNs (active galactic nuclei) or starbursts and

should be avoided (Stern et al. 2012; Cluver et al. 2014). In contrast, regions with

minimal dust pollution will maintain bluer MIR colours, in the range W1−W2 < 0.
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Figure 3.1: Range of mass-to-light ratios (M∗/LW1’s) produced by the stellar transfor-
mations by Eskew et al. (2012) in green, Cluver et al. (2014) in blue, and
Meidt et al. (2014) in orange. Solid lines represent the applicable colour
range for each transformation. Dashed lines represent regions where the
transformation is no longer physical. The maroon line represents the
constant M∗/LW1 = 0.5M�/L�.

This is also a typical colour range if the light has been corrected for dust. As exhibited

in Fig. 3.1, for W1−W2 < 0, the M∗/LW1 will increase with colour, similar to optical

colours, as old stellar populations dominated the emitted light (Meidt et al. 2014).

These considerations are critical in seeking accurate stellar masses from the WISE

(MIR) data. Before selecting a stellar mass transformation for this analysis, we first

compare the methods that apply for the 3.4µm and 4.6µm bands. We enforce that

each transformation caters to different galactic environments and note that these

CMLR conversions can be applied only for a specific W1−W2 colour range.
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The stellar mass conversion by Cluver et al. 2014 (hereafter C14) improves upon

the preliminary WISE colour conversion by Jarrett et al. (2013). The original CMLR

transformation was derived using a Charbrier-type IMF that takes into account gen-

eral models of star formation histories, stellar population age and composition, dust

content, and AGN activity. Improvements by C14 use in-depth calibrations of GAMA

stellar mass estimates by Taylor et al. (2011) for over 110,000 nearby galaxies. It

represents a robust sampling of galactic environments, similar to our study. The con-

version is meant to be applied to “normal” galaxies and avoids warmer regions that

may contain AGN or starbursting environments where the relation breaks down (i.e.

W1 −W2 ≥ 0.3). Therefore strict colour limits of −0.02 ≤ W1 −W2 ≤ 0.17 are

enforced. The proposed relation is:

log( M∗/LW1[M�/L�])C14 = −0.17− 2.54× (W1−W2), (3.1)

where M∗ is recovered from the resulting M∗/LW1 by multiplying by the correspond-

ing luminosity: LW1(L�) = 10−0.4(MW1−M�), where MW1 and M� here are absolute

magnitudes.

Eskew et al. (2012) (hereafter E12) proposed an alternate form of a M∗ conver-

sion, directly calculated from W 1 and W 2 band fluxes. This transformation was

derived by calibrating 3.6µm and 4.5 µm fluxes to previously existing stellar maps

of the Large Magellanic Cloud (LMC). The stellar mass maps exploited by E12 were

derived from the detailed star formation history (SFH) maps produced by Harris and

Zaritsky (2009), who adopted a Salpeter IMF. With known SFHs, the uncertainty on

resulting M∗ is greatly reduced and strengthens the calibration. Additionally, with
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the conversion being calibrated to spatially resolved stellar maps, it can be appro-

priately applied to the resolved regions of our targets. The transformation is given

as:

M∗
E12(M�) = 105.65 F 2.85

W1 (Jy) F−1.85
W2 (Jy)

[
D(Mpc)

0.05

]2

. (3.2)

In order to compare this transformation with that of C14 (eq. 3.1), we have recast

eq. 3.2 using a similar notation as eq. 3.1 (see App. A):

log( M∗/LW1[M�/L�])E12 = −0.08− 0.74× (W1−W2). (3.3)

(Eskew et al. 2012). Again M∗ is recovered by multiplying by the corresponding lu-

minosity: LW1(L�) = 10−0.4(MW1−M�). The appropriate colour range for their trans-

formation is not explicitly specified, though the limits can easily be calculated from

their Figures 3 & 4. We estimate their limits to be −0.12 ≤ W1 − W2 ≤ 0.34.

This is much broader than those reported by C14, as seen in Fig. 3.1; however the

resulting M∗/LW1 range remains physical. These limits just breach into the range of

colours that may result from AGN and strongly SF environments (W1−W2 > 0.3)

that Stern et al. (2012) and C14 caution against. Although E12 did not derive this

conversion specifically for the WISE bands, we argue that the 3.6 and 4.5 µm Spitzer

bands are reasonably consistent with the 3.4 and 4.6 µm WISE bands. This calibra-

tion may thus be applied to WISE, as the respective bands trace the same behaviour.

A disadvantage of this calibration is not only the limited environment of the LMC

but specifically its low metallicity; thus the conversion mostly applies to similarly

low-metallicity regions.

Meidt et al. (2014) (hereafter M14) produced yet another MIR conversion using
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spatial maps of 2300 galaxies from the Spitzer Survey of Stellar Structure in Nearby

Galaxies (S4G). These maps preserve the structural information that is necessary in

our study of the spatially-resolved SFMS. Their derivation involves fitting [3.6]-[4.5]

µm colours to previously calculated M∗/L3.6’s that assume a Chabrier IMF, with a

focus on resolving the age-metallicity degeneracy, which is not accounted for in the

E12 study, yielding the relation:

log( M∗/LW1[M�/L�])M14 = 0.13 + 3.98× (W1−W2). (3.4)

This calibration, however, requires first removing the contribution of “contaminants”

from the detected emission, in order to isolate the old stellar populations. Such con-

taminants in the [3.6]-[4.5] µm range from hot dust emission, asymptotic giant branch

stars to red supergiants. M14 outlines the procedure to eliminate such non-stellar

emission by their “Independent Component Analysis” (ICA). To separate purely old

stellar populations further, they restrict their study to regions with blue MIR colours,

specifically −0.15 < [3.6]− [4.5] < −0.02. This is consistent with the W1−W2 < 0

regime discussed above for dust-corrected, old stellar populations. This method there-

fore applies to data sets where dust contributions to MIR emission have been elimi-

nated.

M14 also demonstrate the vulnerability of stellar masses to the adopted IMF. For

their preferred Chabrier IMF, they report an average constantM∗/LW1 = 0.6M�/L�;

for a Salpeter IMF, M∗/LW1 nearly doubles (1.07 M�/L�). Fortunately, the range

of resulting M∗/LW1 for each CMLR transformation examined here is small and

averages about 0.5. Figure 3.1 shows the various CMLRs based on both Chabrier

(C14 and M14) and Salpeter (E12) IMFs; the resulting ranges in M∗/LW1 show
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overall consistency despite the differing underlying IMFs.

Numerous studies have advocated for the characterization of a given galaxy’s

stellar population composite by a constant M∗/L whose uncertainty encompasses

any variations possibly accounted for by CMLRs. The commonly proposed range is

M∗/LW1 = 0.45−0.6 M�/L� (E12, M14, Norris et al. 2014; McGaugh and Schombert

2015; Kettlety et al. 2018; Ponomareva et al. 2018). For instance, Kettlety et al.

(2018) compared stellar masses from SED fits and CMLRs with those derived from

a constant M∗/LW1, and found matching results. A constant value of M∗/LW1 =

0.5 M�/L� shown in Fig. 3.1 is clearly a good match to the various CMLRs within

their applicable colour range and consistent within the uncertainty associated with

stellar mass approximations.

Figure 3.2 further demonstrates the consistency of various M∗/L methods, despite

the varying MIR colour ranges and M∗/LW1 trends (Fig. 3.1) amongst common trans-

formations. In the upper panel, stellar masses from a constant M∗/L are contrasted

against those of a given CMLR transformation for regions of applicable MIR colour.

The bottom panel highlights the dispersion about the one-to-one line (in black). Al-

though the scatter about this one-to-one line is non-negligible, it is quite minimal

compared to the uncertainty associated with such transformations. This comparison

of stellar mass estimates is similar to that of Drory et al. (2004), and we observe a

similar degree of scatter. In this figure, sharp colours limits are imposed in accor-

dance with the M∗ transformation. Within those regions, the stellar mass estimation

methods are clearly consistent. However, beyond these colour limits, the physical

environments, involving starbursts and AGN activity, are less well constrained and

so are the M∗ estimates. Such regions are excluded from our study, and hence sharp
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Figure 3.2: Upper panel: Stellar masses from the Cluver et al. (2014), Eskew et al.
(2012), and Meidt et al. (2014) transformations against stellar masses
from a constant M∗/LW1 = 0.5 M�/L�. Lower panel: Difference in stellar
masses from the Cluver et al. (2014), Eskew et al. (2012), and Meidt et al.
(2014) transformations compared to the constant M∗/LW1 = 0.5 M�/L�
method. Local values throughout each galaxy are in orange, integrated
values out to Reff,W1 are in green, and total integrated galactic values are
in blue. The zero difference, or one-to-one, line is overlaid in black.

residual limits are seen in Fig. 3.2.

Interestingly, the degree of discrepancy between stellar mass estimates does not

increase when shifting from total galactic to resolved local values. Figure 3.2 demon-

strates that total integrated M∗ values (in blue), M∗ values integrated out to Reff (in

green) and resolved local M∗ values (in orange) all show a tight correlation about the

one-to-one line, with no increased scatter in local values. The constant scatter for

local and global values is emphasized in the lower panel of Fig. 3.2, suggesting that

the increased scatter in the local SFMS (Chapter 5.2) likely arises from uncertain-

ties in SFRs (Chapter 3.2) or local processes rather than from stellar masses. The

consistency amongst stellar masses integrated out to Reff and total integrated values
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demonstrates that, despite a slight shift upwards in M∗ by the total (blue) values,

there is no significant growth in M∗ beyond Reff . Therefore, global M∗ measurements

are likely dominated by the inner regions of a galaxy.

Since we do not correct for dust emission, dust-free and dust-polluted regions are

likely blended in our data sample. The W1 −W2 colours in each region may serve

as an indicator for such emission; if W1 −W2 < 0, the dust contribution is likely

minimal and the M14 transformation should be applied. Conversely, if W1−W2 > 0,

then dust is likely contributing some of the emission and either E12 or C14 can be

applied.

Such uncertainty justifies the use of a constant M∗/LW1 ratio (M14; Norris et al.

2014; Lelli et al. 2016; Kettlety et al. 2018; Ponomareva et al. 2018). Figure 3.2

highlights that a constant M∗/LW1 produces fairly consistent stellar masses with

all three transformations and appropriate MIR colour range. Additionally, the con-

stant M∗/LW1 is not limited by colour range. For this reason, we adopt a constant

M∗/LW1 = 0.5 M�/L� for our M∗ estimates across the full range of colours. We

have tested for other conversions and obtained statistically consistent results for stel-

lar masses and SFRs (compare Table 5.1 and B.1).

3.2 Star formation rates

There exist a multitude of transformations to infer SFRs in galaxies. These are

typically based on UV spectrum slopes, Hα and far-infrared (IR) fluxes, and more

(see Kennicutt 1998a; Calzetti 2013; Davies et al. 2016 for a review). These deriva-

tions can generally be traced back to motivation by the star formation (or K-S) law,

which describes the SFR dependency on the total gas density, and photo-reionization
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models (Schmidt 1959; Kennicutt 1998a,b), though varying ranges of SFRs can be

obtained. This variation stems from the unique use of different wavebands, stellar

population models, initial mass functions (IMFs), dust absorption models, etc. across

each calibration (Kennicutt 1983). In principle, one single SFR ought to characterize

a particular region over a given timescale; the source of SFR differences is examined

below.

The most common transformation is that of Kennicutt (1998a) (hereafter K98),

where the Hα emission line flux becomes a tracer of instantaneous star formation.

This emission arises from ionized hydrogen surrounding a newly formed star, re-

emitting the light produced by the young star. This proxy for SF applies to short

timescales of . 20 Myr, as only massive (O and B) stars with those ages can heat the

gas to suitable temperatures (K98; Davies et al. 2016). Assuming a Salpeter IMF,

the SFR conversion is as follows:

SFRK98,Hα( M� yr−1) = 7.9× 10−42 LHα(erg s−1). (3.5)

The largest limitation of this method is accounting for extinction in the Hα emission,

which is specific to the environment of study (K98).

Young stars also emit copious amounts of ultraviolet photons, which can be ab-

sorbed by dust and re-emitted at mid-infrared (MIR) wavelengths, making that light

another reliable tracer of star formation (C14). The process of light absorption and

re-radiation is slow and MIR fluxes typically trace SF over longer timescales of ∼100
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Myr. Cluver et al. (2017) (hereafter C17) have developed two SFR conversions mo-

tivated by a Kroupa IMF for the WISE W 3 (12µm) and W 4 (23µm) bands;

log(SFRC17,W3/M� yr−1) = 0.889 log(LW3/L�)− 7.76, (3.6)

log(SFRC17,W4/M� yr−1) = 0.915 log(LW4/L�)− 8.01. (3.7)

If the UV light heating up the dust is not fully re-radiated into mid=infrared light,

these formulae may actually underestimate the true SFR. The W 4 conversion (23µm;

Eq. 3.7) may be preferable over the W 3 (12µm; Eq. 3.6) conversion, as the latter lies

within the regime of emission from excited polycyclic aromatic hydrocarbon (PAH)

molecules (Jarrett et al. 2013), and therefore have a more complex mapping to SFR.

The W 4 transformation, which lies beyond the bulk of PAH emission, is therefore

favoured here. Rosario et al. (2016) compared the corresponding W 4 SFRs to those

derived from optical tracers (ie. Hα) in star-forming galaxies and found comparable

agreement. Caution is offered for survey galaxy selections motivated by the W 4

band emission which may bias the analysis towards warm dust regions, and valuable

information from cold dust regions would be lost. Fortunately, our target selection

was motivated by SINGG, and therefore HIPASS, which is sensitive to HI emission

and unbiased by warm dust.

Yet another SFR transformation by Calzetti et al. (2007) (hereafter C07) capital-

izes on both Hα and MIPS 24µm to account for both dust obscured and unobscured

star forming environments, in order to produce robust SFR estimates encapsulating

short and long timescales. Therefore, this calibration should hold over all scales across

a galaxy. The hybrid conversion adopts a Kroupa IMF from Starburst99 and is as
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follows:

SFRC07,Hα+24µm( M� yr−1) = 5.3× 10−42 [LHα(erg s−1)

+ 0.031× Lν,24µm(erg s−1 Hz−1)].

(3.8)

This conversion is calibrated to the MIPS 24µm band, which differs slightly from

the W 4 band; see Fig. 2 of Brown et al. (2014). Since these band responses are

reasonably consistent, this conversion should be applicable to W 4 luminosities, al-

though the differences should be in the sense that SFRs will be slightly underesti-

mated using the W 4 band. Fortunately, the overall W 4 contribution in this con-

version is small, so the impact is arguably negligible. Lee et al. (2013) also ad-

vocate a combination of Hα and MIR luminosities to produce the most reliable

SFRs. Using both bands lifts the degeneracy in stellar populations due to metal-

licity, since using MIR luminosities alone would over- or underestimate SFRs for

mostly metal-poor or metal-rich galaxies. The combination of Hα and MIR fluxes

counteracts this effect. The Lee et al. (2013) conversion is SFRLee( M�yr−1) =

2.38 × 10−42 [LHα(erg s−1) + 0.034 × Lν,23µm(erg s−1 Hz−1)], which matches Eq. 3.8

within errors.

Calzetti (2013) presents a thorough review and comparison of the many SFR

indicators available, examining their motivating physics, unique advantages, and ap-

plicable scales. At large scales, single emission line tracers are most reliable under

low attenuation conditions. However, as dust contributions increase, as is common in

star forming galaxies (such as in our sample), then a hybrid combination of Hα and

24µm compensates for any attenuated line emission, by accounting for re-radiated

dust emission at 24µm (see also, Lee et al. 2013). On increasingly small scales and
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Figure 3.3: SFRs inferred from the Kennicutt (1998a) (Hα) and Cluver et al. (2017)
(W 3 and W 4) transformations against the Calzetti et al. (2007) (Hα
+ W 4) transformations. Local (ie. spatially-resolved) values throughout
each galaxy are in orange, integrated values out to Reff,W1 are in green, and
total integrated galactic values are in blue. The one-to-one line overlaid
in black.

therefore regions of lower SFR, such indirect tracers become increasingly vulnerable

to regions without SF that still emit such light. Across all SFR tracers, the general-

ization of underlying stellar populations and IMFs that occurs on large scales is likely

no longer appropriate. This highlights the complexity and increased vulnerability of

tracers at the local, resolved scale. Overall, while each tracer has its own strengths or

weaknesses, especially at low SFR regimes, emission line tracers may be the least vul-

nerable to underlying stellar population assumptions due to the short star formation

timescales (Calzetti 2013).

Figure 3.3 compares SFR transformations for both local (orange) and integrated

(blue and green) measurements, similar to Fig. 3.2. While global values display some

scatter, it is considerably smaller than for local measurements. Intrinsic scatter is

expected by the unique nature of each transformation and the specific SF conditions

and timescales their corresponding tracer represents. However, the increased scatter
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from global to local values is significant, and must be understood. The conversions

by C07 (eq. 3.8) and C17 (W 4, eq. 3.7) produce the most consistent SFRs, while

the former transformation has the highest overall agreement among all SFR trans-

formations. This could be due to the fact that Hα and W 4 are also in the K98 and

C17 SFRs, though despite the dominant contribution of Hα in C07, there is greater

consistency with the W 4 C17 conversion. The above calibrations, and their impact

on the SFMS, are compared in Chapter 5 in order to isolate the variations in SFR

estimates from different tracers. The C07 transformation (eq. 3.8) is favoured in this

analysis since it utilizes both Hα, which remains stable across varying stellar popula-

tions, and W 4 emission, which accounts for dust attenuation effects, as well as it is

believed to be more robust than single band or emission line tracers at small scales

with dust present (Boquien et al. 2015; Calzetti 2013).

Catalán-Torrecilla et al. (2015) and Davies et al. (2016) also compare a vast col-

lection different SFR tracers and calibrated transformations. Their calibrations are

constructed from CALIFA (Calar Alto Legacy Integral Field sepctroscopy Array)

survey and GAMA (Galaxy and Mass Assembly) survey measurements, respectively.

Catalán-Torrecilla et al. (2015) calibrated Hα, UV and TIR based transformations,

including hybrid combinations of these bands. Using Hα SFRs as the standard to

calibrate to, the resulting SFRs from UV and total-IR luminosities (or hybrid com-

binations) are matched to the standard with minimized scatter. The Davies et al.

(2016) analysis accounted for Hα, W 3 and W 4 bands as SFR tracers, along with

[OII] emission, near and far ultraviolet, u-band, 100µm, infrared, and spectral en-

ergy distribution fitting. Unique to this study, they examined the consistency of the

resulting SFR estimates from each method and their effect on the SFMS. Assuming
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that SFRs should be the same regardless of the transformation (though this should

be taken with caution, as SFR are dependent on the representative timescale of that

tracer), they use SFR calculation discrepancies and SFMS fits to propose revised SFR

calibrations for each tracer that ultimately produce SFRs and a SFMS with highest

fidelity. The reported hybrid calibration with Hα and W 4 Catalán-Torrecilla et al.

(2015) is consistent with the C07 calibration (eq. 3.8); the revised calibrations by

Davies et al. (2016) are unique. In Chapter 5, the Davies et al. (2016) calibrations

are applied to our data and interpreted in the context of measurements external to

the GAMA survey.



33

Chapter 4

Spatial scales of the SFMS

The discussion of spatial binning scales reported in this chapter is included in the

submitted paper for publication. References to the NIHAO simulations, however, have

been added to the discussion for this thesis.

The star formation law (ΣSFR ∝ ΣN
gas) has received considerable attention over

the past several decades (Schmidt 1959; Kennicutt 1998b; Kravtsov 2003; Schaye and

Dalla Vecchia 2008). However only recently has it become possible to study scales

down to 30 pc and address the physical scales over which the star formation law holds

and possibly even breaks down (Kravtsov 2003; Onodera et al. 2010; Schruba et al.

2010; Kruijssen and Longmore 2014; Khoperskov and Vasiliev 2017).

Measurements for the SFMS may no longer be appropriate on scales of individual

giant molecular clouds (GMCs), particularly below 100 pc. On such small scales,

young clusters often drift from their parent GMC, thus disconnecting measurements

of ΣSFR from their related Σgas, and ultimately yielding decoupled M∗ and SFR. Fur-

thermore, the study of individual molecular clouds lacks the sampling completeness

of young stellar populations that is often assumed in SFR (and M∗) transformations.

SF activity can also vary from cloud to cloud, and since most SFR transformations
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are generalized to be applied across all environments, sampling of statistically robust

and extended SF regions is therefore required.

Kruijssen and Longmore (2014) suggest that the smallest region size that will con-

tain a complete sampling of SF environments is 490 pc. Over such a scale, radiation

from SF will propagate over the appropriate time scale for stellar mass growth. They

also derive the minimum scale that completely samples IMFs used in most transfor-

mation methods to be 340 pc. The maximum spatial scale that young stellar clusters

will drift from their parent GMC also appears to be 140 pc. The maximum of these

spatial scales must therefore be used as the minimum scale over which to apply M∗

and SFR transformation, in order to produce physically meaningful measurements.

Figure 4.1: The SFMS with M∗ and SFR measurements at various spatial scales.
Spatial scales are binned at 50 pc to 10 kpc resolution. The slopes and
zero-points corresponding to SFMS relations measured on different scales
hardly change.
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Therefore we opt for a minimum spatial resolution of 500 pc in order to produce

reliable measurements and probe local variations of M∗ and SFR within galaxies.

Additionally, Boquien et al. (2015) examined SFR transformations on spatial

scales from 33 - 2084 pc and posited that monochromatic SFR transformations break

down before hybrid transformations with decreasing spatial scales. This further mo-

tivates our choice of the C07 Hα+24µm transformation, whose calibration cover a

large range of resolutions, over pure Hα, 23µm, or 24µm transformations.

Figure 4.1 shows our spatially-resolved SFMS with SFR and M∗ measurements

extracted from radial binning scales ranging from 0.05 - 10 kpc. The slopes and

zero-points of the different SFMS probed at different scales remain essentially the

same. The scatter of the SFMS at each resolution scale, shown in Fig. 4.2, is also

relatively constant out to 0.5 - 1 kpc, dropping slightly beyond that range. This

scatter dependence on spatial scales is broadly consistent with findings by Kruijssen

and Longmore (2014) and we also adopt 500 pc as the nominal binning scale for our

study. The spatial resolution of various other studies and their respective degree of

SFMS scatter is overlayed on Fig. 4.2 for comparison.

We have determined the ideal scale to bin our observational data to be 500 pc and

this binning scale is applied to all local, spatially resolved measurements throughout

the study. The binning of spatially resolved NIHAO simulated galaxy measurements

also matches this scale, thus enabling a consistent comparison between observations

and simulations.
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Figure 4.2: The scatter of the SFMS measured on different spatial scales (in kpc).
Our own estimates are shown by orange dots. SFMS scatter estimates by
Cano-Dı́az et al. (2016), Magdis et al. (2016), and Maragkoudakis et al.
(2017) are shown in blue, green, and maroon, respectively.
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Chapter 5

The star formation main sequence

The analysis and discussion of the observed star formation main sequence reported

in this chapter is included in the submitted paper for publication.

5.1 The global relation

The observational global SFMS is calculated using total integrated values of star

formation rate (SFR) and stellar mass ( M∗) for each galaxy, which are determined

from total enclosed SINGG and WISE measurements integrated out to the same,

matched radius. Multiple transformations were examined, as outlined in Chap-

ter 3. Figure 5.1 displays the SFMS constructed with stellar masses using a constant

M∗/LW1 = 0.5 M�/L� and SFRs from the Hα+W 4 hybrid transformation (C07,

eq. 3.8). Refer back to Chapter 3.1 & Chapter 3.2 for the motivation for these trans-

formations. The E12 and C14 M∗ transformations yield essentially the same results

(see additional SFMS results in App. B).

The observational SFMS is displayed in Fig. 5.1 with integrated values overlaid in

blue and green. Local values, plotted in orange, will be discussed in Chapter 5.2. The

blue points represent the total integrated measurement out to the maximum radius
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Figure 5.1: Local and global SFMS. M∗ values are calculated with a constant
M∗/LW1 = 0.5 M�/L�; the SFR are derived from the Calzetti et al.
(2007) transformation. Local values for each galaxy are shown in orange,
integrated values out to Reff,W1 are in green, and total integrated galactic
values are in blue. Solid and dashed black lines are the linear fits to global
and local values, respectively. Fits to the global (blue) and local (orange)
SFMS are listed in the fourth row of Table 5.1.

of detection, while green dots are measurements integrated out to Reff,W1. The strong

positive linear correlation in the global SFMS already reported by others (e.g. Noeske

et al. 2007; Speagle et al. 2014; Salmon et al. 2015) is reproduced here with SINGG

and WISE data. Linear fits to the SFMS with the equation log (SFR/M� yr
−1) =

a log ( M∗/M�)+b using different SFR and M∗ transformations are listed in Table 5.1,

and the global fit is overlaid in solid black in Fig. 5.1. The blue and green sequences

are roughly the same demonstrating that regions beyond Reff do not considerably
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affect the global SFMS, and the choice of maximum radius has minimal impact on

the global SFMS. Their respective fit parameters compare as follows:

atotal = 0.84 vs aeff = 0.84,

btotal = −8.92 vs beff = −8.81,

σtotal = 0.30 vs σeff = 0.29.

In Chapter 5.2 & Chapter 5.3 we will examine the SFMS in inner and outer regions

in further detail.

Our measured slopes (a), ranging from about 0.8 - 1.1, are consistent with those

reported by Noeske et al. (2007), Wuyts et al. (2011), Speagle et al. (2014), and

Tomczak et al. (2016), accounting for evolutionary factors, excluding our fits with

the re-calibrated Hα and W 4 SFR transformations by Davies et al. (2016). The

wider range of slopes reported in Speagle et al. (2014) is largely due to the broad

range of galactic environments encompassed, including star bursting to quenched

environments. Similarly, the trend of decreasing SFRs with lower redshift (Noeske

et al. 2007; Tomczak et al. 2016) results in our magnitude of SFRs, consistent with

Wuyts et al. (2011) at z ≈ 0.02-0.2. However, Table 5.1 makes clear that our fits,

even for the same data set, are not constant. This suggests that the SFMS error

budget may be largely spoiled by systematic errors in the adopted transformations,

rather than intrinsic environmental factors.

The left panel of Fig. 5.2 shows the varying global SFMS fits (slope and intercept)

produced by different SFR transformations, as discussed in Chapter 3.2. Four of them

were taken from Davies et al. (2016). With the exception of the solid green and solid

blue lines that represent the Davies et al. (2016) transformations for Hα and W 4, the

various SFMS fits appear to be highly consistent with each other. The calibrations
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LOCALGLOBAL

Figure 5.2: SFMS fits to the log (SFR) = a log ( M∗) + b relation, using various
SFR transformation methods. M∗values are calculated with a constant
M∗/LW1 = 0.5 M�/L�. Fits to the global SFMS are on the left panel,
local SFMS fits on the right panel. Grey regions illustrate M∗ ranges that
are not encompassed in the corresponding SFMS (compare with Fig. 5.1).

by Davies et al. (2016), originally calibrated for stellar masses above 109 M�, pro-

duce unreasonably high SFRs at lower stellar masses. This figure otherwise suggests

that the common suite of transformations compares favourably on global, integrated

scales. The grey regions mark the M∗ ranges that are no longer representative of

the global SFMS. Interestingly, the C17 W 3 and W 4 transformations have higher

SFRs compared to other transformations at high M∗ values. This could arise from

the higher dust content at high SFR and stellar mass, and the W 3 and W 4 may

perform better in this regime. The W 3 and W 4 transformations could therefore be

more robust on global scales, while a hybrid calibration would be more suitable for

local measurements.

5.2 The local relation

The local SFMS, seen in Fig. 5.1 in orange was derived from radially resolved profiles

of M∗ and SFR for each galaxy, using transformations by C07 and C14; the motivation
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Table 5.1:
Star Formation Main Sequence Fit Parameters

SFR Transformation Slope a Zero Point b Standard Deviation σ

Global (G): Kennicutt 1998a 0.79 -8.32 0.31
Local (L): (Eq. 3.5) 0.98 -10.30 0.37

G: Cluver et al. 2017 W 3 1.13 -11.51 0.19
L: (Eq. 3.6) 1.17 -11.47 0.23
G: Cluver et al. 2017 W 4 1.01 -10.41 0.28
L: (Eq. 3.7) 1.16 -11.51 0.32
G: Calzetti et al. 2007 0.84 -8.92 0.30
L: (Eq. 3.8) 1.03 -10.63 0.30
G: Davies et al. 2016 0.79 -8.14 0.31
L: Hα, old 0.98 -10.12 0.37
G: Davies et al. 2016 0.45 -4.35 0.21
L: Hα, new 0.46 -4.70 0.25
G: Davies et al. 2016 0.83 -8.86 0.16
L: W 3, new 0.83 -8.52 0.20
G: Davies et al. 2016 0.51 -5.33 0.19
L: W 4, new 0.47 -4.89 0.21

Notes. Numerical values for the global (out to maximum radius) and local SFMS
fits as plotted in Fig. 5.2, using a constant M∗/LW1 = 0.5 M�/L� to calculate the
stellar masses, and various transformation methods to determine SFRs. Fits are
applied to the relation log (SFR) = a log ( M∗) + b. The global and local SFMS for
the Calzetti et al. (2007) SFR transformation (fourth row) is displayed in Fig. 5.1.

for these is presented in Chapter 3 & Chapter 5.1. Each measurement represents

an annular ring centered around the galactic center, and each ring has a width of

∼ 500 pc, by design. The strong positive, linear correlation between SFR and M∗

typically seen in the the global SFMS is also evident on local scales. The fit in Fig. 5.1

is shown by the black dashed line. This further confirms that these two tracers of

star formation are strongly coupled not only amongst galaxies but within themselves;

their variations closely track each other.

Our local SFMS slopes average a ∼ 1.0 and are slightly steeper than integrated



5.3. SCATTER ANALYSIS OF THE SFMS 42

SFMS slopes (Table 5.1). They are also consistent, though at the high end, with

reported slopes (a ∼ 0.7 − 1.0) from other studies of the spatially-resolved SFMS

(Pérez et al. 2013; Wuyts et al. 2013; Hemmati et al. 2014; Cano-Dı́az et al. 2016;

González Delgado et al. 2016; Magdis et al. 2016; Abdurro’uf and Akiyama 2017;

Maragkoudakis et al. 2017). The right panel of Fig. 5.2 shows that SFMS fits from

a variety of SFR transformations are highly consistent for local measurements, the

exception being the green, cyan, and blue solid lines corresponding to the Davies

et al. (2016) relations. This can likely be attributed to the fact that these new

calibrations were applied to higher mass systems that were not spatially resolved,

whereas the K98 and C07 transformations have been calibrated to such resolved

environments. Although environment becomes more stochastic at lower M∗ regimes,

it is interesting that these local SFMS fits and their scatter remain consistent. There

is a slight increase in scatter about spatially-resolved measurements and Chapter 5.3

investigates the influences on the SFMS by regions within a galaxy versus at a global

scale more closely.

5.3 Scatter analysis of the SFMS

The main focus of our investigation is to gain a better understanding of the intrinsic

scatter of the local, spatially-resolved SFMS, since SF shows a strong local scale

dependence by the star formation law. The observed scatter about the spatially-

resolved SFMS is comparable to, though slightly larger than, the scatter about the

global SFMS with integrated M∗ and SFR values, as evidenced from Fig. 5.1 and

Table 5.1. Galaxies in our study are star-forming, by virtue of the SINGG survey

selecting galaxies with HI. While the presence of HI does not directly imply SF, it
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often correlates with the presence of Hα at a global scale, which is representative of

SF, and this is evident in our sample. However, we have not imposed that all regions

within each galaxy be star-forming. While this may contribute to the scatter of the

local SFMS, the division between distinct star-forming and quiescent regions that

is seen in some global studies of the SFMS (Noeske et al. 2007; Eales et al. 2017;

Pandya et al. 2017) does not exist here, as mentioned in Chapter 5.1. Thus, while

SF activity may fluctuate across a galaxy, within a star-forming galaxy the extremes

are not sufficiently large to form two distinct SF sequences.

Cano-Dı́az et al. (2016) eliminated regions that do not satisfy the “star forming

conditions” (set by Hα equivalent width measurements, a common criteria for global

scale SFMS studies) from their spatially-resolved analysis. As such quiescent regions

were not weeded out from our analysis, this may explain the larger (perhaps more

physical) scatter that we measure.

Our approach to analyzing the scatter includes the graphical representation of the

SFMS as a function of several fundamental parameters and the production of resid-

ual figures, emulating the work of Dutton et al. (2007) and Brennan et al. (2017).

Key parameters for our scatter analysis include: galactic location (R/Reff), morphol-

ogy (T-Type), bulge-to-disk ratio, concentration index, effective surface brightness

(SBeff,W1), inclination, ΣSFR, ΣM∗ , and so on. Most of these parameters do not dis-

play strong correlation with the SFMS scatter. However, interesting trends emerge

with morphological type and radial variation across individual galaxies.
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5.3.1 Preliminary scatter analysis

We first present a suite of residual plots, which showcases the vertical distance of a

given measurement from the SFMS fit (∆log(SFR)) at a fixed M∗ against a wide cast

of galactic parameters. These plots highlight how a single parameter may correlate

with the scatter of the SFMS. This approach has also been exploited by many (Dutton

et al. 2007; Wuyts et al. 2011; Magdis et al. 2016; Brennan et al. 2017). Figure 5.3

contains the residual plots for the global SFMS against various global parameters.

A weak correlation is observed with the following parameters: the effective radius of

the W 1 band (Reff,W1), effective surface brightness of the W 1 band (SBeff,W1), the

W1−W2 colour, bulge-to-total ratio (B/T), galaxy inclination (deg), concentration

index of the W 1 band, total HI mass (MHI), redshift (z), and the SFR and stellar

mass densities (ΣSFR and ΣM∗). Though at first glance there appears to be a slight

correlation with ΣSFR, this is largely negligible as the SFR is encompassed in the

measurements on both axes. The degree of correlation is estimated via the Pearson

coefficient, r.

Similar residual analyses of the global SFMS (Wuyts et al. 2011; Brennan et al.

2017) have examined Sérsic index, effective radius, ΣSFR, and ΣM∗ as third parame-

ters. While we do not have Sérsic indices, these can be compared against our con-

centration indices; it is noted that the observational bands are different (H-band vs.

W 1). Wuyts et al. (2011) and Brennan et al. (2017) both find a much stronger depen-

dence of the SFMS scatter on Sérsic index than ours with concentration index. For

their low redshift sample, Brennan et al. (2017) find a weak correlation with effective

radius and ΣM∗ , as we do in our study. They find stronger correlation with ΣSFR

than here, though as stated before, this is likely to be dominated by the correlation
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Figure 5.3: Vertical distance from global SFMS fit (∆log(SFR)) at a fixed M∗ against
various parameters. The black line is the linear fit to the SFMS, the blue
line is the fit to the residuals corresponding to each global parameter.
The correlation coefficient is given by Pearson r.
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Figure 5.4: Vertical distance from local SFMS fit (∆log(SFR)) at a fixed M∗ against
various parameters. The black line is the linear fit to the SFMS, the blue
line is the fit to the residuals corresponding to each local parameter. The
correlation coefficient is given by Pearson r.
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Figure 5.5: Left: Distribution of galaxy morphology (T-Type) across the local SFMS.
Right: Vertical distance from local SFMS fit (∆log(SFR)) at a fixed M∗
scaled against Morphology type (T-Type). The black line is the linear
fit to the SFMS; the blue line is the fit of the residuals corresponding to
scaled radius.

of SFR in both axes.

Figure 5.4 contains the residual plots for the local SFMS, displaying the correlation

with local measurements of W1 −W2 colour, W1 surface brightness, and the SFR

and stellar mass densities. These parameters show a weak correlations at a spatially-

resolved scale. Examination of the SFMS scatter on morphology and radius deserves

further scrutiny and will now be discussed in the following sections.

5.3.2 Morphological dependence

We now examine more closely any correlation of the local SFMS scatter with morphol-

ogy. CALIFA Survey SFMS studies steadily yield a strong dependence of the local

SFMS scatter on morphology (González Delgado et al. 2016, 2017; López Fernández

et al. 2018). According to them, morphology tracks perpendicularly to the SFMS
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on both global and local scales, suggesting that the host galaxy determines the gen-

eral SFMS trends (slope and zero point) throughout all regions within the galaxy

(T-Types −5 to 10). While our morphological type coverage is not as extensive by

virtue of the HIPASS sample selection, we do have a broad selection of early-type to

late-type to irregular galaxies. Our scatter analysis in fact yields a different trend.

Figure 5.5(a) shows that late-type galaxies (T-Types from 0 to 7) dominate in the

higher M∗ regime, whereas very early-type (T-Type −6 to −3) and irregular (T-Type

8 to 10) galaxies dominate in the low M∗ regime. There is no clear orthogonal trend to

this relation. This contradictory trend that we find could result from early-type and

irregular galaxies still showing a significant amount of observable SF (at least traced

by the presence of HI by HIPASS), but not having enough mass build-up to contribute

to the higher mass regions of the SFMS. Sample selection is clearly key in establishing

the trends observed in our respective analyses of morphological dependence.

5.3.3 Radial dependence

The radial dependence of the SFMS calls for additional scrutiny. Gradient and resid-

ual trends are shown in Figs. 5.6(a) and 5.6(b) against the radial parameter, R/Reff .

Little correlation is detected in these plots, as is true for most other SFMS residual

analyses (see again Fig. 5.4).

However, patterns emerge when the individual paths of a random selection of

galaxies, each distinguished by a unique colour, are plotted in Fig. 5.7. These reveal

the unique behaviour of each galaxy within the SFMS, where the galaxy’s central data

point is denoted by a star. Galaxies with local masses greater than log( M∗/ M�)∼8.5

seem to define two trajectories as their tracks progress from the galactic center to their
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Figure 5.6: Left: Distribution of radial location (R/Reff) within the local SFMS. The
gradient displays the range of radial values from R/Reff = 0 to R/Reff = 5.
Right: Vertical distance from local SFMS fit (∆log(SFR)) at a fixed M∗
scaled against radial value (R/Reff). The black line is the linear fit to
the SFMS; the blue line is the fit of the residuals corresponding to scaled
radius.

outskirts. One class (A) initially rises in SFR at a relatively constant M∗. Its radial

track then decreases in M∗ and SFR in lock-step with the SFMS. The alternate class

(B) bypasses the initial rise in SFR, plunging immediately from high values of M∗

and SFR in lock-step with the SFMS from the center out. Below log( M∗/ M�)∼8.5,

individual galaxy tracks lack structure and show random paths (C). The scale of

log( M∗/ M�)∼8.5 appears to mark an important transition; whether a galaxy follows

the tracks identified above or not, all trends vanish for local SFMS tracks below

log( M∗/ M�)∼8.5. This suggests distinctly different mechanisms for high and low

mass environments. These three galactic behaviours are projected for clarity in the

bottom right panel of Fig. 5.7; we label them as the type A, B, and C galaxy groups.

The schematics given in the bottom right panel of Fig. 5.7 are representative of the
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broad M∗ and SFR regimes found in our sample; exceptions also exist.

The type A curved tracks provide compelling motivation for inside-out quench-

ing in higher mass systems, as the SFR at the center appears to be significantly

reduced compared to the corresponding high stellar mass. However, we now seek

distinguishing features between this and the type B straight, seemingly unquenched,

galaxy group that lies in the same local stellar mass regime. The type B galaxy group

generally has higher SFR at a given M∗, as evident in Fig. 5.7.

Another striking feature that emerges from Fig. 5.7 is that the scatter for struc-

tures above log( M∗/ M�)∼8.5 appears to be caused by a systematic offset between

galaxies. Disregarding the initial rise in SFR among the type A galaxies, each galaxy

appears to lie roughly parallel the SFMS fit, suggesting that the scatter is driven on

global scales across galaxies. In fact, applying a linear fit to each individual galaxy

track yields consistent slopes (a) with varying intercepts, and the scatter about the

SFMS fit associated with an individual galaxy is less than the total scatter of the

SFMS, supporting the notion that scatter for type A and B galaxies is dominated by

vertical offsets between galaxies.

By contrast, below log( M∗/ M�)∼8.5, SFMS measurements appear to be stochas-

tic in all parts of the galaxies. Interestingly, the overall scatter (∼0.3 dex) remains

constant at all M∗. It is likely that the random scatter in lower mass systems is due to

stochastic sampling of SF behaviours and environments at such small M∗ scales, and

the vertical offsets in type A and B galaxies would be due to varying global accretion

rates. While the age and accretion histories are not easily quantified observationally,

the stellar mass and SFR distributions across a galaxy may potentially inform us of

their impact. In this context, a future investigation of SFRs and accretion histories
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A B

C

Figure 5.7: Tracks of individual galaxies within the SFMS, by distinct colours. The
star point type indicates the central measurement, and the dots represent
the radial values leading out from the center. Only 20 galaxies are plotted
in each figure for clarity. The top two and bottom left panels highlight the
general characteristic behaviour of chosen galaxies across the SFMS; the
bottom right panel presents an idealization of these trends. We have
categorized galaxies into three distinct SFMS tracks: Type A (blue);
Type B (orange); Type C (green), as depicted in the bottom right panel.
Distinct features are discussed in the text.
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with semi-analytic models is certainly warranted.

The global parameters available in this study are still insufficient for the identifi-

cation of distinguishing features between the three galaxy groups. Out of structural

parameters like the concentration index, morphology, bulge-to-total ratio, (B/T), and

effective surface brightness, only the total stellar mass (Mtot) offers any differentiation

between the three galaxy groups. Figure 5.8, which demonstrates the distribution of

total stellar mass within each galaxy class, shows that class A and B galaxies are

generally higher (stellar) mass systems, as expected, whereas the stochastic signa-

ture of C types is found in less massive environments. The slight shift upward of A

galaxies in total stellar mass suggests their ability to accumulate more stellar mass.

No distinction by bulge strength (B/T ratio) was observed between type A and B

galaxies, as evident in Fig. 5.9. Though type A galaxies reach higher extremes in

B/T values, the entire distribution encompasses the whole range of B/T values, and

Figure 5.8: The total stellar mass (Mtot) of the three galaxy groups defined in Fig. 5.7.
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hence high B/T cannot be deemed a distinguishing parameter for this galaxy class.

It may well be that the activity within the bulge differentiates the two populations,

rather than the bulge size itself. Mechanisms such as central mass accretion or SF

quenching may also explain the behaviors seen type A and B galaxies. In order to

understand better the different mechanisms distinguishing these galaxy track types,

the mean radial profiles of these three groups must now be examined in Chapter 6.

A B

C

Figure 5.9: Distribution of bulge-to-total ratio (B/T) values within the SFMS. The
gradient displays the range of B/T values from 0 to 0.9. The panels A,
B, and C display measurements for the corresponding galaxy types, as
defined in Fig. 5.7.
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Chapter 6

Observational radial profiles

The analysis and discussion of the observed star formation main sequence reported

in this chapter is included in the submitted paper for publication.

Figure 5.7 displays the type A, B, and C tracks of individual galaxies across

the local SFMS. We now analyze their mean radial profiles, with a special focus on

disentangling the type A and B populations.

Figure 6.1 shows radial profiles of M∗, ΣM∗ , W1 −W2 colour, SFR, ΣSFR, and

sSFR that have been calculated by stacking profiles of galaxies from the same class

(A, B, or C) and scaled to units of the W 1 effective radius (Reff,W1). Note that the

averages at larger radial values become statistically weaker, as fewer galaxies extend

to such radii. We therefore place greater reliance on regions within 2.5 Reff as the

majority of galaxies in our sample encompass that size.

In Chapter 5.3 we posited that either the mass accretion history or SF quenching

may distinguish these galaxy classes. Quenching behaviour is generally associated

with suppressed SFRs relative to the stellar mass growth. This can be defined quali-

tatively by the specific star formation rate (sSFR=SFR/ M∗). High sSFR values may

represent systems with active SF (high SFR) compared to the existing stellar mass,
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SINGG/WISE 

Figure 6.1: Stacked radial profiles of M∗, ΣM∗ , W1−W2 colour, SFR, ΣSFR and sSFR
for galaxies classified in the Type A, B, C galaxy groups (see Fig. 5.7
and Chapter 5.3). The M∗ used to calculate these profiles were derived
from a constant M∗/LW1 = 0.5 and SFRs used the Calzetti et al. (2007)
transformation. Radial values beyond R/Reff = 2.5 become less reliable
as few galaxies extend that far.
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whereas a low sSFR may represent systems with a significant amount of M∗ and/or

relatively low SF activity.

The average radial profiles of sSFR values across galaxies may reveal whether

galaxies quench from the inside-out or outside-in, if at all. Inside-out quenching

(Forbes et al. 2014; González Delgado et al. 2016; Tacchella et al. 2016a; Belfiore

et al. 2018; Abdurro’uf and Akiyama 2018) is dominant in higher stellar mass (Kimm

et al. 2009; Pérez et al. 2013; Nelson et al. 2016) and early-type (Medling et al.

2018) galaxies; potentially encouraged in barred galaxies (Abdurro’uf and Akiyama

2017). Outside-in quenching may be influenced by dense galaxy cluster environments

(Schaefer et al. 2017; Medling et al. 2018) or by a lower total stellar mass (Pérez

et al. 2013). Typical star-forming sSFR values are higher than 10−2 Gyr−1, whereas

quenched environments have values less than 10−2 Gyr−1. These limits are not strict,

and still debated. For example, Tacchella et al. (2016a) found inside-out quench-

ing, with ‘quenched’ environments measuring log(sSFR)∼ −2, whereas Medling et al.

(2018) identified galaxies with log(sSFR)∼ −3 to be quenched. We use these thresh-

olds as guidelines and search for ‘quenched’ signatures in our sample, and whether

these reflect a suppressed SFR or a higher central build-up of stellar mass.

The bottom right panel of Fig. 6.1 shows the sSFR profile of the type A, B, and

C groups. The type A population displays a distinct depression of sSFR within the

inner parts of the galaxy, compared to type B, and even type C groups. It appears

SF activity in class A systems is delayed relative to the amount of stellar mass that

has accumulated at the center. Beyond 1-2 Reff , the quenching signature dissipates.

Similar signatures of inside-out quenching are reported in Fig. 7 of Tacchella et al.

(2016a) and Fig. 3 of Belfiore et al. (2018). The latter comparison indicates that
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the onset of quenching arises first in high stellar mass galaxies. The galaxy is then

at a transition point from the star-forming sequence on its way to becoming fully

quenched.

Fully quenched galaxies are predominantly early-types (González Delgado et al.

2016; Medling et al. 2018), and since our sample is dominated by spirals and low

mass elipticals, significantly quenched systems should be less prevalent. However, the

type A population seems to propose a transition point for the onset of quenching for

late-type galaxies. It is possible that this signature may arise from the presence of

a bulge. Forbes et al. (2014) predict that a bulge will quench the inner regions, and

these type A galaxies also reach higher total M∗, which would more likely host a

bulge (Wang et al. 2017). Though as seen in the previous section, the bulge strength

is not significantly greater in type A’s than type B’s, and hence the activity in the

bulge is critical to understand.

In Fig. 6.1, the SFR profiles of the type A and B populations track each other

almost exactly, both with a central dip perhaps indicating a weakly star forming

bulge. This is contrary to expectations from the sSFR profiles, calling for higher SFR

measurements from the type B population. This draws attention to the stellar mass

profiles. Here, the type A population has significantly higher stellar mass values near

the center relative to the type B population. This demonstrates that the ‘quenched’

sSFR signature is in fact the result of a larger accumulation of central mass (and

perhaps a longer SFH) in the type A galaxies, while SFR is still ongoing. Another

possible factor contributing to the lower M∗ presence at the center of type B’s may be

stellar migration in disks. It is possible that in this galaxy population, mechanisms

pushing stars outward in the disk, as seen by Frankel et al. (2018), are more dominant.



59

The M∗- and SFR-density (ΣM∗ , ΣSFR) profiles reveal additional clues, along

with the pure M∗ and SFR profiles. The density normalization in the ΣM∗ and ΣSFR

measurements reveals a decreasing gradient outwards radially in both measurements

and no significant suppression of central SF. While the pure M∗ and SFR profiles

highlight nuances to separate these populations, the sSFR profiles can confirm or

invalidate the quenching feature. Indeed, the sSFR profile confirms a ‘transitional’

quenching feature in type A’s, with a large accumulation of mass indicating the

now active SF will likely soon slow down. The density profiles also hint at the size

variations amongst the three galaxy populations. Since the density measurements

normalize both the M∗ and SFR values, it suggests that the type A galaxies are

generally larger. Therefore the Type C galaxies are likely smaller in size. This is

consistent with Fig. 5.8 and the distribution of total stellar mass associated with

each population.

The W1−W2 colour is sensitive to the relative dust content in the region of study,

hinting at the remaining fuel for SF. As discussed in Chapter 3.1, redder colours

suggest a larger dust content, whereas blue colours suggest emission by old stellar

populations with a minimal contribution from dust. In the W1−W2 profile, type B

galaxies have, on average, redder W1−W2 values, thus hinting at a significant dust

fraction. This would be consistent with continually active SF regions. In contrast,

the bluer W1 −W2 colour of type A galaxies suggests they contain an older stellar

population. While the SFR profiles of type A and B galaxies may be comparable,

the potentially higher dust content implied by W1 −W2 suggests type B’s have a

deeper fuel reservoir (dust and gas) to supply ongoing SF for a longer period than

type A’s. This seems consistent with inferences based on the stellar mass profiles,
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where the type A population has accumulated a considerable amount of stellar mass

at the center of the galaxies, and will likely exhaust its fuel before the type B systems.

Conversely, the type C population has, on average, bluer W1−W2 colours suggest-

ing lower dust densities, as expected for galaxies of lower total stellar mass (Dalcanton

et al. 2004). Lower SFRs for these galaxies scales with lower dust levels in this pop-

ulation, as gas (and dust) would be necessary to fuel the SF activity. sSFRs across

type C galaxies are higher, but this is driven by the drastically lower M∗ values. The

sSFR curve also demonstrates a slight inner quenching signature, though the order of

magnitude is still much higher than that of the type A curve, and is likely represen-

tative of the sparse stellar population in smaller galaxies, rather than truly quenched

environments.

Overall, Fig. 6.1 shows that the onset of inside-out quenching signatures exists in

some spiral galaxies, here labeled as type A galaxies. We surmise that the driving

factor is not a reduced SFR, but rather a larger accumulation of stellar central mass.

This may arise from one or a combination of three scenarios: 1) the galaxy is older,

and its SFH is therefore more extended; 2) the galaxy has accreted more mass from

external sources in order to fuel continual central SF, or 3) a bar funnels fuel for SF

towards the center of the galaxy. The real answer is likely a combination of these three

factors, though the first two are difficult to verify observationally. These galaxies may

soon transition into the ‘green valley’ range of the SFMS once they have completely

exhausted their SF fuel. Finally, type B and C galaxies behave as expected for high

and low mass galaxies within the SFMS.
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Chapter 7

NIHAO & the SFMS

Thus far, the SFMS has been examined with observational SINGG and WISE mea-

surements to estimate the SFR and stellar mass. The observational analysis encom-

passes the dominant component of study throughout this work. However, in order to

enhance our models of galaxy properties and evolution, it is critical to contrast obser-

vations against simulations. Additionally, this allows for the investigation of various

structural parameters that would otherwise be unobservable directly, but that can be

extracted from simulations, such as the dark halo parameters, and their influence on

scaling relations. Here, we investigate how zoom-in simulations of galaxies compare

to observations, specifically how the SFMS by NIHAO simulations may reproduce our

current findings in the observational SFMS. Details of the NIHAO project are outlined

in Chapter 2.2.1. These simulations zoom-in on individual dark matter halos, in order

to examine individual galaxies at a higher resolution.

There have been many studies examining galaxy simulations, how they repro-

duce the SFMS, and what factors may be driving its scatter (Dutton et al. 2010;

Somerville et al. 2015; Lagos et al. 2016; Rodŕıguez-Puebla et al. 2016; Tacchella

et al. 2016a,b; Matthee and Schaye 2018). Many of these follow the same approach
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of directly contrasting observations to simulations (Kimm et al. 2009; Brennan et al.

2017; Orr et al. 2017; Pandya et al. 2017). Several studies have revealed correlations

between the SFMS scatter and the halo concentration (Dutton et al. 2010), quench-

ing processes (Kimm et al. 2009; Tacchella et al. 2016b; Pandya et al. 2017), and gas

fraction (Lagos et al. 2016). We will examine a few of these parameters and expand

upon previous investigations by studying the seldom-studied spatially-resolved SFMS

through simulations.

Matthee and Schaye (2018) have demonstrated through alternative simulations

(executed with EAGLE - see paper for more details) that galaxies that currently lie

above the SFMS, likely have remained above the relation for the past ∼ 10 Gyr,

and conversely for galaxies below the main sequence. They claim that SFMS scatter

is driven by both long term SFMS fluctuations, largely dictated by the formation

process of the dark matter halo, and short term fluctuations, largely dictated by

feedback and the SF regulation processes that are fed into the simulation. These

short term fluctuations seem to have a dominant effect on the SFMS scatter and as

such the SFMS is more vulnerable to short term influences. Of particular interest to

this study is their Fig. 17 plot, which traces the location of individual galaxies on the

global SFMS with redshift. Interestingly, the behaviour of these plots matches the

behaviour of our type A spatially-resolved galaxies on the SFMS. This may suggest

that radial SFR and stellar mass measurements trace the same progression as global

measurements over cosmological time, and may support that evolution within a galaxy

across the SFMS progresses from the inside out.
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Table 7.1:
NIHAO Star Formation Main Sequence Fit Parameters

SFR Timescale Slope a Zero Point b Standard Deviation σ

Global (G): 15 Myr 1.22 -12.22 0.34
Local (L): 1.10 -10.78 0.48

G: 100 Myr 1.45 -14.37 0.36
L: 1.28 -12.12 0.39

Notes. Numerical values for the global and local NIHAO SFMS fits over 15 and
100 Myr, as plotted in Fig. 7.1 and the upper panel of Fig. 7.2. Fits are applied
to the relation log (SFR) = a log ( M∗) + b.

7.1 The global NIHAO SFMS

Figure 7.1 displays the global SFMS for the 58 NIHAO simulated galaxies with total

integrated SFR and M∗ measurements. SFR measurements trace the mass of newly

formed stars over the past 15 Myr (orange) and 100 Myr (blue). Recall that the

15 Myr SFR measurement is meant to translate observationally to Hα SFR mea-

surements, and the 100 Myr SFR measurement translates to the W 3 and W 4 SFR

measurements (see Chapter 3.2 for details on these observational transformations).

The strong positive, linear correlation between SFR and M∗ seen in observations,

both here (Fig. 5.1) and in other studies, is again produced by simulations in Fig. 7.1.

The observed range of total stellar masses (7 . log[ M∗/M�] . 12) is maintained in

the NIHAO simulations, as well as the range of total SFR (−3 . log[SFR/M� yr
−1] .

2). The linear fit applied to the global SFMS, log (SFR) = a log ( M∗) + b, is overlaid

in both panels of Fig. 7.1 and the corresponding parameters for both 15 and 100 Myr

SFMS measurements are recorded in Table 7.1.

While the positive, linear trend holds, the fit parameters differ from observational

values (see Table 7.1 compared to Table 5.1). The global slope values (a) from
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Figure 7.1: The global SFMS of NIHAO galaxies over 15 Myr (left in orange) and 100
Myr (right in blue). Solid black lines are the linear fits to NIHAO measure-
ments. The dashed tan and teal lines represent the fits to the observa-
tional SFMS using tracers for 15 and 100 Myr, respectively. Specifically,
SFR’s from Hα (eq. 3.5) portray the observational 15 Myr tracer (tan)
and SFR’s from W 3 (eq. 3.6) portray the observational 100 Myr tracer
(teal).

the NIHAO simulations, found to be 1.22 and 1.45, are considerably higher than the

observational global a range of about 0.8 to 1.1. The SFMS slope for both 15 and

100 Myr timescales is steeper than expected, and as such, the zero-point (b) is also

much lower. NIHAO SFMS fit parameters align most closely to the fit parameters

of the observational SFMS with the W 3 SFR estimate (eq. 3.6), which is consistent

with the 100 Myr timescale. These observational fits correspond to a = 1.13 and

b = −11.51. The observational SFMS slope that corresponds to Hα (15 Myr) and

W 3 (100 Myr) SFRs is overlaid on the left and right panel as the tan and teal

dashed lines, respectively. These lines gauge how the observational and simulation

SFMS measurements roughly compare. This does not necessarily imply that W 3

SFR estimates are the most reliable, given that NIHAO SFR estimates carry their own
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degree of uncertainty. The NIHAO SMFS slopes remain considerably higher compared

to all observational tracers.

Interestingly, though the NIHAO SFMS derived from 15 Myr timescale SFRs should

ideally track with Hα SFRs, the corresponding observational SFMS fit is considerably

shallower with a = 0.79 and b = −8.32. However, the NIHAO SFMS is consistent with

observations since the 15 Myr SFMS is shallower than the 100 Myr SFMS, similar to

the relation between the Hα SFMS and the W 3 and W 4 slopes. This is compatible

with the nature of these measurements, as SFRs from a shorter timescale will be

limited in the lower range of measurements. Longer timescale tracers are able to

measure lower SFRs, since few sporadic events in a given region will produce lower

SFRs when divided over 100 Myr vs 15 Myr.

The scatter (σ) has also increased to about 0.35, compared to the range of 0.2-0.3

in observations. The source of this scatter in simulations will be further examined

in Chapter 7.3. Nonetheless, both the 15 and 100 Myr timescale SFRs produce an

SFMS in roughly the same regime despite the low number of contributing galaxies.

With more simulated galaxies to contribute to the sample, the two sequences may

converge more closely.

7.2 The local NIHAO SFMS

The local (spatially-resolved) SFMS for NIHAO simulated galaxies is displayed in

Fig. 7.2, with local SFR measurements tracing the mass of newly formed stars over

the past 15 Myr (orange) and 100 Myr (blue). Since the formation of a star is

discrete and this is discernible in simulations, sharp SFR limits are observed in the

local SFMS. As with the observational local measurements, each local SFR and M∗
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Figure 7.2: The local SFMS of NIHAO galaxies over 15 Myr (left in orange) and 100
Myr (right in blue). Total SFR and M∗ measurements within a given
500 pc ring are displayed. Solid black lines are the linear fits to NI-

HAO measurements. The dashed tan and teal lines represent the fits to
the observational SFMS using tracers for 15 and 100 Myr, respectively.
Specifically, SFR’s from Hα (eq. 3.5) portray the observational 15 Myr
tracer (tan) and SFR’s from W 3 (eq. 3.6) portray the observational 15
Myr tracer (teal).

value is extracted from an annular ring with a width of 500 pc centered around the

galactic center.

The strong positive, linear correlation between SFR and M∗ seen locally and

globally, is again seen by spatially-resolved simulated measurements in Fig. 7.2. The

relative range of observational local stellar masses (6 . log[ M∗/M�] . 10) is mostly

maintained in the NIHAO simulations, though slightly pushing above log[ M∗/M�] ∼

10. The range of observational local SFRs (−5 . log[SFR/M� yr
−1] . 1) is also seen

by NIHAO and dependent on the timescale of measured SFRs. SFRs are generally

higher if measured in the recent 15 Myr, rather than over a longer 100 Myr. The

linear fit applied to the local SFMS is overlaid in both panels of Fig. 7.2 and the
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corresponding parameters for both 15 and 100 Myr SFMS measurements are recorded

in Table 7.1.

The linear fit parameters for the local NIHAO sequence are in greater consistency

with local observation fits than the global values, though an offset remains. This is

evidenced by the tan and teal dashed lines in Fig. 7.2 which represent observations

(a = 0.98 and 1.13), compared the the black lines which are the fits to the simulated

SFMS (a = 1.10 and 1.28). The simulated SFR values reach higher limits than ob-

servations, as is evidenced by the fits. Generally NIHAO values have closer agreement

to SFRs from the W 3 and W 4 tracers, similar to the trends made previously in

Chapter 7.1. If SFRs produced in NIHAO galaxies are accurate to reality, then the

WISE tracers may be preferred compared to Hα. Though with the large uncertainty

associated with SFRs (see Chapter 3.2), it is not certain which tracer is ideal and

whether the NIHAO SFR prescription is accurate. Chapter 8 also analyzes the radial

variation of SFRs and M∗ in more detail.

The scatter (σ) in the local SFMS has increased even more to about 0.4-0.5,

compared to the range 0.2-0.4 in observations. The source of this scatter will be

the focus of scrutiny in the following sections, not only in hopes to undercover the

driving processes in simulations, but ultimately in connection with the scatter found

in observations.

7.3 The SFMS scatter & NIHAO

As in Chapter 5.3, we will now investigate the intrinsic scatter of the SFMS from sim-

ulations. It is often expected that a large degree of scatter in the observational SFMS

arises from observational uncertainties and errors in the transformation methods (as
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Figure 7.3: Vertical distance from global NIHAO SFMS fit (∆log(SFR)) at a fixed M∗
against various parameters. Orange points represent SFR measurements
over 15 Myr and blue points represent SFR measurements over 100 Myr.
The black line is the linear fit to the SFMS, the orange and blue lines are
the fits to the residuals corresponding to 15 Myr and 100 Myr sequences.
The correlation coefficient is given by Pearson r.
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(a) (b)

(c) (d)

Figure 7.4: Vertical distance from local NIHAO SFMS fit (∆log(SFR)) at a fixed M∗
against various parameters. Orange points represent SFR measurements
over 15 Myr and blue points represent SFR measurements over 100 Myr.
The black line is the linear fit to the SFMS, the orange and blue lines are
the fits to the residuals corresponding to 15 Myr and 100 Myr sequences.
The correlation coefficient is given by Pearson r.

discussed in Chapter 3). Since no model is required to distinguish the stars from

the gas and dust in simulations, the stellar mass measurements are often assumed to

represent the total and exact mass of the stars. Similarly, the stellar mass can be

directly traced over time in simulations, and the star formation rate is therefore just



7.3. THE SFMS SCATTER & NIHAO 70

Figure 7.5: In clockwise order from the top left panel, the distribution of the mean
age of stars, HI mass, circular velocity, and metallicity within the local
SFMS.

as accurate; no observational uncertainty is introduced into these measurements. De-

spite the absence of such uncertainties, the theoretical SFMS from NIHAO has slightly

larger scatter than observations. First we will investigate whether any of the available

simulated parameters are associated with this scatter, and then focus more directly

on whether or not the same patterns that arose in the observational SFMS are present

with NIHAO galaxies.

Figure 7.3 and 7.4 display the residual plots (similar to the form of Figs. 5.3 &
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5.4), which showcase the vertical distance from the SFMS fit (∆log(SFR)) at a fixed

M∗ against an array of galactic parameters. These parameters include the global halo

spin parameter (λ), the velocity at the virial radius (v200) and the ratio of maximum

and virial velocity (vmax/v200), as well as the local circular velocity (vcirc). At both

global and local scales, residual plots of the mean age of stars, the ratio of HI mass

to stellar mass, and metallicity are also included. The metallicity is calculated as the

ratio of the mass in metals over the mass in stars.

The majority of these parameters do not show strong correlation with the SFMS,

as evidenced by the low correlation coefficients. The strongest correlation arises with

HI mass, in panel (b) of both Fig. 7.3 and 7.4. This parallels our residual plot in

Fig. 5.3, though we only have global measurements of the observed HI mass. The

correlation appears to be more prominent at local scales (in simulations), though this

is expected since the star formation law (ΣSFR ∝ ΣN
gas) arises on sub galactic scales.

Clearly SFRs are higher when a larger fuel resevoir (which the HI mass may indicate)

is present.

A correlation also arises with the mean age of stars and this trend is more ev-

ident in the colour gradient plot of Fig. 7.5. This figure displays the distribution

of various parameters across the SFMS. The top left panel shows the mean age of

stars associated with a given SFR- M∗ measurement. Clearly regions with a higher

mean age lie above the main sequence, decreasing in age as SFR measurements drop

below SFMS fit. This arises naturally as higher star formation rates will increase the

presence of younger stars in a given population. Similar distributions of the HI mass,

circular velocity, and metallicity are also seen in Fig. 7.5. Metallicity appears to be

distributed along the SFMS, rather than perpendicularly. Metallicity is not measured
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observationally in this study, however Magdis et al. (2016) found strong correlation

with their measure of metallicity (via oxygen abundance). Obreja et al. (2014) claim

that this correlation arises from the connection with stellar mass, while metallicity

and SFR do not correlate closely to each other. Trends associated with metallicity

will be further discussed in the next section.

7.3.1 The radial dependence in NIHAO

In Chapter 5.3.3, we uncovered three unique patterns of individual galaxies as their

radial SFR and M∗ values were plotted on the local SFMS. These galactic behaviours

were classified into type A, B, and C galaxy groups (Fig. 5.7). Type A galaxies display

an initial rise in SFR at a relatively constant M∗. Their radial tracks then decrease in

M∗ and SFR in lock-step with the SFMS. The type B galaxies display no initial rise

in SFR, beginning with high values of both M∗ and SFR, dropping in lock-step with

the SFMS from the center out. Type C galaxies are found below log( M∗/ M�)∼8.5,

lacking any structure and showing stochasticity.

In the same way, radial measurements of SFR and M∗ within individual NIHAO

galaxies were also plotted on the SFMS. The previously observed behaviours did not

immediately emerge as prominently with the SFR and M∗ values. Though as the

ΣSFR and ΣM∗ measurements were plotted instead, the patterns were again distin-

guishable among NIHAO galaxies. Such tracks for NIHAO galaxies are displayed in

Fig. 7.6, emulating Fig. 5.7. Each galaxy is plotted in a unique colour, with the cen-

tral point denoted by a star. Note that since these plots are now ΣSFR vs. ΣM∗ , the

tracks are slightly stretched out. In particular for the type A galaxies, rather than

a sharp rise in SFR with constant M∗ we now see a short rise or plateau in ΣSFR
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A B

C

Figure 7.6: Tracks of individual NIHAO galaxies within the SFMS, by distinct colours.
The star point type indicates the central measurement, and the dots rep-
resent the radial values leading out from the center. The top two and
bottom left panels highlight the general characteristic behaviour of cho-
sen galaxies across the SFMS; the bottom right panel presents an ideal-
ization of these trends. We have categorized galaxies into three distinct
SFMS tracks: Type A (blue); Type B (orange); Type C (green). Distinct
features are discussed in the text.
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with decreasing ΣM∗ . Interestingly, these type A galaxies are also in a lower ΣM∗

regime than the type B’s, though observationally the two types roughly overlap each

other. Unfortunately, the type A behaviour does not match the evolution of global

SFR and stellar mass measurements seen in Matthee and Schaye (2018) as well as

observations. This disparity between resolved trends in observations and simulations

may indicate that the internal mechanisms regulating star formation and evolution

in theoretical/numerical models need finer tuning.

In the SFR vs M∗ regime, a critical scale at log( M∗/ M�)∼8.5 was found to

separate a transitional point above which individual galaxies track linearly along the

SFMS fit, and below which galaxies display increasingly stochastic behaviour, no

longer tracing the SFMS fit. This critical scale translates in density space to roughly

log(ΣM∗/M� kpc−2)∼7.5. Again, type C galaxies and increased stochasticity are

found for all galaxy types below this threshold.

However, the clear vertical offset between individual galaxy tracks in observations

above this scale is no longer as distinct in simulations; the previously minimal scatter

about the SFMS by individual A and B galaxies has now increased. This is clear

in the top two panels of Fig. 7.6. This may suggest that the global influence on the

scatter of the observational SFMS above this scale is not as dominant in simulations

and an equal combination of global and local factors produce the scatter in all stellar

mass environments. This may also arise from the limited NIHAO sample size, as

there were several observational galaxies with such behaviour, and perhaps with more

simulations, these will be minimized.

Of the previously examined galactic parameters (see Fig. 7.5), only the metallicity

demonstrates distinction between these galaxy populations, and this is demonstrated
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by Fig. 7.7. In particular the type C galaxies, observed purely log(ΣM∗/M� kpc−2)∼7.5,

systematically have almost zero metallicity at all radial points. Though metallicity

here is defined as the ratio of mass in metals to mass in stars, this measurement

produces consistent results with the mass-metallicity relation in observational (and

simulation-based) studies, where metallicity is often measured through oxygen abun-

dances. This relation reveals that low stellar mass systems are consistent with lower

metallicity measurements, and conversely with high stellar mass systems (Cowie and

A B

C

Figure 7.7: Distribution of metallicity within the local SFMS of each galaxy group
types; A, B, and C.
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Barger 2008; Pérez-Montero et al. 2009; Mannucci et al. 2010; Obreja et al. 2014).

Clearly these type C galaxies are smaller systems, as evidenced by their location

on the SFMS plane and findings in Chapter 5.3.3. While in type A and B galaxies

metallicity varies with environment across the galaxy, for small type C systems, the

metallicity is uniformly low throughout.
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Chapter 8

NIHAO radial profiles

We now examine the average radial profiles of NIHAO galaxies, similar to the observed

radial profiles in Chapter 6. Profiles are divided according to the galaxy classification

scheme with type A, B, C introduced in Chapter 5. In addition to seeking an un-

derstanding of the differences among these galaxy populations, we also ask whether

or not NIHAO produces properties similar to observations. We also compare with the

simulated radial profiles by Tacchella et al. (2016a) based on the VELA cosmological

simulations.

Figure 8.1 shows radial profiles of M∗, ΣM∗ , ΣMHI
, SFR, ΣM∗ , and sSFR, calcu-

lated by stacking profiles of galaxies in the same classification group (A, B, or C) and

scaled to units of the effective radius. The NIHAO sample is much smaller (58 galax-

ies) than the WISE and SINGG complementary data set (355 galaxies). Hence, these

radial profiles are not as statistically representative as the radial profiles in Fig. 6.1.

Nonetheless, they offer a coarse appreciation of the differences between simulations

and observations.

In Chapter 6 particular emphasis was placed on investigating whether signatures

of quenching not only exist, but could perhaps disentangle the type A and B galaxy
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Figure 8.1: Stacked radial profiles of M∗, ΣM∗ , ΣMHI
, SFR, ΣSFR and sSFR for NIHAO

galaxies classified in the Type A, B, C galaxy groups. SFR’s are measured
over the last 100 Myr.
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populations. We determined that inside-out quenching signatures exist in the type A

populations, particularly with sSFR values at the center that propose the beginning

transition into the ‘green-valley’ of the SFMS. This quenching signature, however, did

not arise from depressed SFRs (as the SFR radial behaviour was identical to the type

B’s), but was in fact produced by a build up in stellar mass at the center. Interestingly,

among NIHAO galaxies, the type A galaxies have consistently lower M∗ across the

galaxy, and distinctly lower SFRs compared to the type B’s (see top two panels of

Fig. 8.1). These profiles differ greatly from the observed radial profiles, not only in

behaviour, but also in magnitude. The SFR values in the NIHAO type B population

reach a full magnitude higher than seen in observational profiles. Though the radial

M∗ profile for the type B’s are consistent between simulations and observations, for

the type A’s and C’s, the stellar masses are at least a magnitude lower across the

galaxy, reaching local measurements as low as log[ M∗/M�] ∼ 7. Clearly, despite

displaying similar behaviour across the SFMS, the type A galaxies in simulations

are distinctly different from those in observations and likely have different internal

mechanisms dictating the SFR and M∗ radial profiles.

The sSFR profiles from simulations are also strikingly different than those from

observations. The inside-out quenching feature previously seen in type A galaxies

is no longer present, and central sSFR values have collectively increased among all

types. A scale of log[sSFR/Gyr−1]∼ −2 separates normal star forming (above) and

quenched (below) populations (Tacchella et al. 2016a; Medling et al. 2018). The

center regions of NIHAO galaxies are well above this threshold; quenching signaures

are only present near the galaxy’s outskirts - reaching well below levels previously seen

in Fig. 6.1. Outside-in quenching seems unlikely for this population of NIHAO galaxies
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as they are isolated and relatively higher mass galaxies, more likely to display inside-

out quenching (Kimm et al. 2009; Pérez et al. 2013; Schaefer et al. 2017; Medling

et al. 2018).

The simulated density profiles also indicate more striking differences between the

populations than in observations. While in observations, all three types stacked

almost directly on top of each other for both ΣM∗ and ΣSFR, there is a magnitude

order separation between each of these types in simulations. These separations are

seen also in the pure M∗ and SFR profiles. This lack of normalization effect in density

profiles suggests that in NIHAO galaxies all three galaxy populations have comparable

sizes.

The ΣMHI
profile is unique to the simulations, since we do not have access to

observed resolved HI maps in this study. The ΣMHI
values cover roughly the same

range of values as the ΣMgas profile simulated by Tacchella et al. (2016a). Alhough it

is not implicit that HI and the general gas mass should trace each other, both of these

contribute to star formation and may be indicative of a fuel reservoir. We can also

make a connection to the W1−W2 radial profiles in Fig. 6.1, where higher W1−W2

values indicated a larger presence of dust, and therefore a potentially larger SF fuel

reservoir. In the same way it was found that type A’s had slightly lower W1 −W2

values compared to type B’s, so we also see lower HI mass densities in the simulated

type A’s. This indicates that in type A galaxies in both observations and simulations

have a relatively depleted SF fuel reservoir compared to their type B counterparts.

Surprisingly, the type A simulated galaxies seem to suggest outside-in quenching

via not only their suppressed sSFR values, but also the steep drop in ΣMHI
and ΣSFR
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profiles, in their outskirts. This is contrary to observations, where the type A popu-

lation demonstrated a potential signature for the beginning of inside-out quenching.

These profiles show reasonable consistency in magnitude with the radial profiles

simulated by Tacchella et al. (2016a). The type C population reaches slightly lower

values of both ΣM∗ and ΣSFR, though this may arise from our 500 pc binning, com-

pared to their 1 kpc binning. While these simulations appear to be consistent with

each other, there still remains discrepancies with observations. In particular the type

A galaxies are likely not present in the NIHAO sample, and the radial profiles of both

stellar mass and star formation rates are significantly different. This may suggest that

the prescription for star formation and for the distribution of stellar mass in NIHAO

simulations (and possibly others) must be altered to properly reproduce observed

radial profiles of these measurements.
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Chapter 9

Conclusions

The summary of observational results reported in this chapter is included in the

submitted paper for publication. References to the NIHAO simulations, however, have

been added to the discussion for this thesis.

9.1 Summary

We have presented a study of the local and global SFMS and established their com-

parable behaviours. Using our preferred M∗ and SFR conversions, we find the fit

parameters for the relation log (SFR) = a log ( M∗) + b to be a = 1.03, b = −10.63,

and σ = 0.30, for the observed spatially-resolved SFMS (see Table 5.1).

While our study of the SFMS can exploit radial binning scales down to about

50 pc, we have determined the ideal resolution scale to be 500 pc in order to properly

capture the underlying physics in our applied transformations.

Our study of the local SFMS uncovered three populations characterized by their

radial tracks across the SFMS (Fig. 5.7). These classes, informally referred to as type

A, B, and C galaxies, exhibit the following distinct features:
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· Type A galaxies show a sharp rise in SFR at a relatively constant M∗ in their

inner regions, then decline with decreasing M∗ and SFR values along the SFMS

slope;

· Type B galaxies show no sharp rise in SFR at the center, but parallel the SFMS

at all radial points also, with finely-tuned decreasing M∗ and SFR values;

· Type C galaxies, for which all local log( M∗/ M�)<8.5, show no correlation with

SFMS within a galaxy. M∗ and SFR measurements are also more sporadic.

Signatures of inside-out quenching are seen in type A galaxies. These do not

appear to arise from suppressed SFR, but rather a large build up of stellar mass

at the center. The latter is likely encouraged by a combination of 1) galaxies being

older, and therefore having a longer SFH, 2) galaxies having accreted more mass from

external sources to fuel continual SF, and/or 3) the presence of a bar feeding fuel for

SF towards the center. These galaxies may be at a transitionally quenched phase,

and as they exhaust their SF fuel, slide into the ‘green valley’ range of the SFMS, as

suggested by Belfiore et al. (2018).

The scatter in the local SFMS appears to be driven by different mechanisms above

and below a critical stellar mass of log( M∗/ M�)∼8.5, yet the same scatter amplitude

persists at all stellar mass ranges (in the log-log space of the SFMS). Above local

measurements of log( M∗/ M�)∼8.5, type A+B galaxies slide along the SFMS slope,

but are vertically offset from each other. The scatter in this stellar mass regime

is likely dominated by systematic differences in galaxies and their varying global

environments. Below local measurements of log( M∗/ M�)∼8.5, type C galaxies and

even the tails of the type A+B galaxies no longer follow the SFMS, but measurements
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are more sporadic. Scatter is likely dominated by stochastic sampling of SF behaviour

and environments at such small stellar masses.

The SFMS residual analysis (see also Dutton et al. 2007; Brennan et al. 2017)

does not reveal a noticeable correlation with any single structural parameter. In

particular, morphology does not appear to affect the scatter of the global or local

SFMS, as suggested by other studies (González Delgado et al. 2016, 2017; López

Fernández et al. 2018).

A congruent analysis of the spatially-resolved SFMS from simulations was pre-

formed, exploiting measurements from the NIHAO project. The a, b, and σ fit param-

eters to the SFMS were in general agreement with observations on both local and

global scales, within the associated uncertainties. Though the simulated SFMS was

systematically seen to be vertically shifted to higher values. The spatially-resolved

values for measurements over the past 15 and 100 Myr are: a = 1.10 and 1.28,

b = −10.78 and −12.12, and σ = 0.48 and 0.39, respectively (see Table 7.1).

The three unique radial tracks across the SFMS found in observations are not

as prevalent in NIHAO simulations. The patterns are discernible when plotted by

density (ΣSFR vs. ΣM∗), and the critical scale dividing the stochastic and vertically

offset behaviours translates to log(ΣM∗/M� kpc−2)∼7.5. While the general tracks

can be uncovered, observations and simulations do not reveal consistent classes of

structural behaviour within the spatially-resolved SFMS and radial profiles. Insight

on quenching mechanisms was not enabled by this suite of simulation measurements

and examination of radial profiles. The type C population may be distinguishable

via the global metallicity estimate, consistent with the mass-metallicity relation. The

HI mass appears to play a more dominant role in the SFMS scatter at a local scale
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rather than globally.

While the SFMS correlations that emerge from observations and simulations,

respectively, match rather well, close examination of the SFMS dependencies on

spatially-resolved scales reveal possible shortcomings in the numerical simulations.

These may be related to inconsistencies in the star formation prescriptions inher-

ent to the NIHAO models, which ultimately translate into inadequate SFMS scatter

signatures on small scales.

9.2 Future work

Future work to expand on this investigation includes better quantifiable classification

of the source of these three uncovered tracks (types A, B, and C). One such avenue

of examination entails improved bulge-to-disk decompositions to uncover the Sérsic

index of the bulge. The presence of a pseudo bugle (Sérsic index of 2) suggests the past

buckling of a bar in the given galaxy; this may either confirm or deny the postulation

that type A’s have (or rather had) a bar to more efficiently funnel star formation

fuel to the center of the galaxy, hence ultimately leading to the build up of stellar

mass. In contrast, a classical bulge (Sérsic index of 4) may indicate a past merger,

which could have been the source of increased stellar mass and/or star formation

fuel. Indeed, these bulge profiles may highlight differences between the history of

these populations and provide a quantitative distinction between type A’s and B’s.

A more empirical approach includes examining the images of these galaxy in the

SINGG and WISE bands for circumnuclear rings, which could have acted as barriers

for gas inflow, impacting star formation activity.
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Additionally, future work must entail an expansion of the outlined analysis through-

out this thesis onto various other datasets, such as the observational CALIFA, MaNGA,

or GAMA. This comparison is critical to determine whether these three types arise

ubiquitously among galaxy populations, only in star forming galaxies, or is simply

arising from selection bias. We postulate that these type distinctions will be uncov-

ered predominantly in star-forming galaxies.

This thesis may also act as a motivation and template for improvements in simula-

tions. Specifically, the stellar mass and star formation rate distributions as a function

of effective radii greatly differ from observations, particularly by large offsets in mag-

nitude of measurements. A potentially shortcoming of these radial profiles may be

in the limited resolution of the disk. While 500 pc resolution may suffice in outward

radial measurements, this can be a restricting resolution for interactions vertically

in the disk; which are often within kiloparsec scales. Once the radial profiles have

been improved to better match observations, an appropriate comparison between the

galaxy types of observations and simulations will be warranted.



BIBLIOGRAPHY 87

Bibliography

Abdurro’uf and Akiyama, M. (2017). Understanding the scatter in the spatially

resolved star formation main sequence of local massive spiral galaxies. MNRAS,

469:2806–2820.

Abdurro’uf and Akiyama, M. (2018). Evolution of spatially resolved star formation

main sequence and surface density profiles in massive disc galaxies at 0 . z . 1:

inside-out stellar mass buildup and quenching. ArXiv e-prints.

Albareti, F. D., Allende Prieto, C., Almeida, A., Anders, F., Anderson, S., Andrews,

B. H., Aragón-Salamanca, A., Argudo-Fernández, M., Armengaud, E., Aubourg,

E., and et al. (2017). The 13th Data Release of the Sloan Digital Sky Survey: First

Spectroscopic Data from the SDSS-IV Survey Mapping Nearby Galaxies at Apache

Point Observatory. ApJS, 233:25.

Belfiore, F., Maiolino, R., Bundy, K., Masters, K., Bershady, M., Oyarzún, G. A.,

Lin, L., Cano-Diaz, M., Wake, D., Spindler, A., Thomas, D., Brownstein, J. R.,

Drory, N., and Yan, R. (2018). SDSS IV MaNGA - sSFR profiles and the slow

quenching of discs in green valley galaxies. MNRAS, 477:3014–3029.

Beygu, B., Kreckel, K., van der Hulst, J. M., Jarrett, T. H., Peletier, R., van de

Weygaert, R., van Gorkom, J. H., and Aragon-Calvo, M. A. (2016). The void



BIBLIOGRAPHY 88

galaxy survey: Star formation properties. MNRAS, 458:394–409.

Boquien, M., Calzetti, D., Aalto, S., Boselli, A., Braine, J., Buat, V., Combes, F., Is-

rael, F., Kramer, C., Lord, S., Relaño, M., Rosolowsky, E., Stacey, G., Tabatabaei,

F., van der Tak, F., van der Werf, P., Verley, S., and Xilouris, M. (2015). Measuring

star formation with resolved observations: the test case of M 33. A&A, 578:A8.

Brennan, R., Pandya, V., Somerville, R. S., Barro, G., Bluck, A. F. L., Taylor, E. N.,

Wuyts, S., Bell, E. F., Dekel, A., Faber, S., Ferguson, H. C., Koekemoer, A. M.,

Kurczynski, P., McIntosh, D. H., Newman, J. A., and Primack, J. (2017). The

relationship between star formation activity and galaxy structural properties in

CANDELS and a semi-analytic model. MNRAS, 465:619–640.

Brown, M. J. I., Jarrett, T. H., and Cluver, M. E. (2014). Recalibrating the Wide-field

Infrared Survey Explorer (WISE) W4 Filter. PASA, 31:HASH.
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Fernández, R., Vale Asari, N., Cortijo-Ferrero, C., de Amorim, A. L., Lacerda,

E. A. D., Sánchez, S. F., Lehnert, M. D., and Walcher, C. J. (2017). Spatially-

resolved star formation histories of CALIFA galaxies. Implications for galaxy for-

mation. A&A, 607:A128.

Gu, M., Conroy, C., and Behroozi, P. (2016). Hierarchical Galaxy Growth and Scatter

in the Stellar Mass-Halo Mass Relation. ApJ, 833:2.

Guo, K., Zheng, X. Z., and Fu, H. (2013). The Intrinsic Scatter along the Main

Sequence of Star-forming Galaxies at z ˜ 0.7. ApJ, 778:23.

Hanish, D. J., Meurer, G. R., Ferguson, H. C., Zwaan, M. A., Heckman, T. M.,

Staveley-Smith, L., Bland-Hawthorn, J., Kilborn, V. A., Koribalski, B. S., Putman,

M. E., Ryan-Weber, E. V., Oey, M. S., Kennicutt, Jr., R. C., Knezek, P. M., Meyer,



BIBLIOGRAPHY 93

M. J., Smith, R. C., Webster, R. L., Dopita, M. A., Doyle, M. T., Drinkwater,

M. J., Freeman, K. C., and Werk, J. K. (2006). The Survey for Ionization in

Neutral Gas Galaxies. II. The Star Formation Rate Density of the Local Universe.

ApJ, 649:150–162.

Harris, J. and Zaritsky, D. (2009). The Star Formation History of the Large Magel-

lanic Cloud. AJ, 138:1243–1260.

Hemmati, S., Miller, S. H., Mobasher, B., Nayyeri, H., Ferguson, H. C., Guo, Y.,

Koekemoer, A. M., Koo, D. C., and Papovich, C. (2014). Kiloparsec-scale Proper-

ties of Emission-line Galaxies. ApJ, 797:108.

Jarrett, T. H., Cluver, M. E., Magoulas, C., Bilicki, M., Alpaslan, M., Bland-

Hawthorn, J., Brough, S., Brown, M. J. I., Croom, S., Driver, S., Holwerda, B. W.,

Hopkins, A. M., Loveday, J., Norberg, P., Peacock, J. A., Popescu, C. C., Sadler,

E. M., Taylor, E. N., Tuffs, R. J., and Wang, L. (2017). Galaxy and Mass Assembly

(GAMA): Exploring the WISE Web in G12. ApJ, 836:182.

Jarrett, T. H., Cohen, M., Masci, F., Wright, E., Stern, D., Benford, D., Blain, A.,

Carey, S., Cutri, R. M., Eisenhardt, P., Lonsdale, C., Mainzer, A., Marsh, K.,

Padgett, D., Petty, S., Ressler, M., Skrutskie, M., Stanford, S., Surace, J., Tsai,

C. W., Wheelock, S., and Yan, D. L. (2011). The Spitzer-WISE Survey of the

Ecliptic Poles. ApJ, 735:112.

Jarrett, T. H., Masci, F., Tsai, C. W., Petty, S., Cluver, M., Assef, R. J., Benford,

D., Blain, A., Bridge, C., Donoso, E., Eisenhardt, P., Fowler, J., Koribalski, B.,

Lake, S., Neill, J. D., Seibert, M., Sheth, K., Stanford, S., and Wright, E. (2012).

Constructing a WISE High Resolution Galaxy Atlas. AJ, 144:68.



BIBLIOGRAPHY 94

Jarrett, T. H., Masci, F., Tsai, C. W., Petty, S., Cluver, M. E., Assef, R. J., Benford,

D., Blain, A., Bridge, C., Donoso, E., Eisenhardt, P., Koribalski, B., Lake, S.,

Neill, J. D., Seibert, M., Sheth, K., Stanford, S., and Wright, E. (2013). Extending

the Nearby Galaxy Heritage with WISE: First Results from the WISE Enhanced

Resolution Galaxy Atlas. AJ, 145:6.

Kelson, D. D., Benson, A. J., and Abramson, L. E. (2016). On the Origin and

Evolution of the Galaxy Stellar Mass Function. ArXiv e-prints.

Kennicutt, Jr., R. C. (1983). The rate of star formation in normal disk galaxies. ApJ,

272:54–67.

Kennicutt, Jr., R. C. (1998a). Star Formation in Galaxies Along the Hubble Sequence.

ARA&A, 36:189–232.

Kennicutt, Jr., R. C. (1998b). The Global Schmidt Law in Star-forming Galaxies.

ApJ, 498:541–552.

Kettlety, T., Hesling, J., Phillipps, S., Bremer, M. N., Cluver, M. E., Taylor, E. N.,

Bland-Hawthorn, J., Brough, S., De Propris, R., Driver, S. P., Holwerda, B. W.,

Kelvin, L. S., Sutherland, W., and Wright, A. H. (2018). Galaxy and mass assem-

bly (GAMA): the consistency of GAMA and WISE derived mass-to-light ratios.

MNRAS, 473:776–783.

Khoperskov, S. A. and Vasiliev, E. O. (2017). A Kennicutt-Schmidt relation at

molecular cloud scales and beyond. MNRAS, 468:920–926.



BIBLIOGRAPHY 95

Kimm, T., Somerville, R. S., Yi, S. K., van den Bosch, F. C., Salim, S., Fontanot, F.,

Monaco, P., Mo, H., Pasquali, A., Rich, R. M., and Yang, X. (2009). The correla-

tion of star formation quenching with internal galaxy properties and environment.

MNRAS, 394:1131–1147.

Kravtsov, A. V. (2003). On the Origin of the Global Schmidt Law of Star Formation.

ApJ, 590:L1–L4.

Kruijssen, J. M. D. and Longmore, S. N. (2014). An uncertainty principle for star

formation - I. Why galactic star formation relations break down below a certain

spatial scale. MNRAS, 439:3239–3252.

Kurczynski, P., Gawiser, E., Acquaviva, V., Bell, E. F., Dekel, A., de Mello, D. F.,

Ferguson, H. C., Gardner, J. P., Grogin, N. A., Guo, Y., Hopkins, P. F., Koekemoer,

A. M., Koo, D. C., Lee, S.-K., Mobasher, B., Primack, J. R., Rafelski, M., Soto,

E., and Teplitz, H. I. (2016). Evolution of Intrinsic Scatter in the SFR-Stellar Mass

Correlation at 0.5 < z < 3. ApJ, 820:L1.

Lagos, C. d. P., Theuns, T., Schaye, J., Furlong, M., Bower, R. G., Schaller, M.,

Crain, R. A., Trayford, J. W., and Matthee, J. (2016). The Fundamental Plane

of star formation in galaxies revealed by the EAGLE hydrodynamical simulations.

MNRAS, 459:2632–2650.

Lee, J. C., Hwang, H. S., and Ko, J. (2013). The Calibration of Star Formation Rate

Indicators for WISE 22 µm-Selected Galaxies in the Sloan Digital Sky Survey. ApJ,

774:62.



BIBLIOGRAPHY 96

Lee, N., Sanders, D. B., Casey, C. M., Toft, S., Scoville, N. Z., Hung, C.-L., Le Floc’h,

E., Ilbert, O., Zahid, H. J., Aussel, H., Capak, P., Kartaltepe, J. S., Kewley, L. J.,

Li, Y., Schawinski, K., Sheth, K., and Xiao, Q. (2015). A Turnover in the Galaxy

Main Sequence of Star Formation at M ∗ ∼ 1010 M ? for Redshifts z < 1.3. ApJ,

801:80.

Lelli, F., McGaugh, S. S., and Schombert, J. M. (2016). The Small Scatter of the

Baryonic Tully-Fisher Relation. ApJ, 816:L14.

Liu, F. S., Jia, M., Yesuf, H. M., Faber, S. M., Koo, D. C., Guo, Y., Bell, E. F.,

Jiang, D., Wang, W., Koekemoer, A. M., Zheng, X., Fang, J. J., Barro, G.,
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Fernandes, R., Schoenell, W., Sánchez, S. F., Gallazzi, A., Sánchez-Blázquez, P.,

Vale Asari, N., and Walcher, C. J. (2018). The cosmic evolution of the spatially-

resolved star formation rate and stellar mass of the CALIFA survey. ArXiv e-prints.

Magdis, G. E., Bureau, M., Stott, J. P., Tiley, A., Swinbank, A. M., Bower, R.,

Bunker, A. J., Jarvis, M., Johnson, H., and Sharples, R. (2016). KROSS: mapping

the Hα emission across the star formation sequence at z ≈ 1. MNRAS, 456:4533–

4541.

Mannucci, F., Cresci, G., Maiolino, R., Marconi, A., and Gnerucci, A. (2010). A

fundamental relation between mass, star formation rate and metallicity in local

and high-redshift galaxies. MNRAS, 408:2115–2127.



BIBLIOGRAPHY 97

Maragkoudakis, A., Zezas, A., Ashby, M. L. N., and Willner, S. P. (2017). The

sub-galactic and nuclear main sequences for local star-forming galaxies. MNRAS,

466:1192–1204.

Matthee, J. and Schaye, J. (2018). The origin of scatter in the star formation rate -

stellar mass relation. ArXiv e-prints.

McGaugh, S. S. and Schombert, J. M. (2015). Weighing Galaxy Disks With the

Baryonic Tully-Fisher Relation. ApJ, 802:18.

Medling, A. M., Cortese, L., Croom, S. M., Green, A. W., Groves, B., Hampton, E.,

Ho, I.-T., Davies, L. J. M., Kewley, L. J., Moffett, A. J., Schaefer, A. L., Taylor, E.,

Zafar, T., Bekki, K., Bland-Hawthorn, J., Bloom, J. V., Brough, S., Bryant, J. J.,

Catinella, B., Cecil, G., Colless, M., Couch, W. J., Drinkwater, M. J., Driver, S. P.,

Federrath, C., Foster, C., Goldstein, G., Goodwin, M., Hopkins, A., Lawrence, J. S.,

Leslie, S. K., Lewis, G. F., Lorente, N. P. F., Owers, M. S., McDermid, R., Richards,

S. N., Sharp, R., Scott, N., Sweet, S. M., Taranu, D. S., Tescari, E., Tonini, C., van

de Sande, J., Walcher, C. J., and Wright, A. (2018). The SAMI Galaxy Survey:

Spatially Resolving the Main Sequence of Star Formation. MNRAS.

Meidt, S. E., Schinnerer, E., van de Ven, G., Zaritsky, D., Peletier, R., Knapen,

J. H., Sheth, K., Regan, M., Querejeta, M., Muñoz-Mateos, J.-C., Kim, T., Hinz,
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Appendix A

Recasting the M∗ transformation

As discussed in Chapter 3.1, the stellar mass transformation by E12 (eq. 3.2) uses a

different form from the C14 and M14 transformations. We recast this transformation

into the language of the other two forms, as given by eq. 3.3. Here we outline the

procedure to recast the transformation.

First we rearrange the original formula to accommodate distances in pc (no longer

Mpc):

M∗Eskew = 105.65 F 2.85
W1 (Jy) F−1.85

W2 (Jy)

[
D(Mpc)

0.05

]2

(A.1)

= 105.65 F 2.85
W1 (Jy) F−1.85

W2 (Jy)

[
20× D(pc)

106(pc/Mpc)

]2

(A.2)

= 10−3.75 F 2.85
W1 (Jy) F−1.85

W2 (Jy) D2(pc) (A.3)

Next, in order to convert the fluxes in Jy to magnitudes, we utilize the “Zero Point

Magnitudes” (Fν(iso)) reported by Jarrett et al. (2017) (greater details are provided

by Jarrett et al. 2011); given a flux density in Jy (Sν), the magnitude is determined

by mν = −2.5 × log10[Sν/Fν(iso)]. For the W 1 and W 2 bands; FW1(iso) = 309.68



109

Jy and FW2(iso) = 170.66 Jy, which results in:

M∗Eskew = 10−3.75 (309.68× 10−0.4 mW1)2.85 (170.66× 10−0.4 mW2)−1.85 D2(pc) (A.4)

= 10−3.75 309.682.85 170.66−1.8510−1.14 mW1 100.74 mW2 D2(pc) (A.5)

log(M∗Eskew) = −0.79− 1.14mW1 + 0.74mW2 + 2 log(D(pc)) (A.6)

In order to extract the mass-to-light ratio, we must pull log(L�,W1) from the right

hand side of the above equation. We know that log(L�,W1) = 0.4M�,W1 − 0.4M =

0.4M�,W1 − 0.4mW1 + 2 log(D(pc))− 2 (Randriamampandry and Carignan 2014 and

Jarrett et al. 2013 report the value M�,W1 = 3.24). Therefore we can write the above

equation as:

log(M∗Eskew) = −0.79− 0.74mW1 − 0.4mW1 + 0.74mW2 + 2 log(D(pc)) (A.7)

− 2 + 2 + 0.4M�,W1 − 0.4M�,W1 (A.8)

log(M∗Eskew) = −0.79 + 2− 0.4M�,W1 − 0.74mW1 + 0.74mW2 (A.9)

+
(
0.4M�,W1 − 0.4mW1 + 2 log(D(pc))− 2

)
(A.10)

log(M∗Eskew) = −0.074− 0.74
(
mW1 −mW2

)
+ log(L�) (A.11)

log(M∗Eskew)− log(L�) = −0.074− 0.74
(
W1−W2

)
(A.12)

log(M∗Eskew/L�) = −0.074− 0.74
(
W1−W2

)
(A.13)

(A.14)

With the stellar mass equation in this form, we can directly compare each method,

as seen in Chapter 3.1.
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Appendix B

Subsidiary analysis of the SFMS

In the main analysis (Chapter 5), we have opted for a constant M∗/LW1 = 0.5 to

calculate stellar masses. However the global and local SFMS were also produced

with E12 and C14 stellar mass transformations for comparison, and the slope (a),

zero point (b), and scatter (σ) values from the corresponding SFMS linear fits are

reported here in Table B.1. These values can be compared to those examined in the

analysis in Table 5.1. Comparing the various a, b, and σ values, we find that the

choice of M∗ transformation does not significantly impact the SFMS fit.
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Table B.1:
Subsidiary Star Formation Main Sequence Fit Parameters

M∗ Transformation SFR Transformation Slope a Zero Point b Standard Deviation σ

Global (G): Eskew et al. 2012 Kennicutt 1998a 0.79 -8.43 0.31
Local (L): (Eq. 3.2) (Eq. 3.5) 1.04 -11.06 0.36

G: Cluver et al. 2017 W 3 1.13 -11.72 0.21
L: (Eq. 3.6) 1.22 -12.08 0.22
G: Cluver et al. 2017 W 4 1.01 -10.58 0.29
L: (Eq. 3.7) 1.23 -12.32 0.32
G: Calzetti et al. 2007 0.83 -8.96 0.30
L: (Eq. 3.8) 1.06 -11.09 0.29
G: Davies et al. 2016 0.79 -8.25 0.31
L: Hα, old 1.04 -10.88 0.36
G: Davies et al. 2016 0.45 -4.43 0.21
L: Hα, new 0.47 -4.88 0.25
G: Davies et al. 2016 0.83 -9.00 0.18
L: W 3, new 0.85 -8.92 0.19
G: Davies et al. 2016 0.51 -5.39 0.19
L: W 4, new 0.48 -5.08 0.21

G: Cluver et al. 2014 Kennicutt 1998a 0.78 -8.21 0.35
L: (Eq. 3.1) (Eq. 3.5) 1.04 -10.79 0.39
G: Cluver et al. 2017 W 3 1.14 -11.60 0.27
L: (Eq. 3.6) 1.23 -11.93 0.27
G: Cluver et al. 2017 W 4 1.01 -10.37 0.34
L: (Eq. 3.7) 1.24 -12.21 0.36
G: Calzetti et al. 2007 0.83 -8.74 0.34
L: (Eq. 3.8) 1.06 -10.84 0.33
G: Davies et al. 2016 0.78 -8.03 0.35
L: Hα, old 1.04 -10.60 0.39
G: Davies et al. 2016 0.44 -4.26 0.23
L: Hα, new 0.44 -4.53 0.27
G: Davies et al. 2016 0.83 -8.85 0.23
L: W 3, new 0.84 -8.58 0.23
G: Davies et al. 2016 0.50 -5.19 0.22
L: W 4, new 0.44 -4.57 0.24

Notes. Numerical values for the global and local SFMS fits for the alternative stellar mass
estimate methods; Eskew et al. (2012) and Cluver et al. (2014). Fits are applied to the relation
log (SFR) = a log ( M∗) + b
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Glossary

NIHAO Numerical Investigations of a Hundred Astrophysical Objects.

WISE Wide-field Infrared Survey Explorer .

W 1-W 2 The WISE 3.4µm − 4.6µm colour; i.e. the ratio of W 1 and W 2 fluxes or

the difference of their magnitudes.

AGN Active galactic nucleus.

CALIFA Calar Alto Legacy Integral Field Area Survey.

CMLR Colour to mass-to-light ratio relation.

concentration index The concentration of light across the galaxy; related by the

ratio of radii within which 75% vs. 25% of the light is contained..

GAMA Galaxy and Mass Assembly.

M∗ Stellar Mass; generally expressed in units of solar mass (M�).

M∗/L Stellar mass-to-light ratio.

MaNGA Mapping Nearby Galaxies at APO.



Glossary 113

MIR Mid-infrared.

quenching The slowing down or complete cessation of star formation in a given

region or galaxy..

Reff Effective radius; the radius at which half the light of the galaxy is contained

within. Generally expressed for a given band..

SBeff Effective surface brightness; the surface brightness at the half the light radius

(effective radius). Generally expressed for a given band..

SED Spectral energy distribution.

SF Star Formation.

SFMS Star Formation Main Sequence; the relation between stellar mass (M∗) and

star formation rate (SFR).

SFR Star Formation Rate; generally expressed in units of solar masses per year (M�

yr−1).

SINGG Survey for Ionized Neutral Gas Galaxies.
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