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Abstract

Spectral energy distribution (SED) fitting is now a cornerstone of galaxy research, enabling the

recovery of properties across a wide range of galaxy configurations and redshifts. With the

advent of increasingly powerful facilities able to probe deeper into the Universe, and surveys

producing data on millions of galaxies, the need for fast and reliable SED fitting software is

growing. Many SED fitting programs are now available using different theoretical models to

build SEDs against which observations can be compared, and using different sampling tech-

niques to find the model that best fits the observations. Testing SED fitting is problematic,

results for local galaxies can be compared to results derived by other means, but higher redshifts

must be tested by comparing different fitters’ results or by testing against simulations where the

property values are known in advance. We have taken four cosmological zoom-in simulations

of dusty star-forming galaxies from the FIRE project and compared the results derived by the

fitters MAGPHYS and PROSPECTOR with the true values; we have also investigated possible bi-

ases in the results caused by the size of the true values, by the galaxy inclination, by the choice

of the star formation history (SFH) model used to create the templates, and by any offset be-

tween stellar emission and that from dust. This latter is of particular interest as many fitters

rely on an energy balance between the energy absorbed by dust and that emitted by dust in the

observer’s line-of-sight. Recent works have suggested that energy-balance SED fitting may be

of limited use for studying high-redshift galaxies for which the observed ultraviolet and far-

infrared emission are offset. It has been proposed that such offsets could lead energy-balance

codes to miscalculate the overall energetics, preventing them from recovering such galaxies’

true properties.

To investigate this, we test how well the SED fitting code MAGPHYS can recover the stellar

mass, star formation rate (SFR), specific SFR, dust mass and luminosity by fitting � 5900 syn-

thetic SEDs. Comparing our panchromatic results (using wavelengths 0.4–500 mm, and span-

ning 1 < z < 8) with fits based on either the starlight (leff � 2:2 mm) or dust (� 100 mm) alone,

we highlight the power of considering the full range of multi-wavelength data alongside an en-

ergy balance criterion. Overall, we obtain acceptable fits for 83 per cent of the synthetic SEDs,

though the success rate falls rapidly beyond z � 4, in part due to the sparser sampling of the

priors at earlier times since SFHs must be physically plausible (i.e. shorter than the age of the

Universe). We use the ground truth from the simulations to show that when the quality of fit is

acceptable, the fidelity of MAGPHYS estimates is independent of the degree of stellar and dust

emission offset, with performance very similar to that previously reported for local galaxies.

We then investigate how the recovery of galaxy star formation rates depends on their recent star

formation history. We use MAGPHYS and PROSPECTOR on the same simulations and identify

a previously unknown systematic error in the MAGPHYS results due to bursty star formation:



the derived SFRs can differ from the truth by as much as 1 dex, at large statistical signi�cance

(> 5s ), depending on the details of their recent SFH. SFRs inferred using PROSPECTORwith

nonparametric SFHs do not exhibit this trend. We show that using parametric SFHs (pSFHs)

causes SFR uncertainties to be underestimated by a factor of up to 5� . Although this undoubt-

edly contributes to the signi�cance of the systematic, it cannot explain the largest biases in the

SFRs of the starbursting galaxies, which could be caused by details of the stochastic prior sam-

pling or the burst implementation in the MAGPHYS libraries. We advise against using pSFHs

and urge careful consideration of starbursts when SED modelling galaxies where the SFR may

have changed signi�cantly over the last� 100 Myr, such as recently quenched galaxies or those

experiencing a burst. This concern is especially relevant, e.g., when �ttingJWSTobservations

of very high-redshift galaxies.

Finally, we re-run the PROSPECTORon the simulations using four different SFH models, �nding

that PROSPECTORcan achieve successful SED �ts at higher redshifts than MAGPHYS, with

an overall success rate in excess of 93 per cent. We �nd three main causes for unsuccessful

�ts: simulations with zero dust-mass at redshifts where this would be unlikely; galaxies with

atypically low stellar to dust mass ratios; PROSPECTORsigni�cantly underestimating the visual

attenuation. Where a �t has been successful, the derived properties are of similar accuracy to

those successfully �tted by MAGPHYS. We also �nd that neither the offset between the stellar

and dust emission, nor the galaxy inclination appear to bias the result in most cases. Contrary

to previous works, we �nd that the four SFH models - three nonparametric and one parametric

- produce similar results when averaged across all of our� 5900 simulations. However, we

note that the uncertainties are likely underestimated, particularly for the parametric model, and

that for individual galaxies, different SFH models can lead to signi�cantly different property

recoveries. We re-enforce this �nding by analysing the differences between each simulation

for each pair of SFH models, revealing mean biases of low statistical signi�cance, but with

signi�cant outliers indicating differing property recovery for different models.
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2.10 Using MAGPHYS to model panchromatic data gives better overall constraints
on galaxy properties than sampling only a subset of the available wavelengths.
Dlog(parameter) for each parameter of interest, averaged across all galaxies
for three different MAGPHYS runs: (i) including all available photometry, (ii)
stellar only - including only those bands that sample the starlight (0:4mm <
l eff < 2:2mm), and (iii) FIR only - including only the FIR data (100mm< l eff <
500mm), with each set of results colour-coded as in the legend. The error bars
on each data point represent the mean uncertainty for each MAGPHYS estimate,
based on using the 16th and 84th percentiles of the estimated PDFs. . . . . . . 76
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Chapter 1

Introduction

Despite originating from relatively simple components in the early Universe, galaxies exhibit a

broad range of morphologies, sizes, masses, luminosities, compositions, and spectra, re�ecting

the diverse processes that have shaped their evolution. Understanding these processes and the

resulting diversity remains a key focus of astrophysical research.

1.1 Formation and evolution of galaxies - the Big Bang to the present

day

To study the formation of galaxies and their subsequent evolution, it is necessary to �rst establish

a cosmological framework and then determine how this framework can lead to the creation of

luminous objects. TheL Cold Dark Matter model (LCDM) provides such a framework, setting

the initial conditions of the Universe such as the expansion rate, baryonic matter fractions, and

the properties of cold dark matter (CDM; see review by Bull et al., 2016).

According to theLCDM model, the Universe begins as a hot, super-dense point-like singularity

which starts to expand - the Big Bang. Then, between� 10� 36 and � 10� 32 seconds after

the initial expansion, it undergoes a period of exponential expansion, referred to as in�ation

(Guth, 1981), during which quantum �uctuations are stretched to macroscopic scales, seeding

the large-scale structure of the Universe (e.g. Turner, 1999).

Cimatti et al. (2020) describes the early stages of Universal evolution; when the in�ationary

period completes, the Universe continues to expand and cool, now composed of dark matter,

1
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radiation, and a plasma of electrons and protons. After approximately 400,000 years, the Uni-

verse has cooled suf�ciently for electrons and protons to combine, forming predominantly neu-

tral hydrogen, this recombination epoch marks a signi�cant transition as the Universe becomes

transparent, allowing cosmic microwave background (CMB) photons to travel freely without

frequent scattering by electrons.

Concurrently, dark matter begins to cluster in regions of over-density resulting from the initial

quantum �uctuations (e.g. Baumann, 2009). This process is thought to lead to the formation

of the “cosmic web”, a large-scale structure that serves as the scaffolding for the subsequent

formation of galaxies and the observable Universe (e.g. Cautun et al., 2014).

Baryonic matter, formed of� 75 per cent neutral hydrogen,� 25 per cent helium and traces

of lithium (e.g. Fields et al., 2014), falls into the gravitational wells (haloes) formed by dark

matter and begins to contract (e.g. Benson, 2010). As the gas compresses, gravity continues to

dominate over the increasing gas pressure and temperature, aided by the escape of photons that

cool the compressing gas (e.g. Cimatti et al., 2020). This process leads to the formation of the

�rst stars approximately 100 million years after the Big Bang (e.g. Larson and Bromm, 2001).

Over the following 100 million years, galaxies start to form within the larger dark matter halos,

evolving into disk-like structures where stars continue to form (e.g. Cimatti et al., 2020; Fall

and Efstathiou, 1980; Somerville and Davé, 2015). A timeline depicting this early history of the

Universe is presented in Figure 1.1.

The subsequent evolution of these early galaxies has been a topic of discussion with two main

competing theories - hierachical growth and monolithic collapse. The hierachical growth model

asserts that galaxies merge over time to form the mature systems observed today (White and

Rees, 1978). In contrast, the monolithic collapse model, also known as the ELS model after

Eggen et al. (1962), posits that galaxies formed early in the Universe through the rapid collapse

of gas clouds, creating massive galaxies in a single, intense period of star formation, and so

explaining the early formation of massive elliptical galaxies.

There is evidence supporting both of these theories. “Downsizing” refers to the observed trend

that more massive galaxies form stars earlier and at a faster rate than their lower-mass coun-

terparts (e.g. Cowie et al., 1996). As a result, massive galaxies experience quenching of star

formation relatively early in cosmic history, whereas smaller galaxies continue to evolve and

form stars over extended periods (e.g. Cattaneo et al., 2008). This phenomenon is consistent

with the monolithic collapse contention that massive galaxies form rapidly and then become
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quiescent. In contrast, within the framework of the hierarchical model, downsizing must be

explained through mechanisms such as internal feedback processes or external environmental

in�uences (e.g., Scannapieco et al., 2005).

The LCDM cosmological model favours the hierarchical, bottom-up scenario (e.g. Bell et al.,

2004; Gawiser, 2006) and this is now the predominant theory for the evolution of massive galax-

ies (e.g. White and Rees, 1978; Merri�eld et al., 2000; Kauffmann and Haehnelt, 2000). Evi-

dence in favour of the hierarchical model has come from several studies. Observations of the

CMB, particularly from missions such as the Wilkinson Microwave Anisotropy Probe (WMAP;

Bennett et al., 2003) and Planck (Planck Collaboration et al., 2011), show initial density �uc-

tuations that grow over time into the large-scale structures we see today (Spergel et al., 2003;

Planck Collaboration et al., 2016), an observation which �ts the predictions of the hierarchical

model. Additionally, studies of the metallicity gradients among early-type galaxies suggest a

more complex formation history than that which monolithic collapse can provide. They note

that while some galaxies exhibit gradients consistent with monolithic collapse, the overall dis-

tribution indicates that many galaxies likely formed through a hybrid scenario involving mergers

and accretion processes (e.g. Ogando et al., 2005). Similarly, Forbes et al. (2005) highlight that

the correlation between metallicity gradients and galaxy mass is more consistent with hierarchi-

cal formation models. Studies of the colour-magnitude diagrams (see Section 1.3) of elliptical

galaxies have revealed that, while some features align with monolithic collapse predictions, the

overall complexity of observed structures suggests that multiple formation pathways are at play

(e.g. Ikuta, 2007). Kaviraj et al. (2005) also examined the colour-magnitude relation of elliptical

galaxies, �nding that the presence of young stars in these systems is inconsistent with the mono-

lithic collapse model. This complexity is further emphasized by the work of Lintott et al. (2006),

who demonstrated that the evolution of massive elliptical galaxies is dominated by the merging

of smaller dark matter haloes, contradicting the simplistic view of monolithic collapse. Their

results suggest that these galaxies have undergone signi�cant merging events that introduced

younger stars into the population - see also Conselice (2003).

Together, these studies have shown that the hierarchical model is more consistent with observa-

tions than monolithic collapse.

Figure 1.2, taken from Cimatti et al. (2020), outlines the main components required to develop

theories of galaxy formation and evolution, alongside the observables available to validate these

theories.
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FIGURE 1.1: The history of the Universe according to theLCDM theory. The initial Big Bang
leads to an expansion and cooling of the baryonic matter which falls into the gravitational
wells created by dark matter to form the stars and galaxies we see today. Image fromhttps:

//science.nasa.gov/universe/overview

FIGURE 1.2: Important factors in the formation and evolution of galaxies. The left-hand col-
umn contains the cosmological theories necessary to provide the environment for galaxy for-
mation, the central column shows the processes that drive baryonic matter to form galaxies,
and the right-hand column shows the observables providing the evidence to support or refute

our theories. Image adapted from Cimatti et al. (2020).
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The continuing expansion of the Universe is central to theLCDM model. The initial evidence

for this came from Hubble (1929), though it remained contentious with rival theories (e.g. Ein-

stein, 1917; de Sitter, 1917; Hoyle, 1948) proposing static models. However, the development

of the Big Bang theory (�rst proposed by Lema�̂tre, 1927) and the discovery of the CMB (Pen-

zias and Wilson, 1965) provided the evidence needed to support an expanding Universe model.

Riess et al. (1998) and Perlmutter et al. (1999) have demonstrated that this expansion is now

accelerating after a period of decline; the nature of the “dark energy” that powers this expansion

remains an active topic of research.

The expansion of the Universe leads to the phenomenon of redshift whereby light from a distant

object is stretched and so received by an observer at a wavelength longer than that at which it

was emitted (see Gray and Dunning-Davies, 2008, for a review of the interpretation of redshift).

The value of the redshift of an object is calculated by:

z=
l o � l e

l e
=

l o

l e
� 1 (1.1)

Wherel o is the observed wavelength andl e is the wavelength at which the light was emitted,

the so-called rest wavelength typically derived by laboratory experiment. By determining the

redshift, it is possible to estimate the distance to an object, a necessary �rst step in determining

its luminosity. Redshifts are routinely used to calculate galaxy distances, and are frequently

used as proxies for both distance and the age of the Universe at the point of observation.

1.2 Observed morphology, spectroscopy and photometry - our pri-

mary tools

We can observe the emission from distant galaxies using a number of different observational

methods. Most simply, the shape and extent of a galaxy, its morphology, can be observed.

This was initially con�ned to the optical part of the spectrum, where visible light can reveal

structural features, such as spiral arms or elliptical shapes, and provide insights into star for-

mation and galaxy morphology (e.g. Cimatti et al., 2020). However, with the development of

advanced telescopes observing the morphology of galaxies at different wavelengths can now be

performed, including X-ray telescopes such as Chandra (Weisskopf, 2000) and XMM-Newton

(de Chambure et al., 1999), ultraviolet (UV) telescopes such as GALEX (Martin et al., 2005)

and the International Ultraviolet Explorer (IUE; Gondhalekar, 1981), infrared (IR) telescopes
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such as the James Webb Space Telescope (JWST; Gardner, 2009), the Spitzer telescope (Gehrz

et al., 2007) and the Herschel space telescope (Pilbratt, 2003), and radio wavelength telescopes

such as the Very Large Array (VLA; Selina et al., 2018), the Atacama Large Millimetre Array

(ALMA; Tarenghi, 2008) and the Low Frequency Array (LOFAR; van Haarlem et al., 2013).

The second observational method is spectroscopy which involves dispersing light from a galaxy

into its constituent wavelengths to create and measure a spectrum. This process enables the

identi�cation of speci�c spectral features, such as emission or absorption lines, which corre-

spond to transitions between energy levels in atoms or molecules (e.g. Pavia et al., 2012). Each

element or molecule has a spectral �ngerprint, enabling the determination a galaxy's chemical

composition by analyzing the presence and intensity of these features. In addition to composi-

tion, spectroscopy provides key information about the physical conditions within a galaxy, for

example, the width and shape of spectral lines can reveal the temperature, density, and velocity

of gas in different regions (e.g. Cimatti et al., 2020).

The �nal method is photometry which measures the �ux from a galaxy at different wavelengths.

Telescopes use different �lters to selectively capture �ux measurements at different wavelengths,

enabling the observation of a galaxy's light output in a broad range of wavelengths and providing

information about its stellar populations, dust content, and star formation rates (SFR) - see Sec-

tion 1.5. Photometric data are often presented as a Spectral Energy Distribution (SED), which

plots luminosity against wavelength, providing a visual representation of a galaxy's energy out-

put across the electromagnetic spectrum (e.g. Cimatti et al., 2020).

Spectroscopy is inherently more time-consuming than photometry, due to the need to extend ob-

serving time to compensate for the weakened signal caused by dispersing the incoming light and

so longer integration times are required to achieve a suf�cient signal-to-noise ratio (SNR) for

detailed analysis (e.g. Cimatti et al., 2020). Furthermore, spectroscopic datasets include multi-

dimensional data structures that require greater computational resources for storage, reduction,

and analysis (e.g. Burger and Gowen, 2011). For surveys employing multi-object spectroscopy

where the spectra of numerous objects are captured simultaneously, e.g. the Large Sky Area

Multi-Object Fibre Spectroscopic Telescope (LAMOST; Chu and Cui, 1996) and the William

Herschel Telescope Enhanced Area Velocity Explorer (WEAVE; Dalton et al., 2012), the com-

plexity escalates further. In these surveys, the extraction of individual spectra from multiple

slits or �bres introduces additional challenges, as it requires spatial separation of the objects'
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signals and precise corrections for any overlaps or background contamination (e.g. Shimono

et al., 2012; Guerra et al., 2016).

1.3 Classifying galaxies

Aristotle is often credited with the idea that “before you study something, you must classify

it” (Lennox, 2001), and efforts to classify galaxies can be traced back to at least 1802, when

William and Caroline Herschel proposed eight subcategories of nebulae (Herschel, 1802). In

1926, Edwin Hubble published a seminal classi�cation system based on optical morphology,

de�ning four categories of galaxies: ellipticals, spirals, barred spirals, and irregulars. This clas-

si�cation, often referred to as the Hubble sequence or the tuning fork diagram, is shown in

Figure 1.3 which is adapted from the original image from Hubble (1936). Subsequent categori-

sation schemes have been proposed by various astronomers, including De Vaucouleurs (1959),

Sandage (1961), and Sandage et al. (1975), all of which, like Hubble's system, are grounded

in optical morphology. In the local Universe, such classi�cations correlate well with speci�c

galactic properties. For example, elliptical galaxies typically contain old, red stars and exhibit

little or no star-forming activity, while spiral galaxies generally have old stars in their central

bulges but feature young stars and active star formation in their spiral arms (e.g. Cimatti et al.,

2020). However, to study the evolution of galaxies we must look back in time beyond the local

Universe and observe distant galaxies as they were in the past, here we cannot rely solely on

optical morphology for a number of reasons.

Firstly, the nature of galaxies changes over time (e.g. Conselice, 2014) with the familiar Hubble

sequence only emerging between redshifts 1< z< 2 (e.g. Kajisawa and Yamada, 2001). Sec-

ondly, many galaxies are not visible, or are only faintly visible, at optical wavelengths. The

Cosmic Background Explorer satellite (COBE; Kelsall et al., 1998), launched in 1989, revealed

that atz= 1:5 star formation rates were twice as high as those inferred from UV/optical obser-

vations alone (Dwek et al., 1998; Hauser et al., 1998). This discrepancy is due to stellar energy

being absorbed by dust within the interstellar medium (ISM), either in enshrouded galaxies or

dusty star-forming regions within observed galaxies (Dwek et al., 1998). Thirdly, at redshifts

greater than 1.5, optical wavelengths are shifted into the near-infrared (NIR). Systematic obser-

vation of these wavelengths only became feasible from 1979 when the United Kingdom Infrared



Chapter 1:Introduction 8

FIGURE 1.3: The Hubble classi�cation “tuning fork”. Elliptical galaxies, E0-E7, are shown
with increasing ellipticity up to S0 a lenticular galaxy displaying characteristics of both ellipti-
cals and spirals. Spiral galaxies are depicted Sa-Sc depending on the tightness of the spiral arms
and spirals with a central bar as SBa-SBc. Irregulars on the far right are those which do not �t
into the other categories. Image adapted from Hubble (1936) at http://www.physast.uga.edu.

Telescope (UKIRT) became operational1. Finally, a wealth of information is encoded in wave-

lengths outside the optical range: dust emits in the mid-infrared (MIR) and far-infrared (FIR),

new stars emit strongly in the UV, and some galaxies exhibit signi�cant radio emission from

active galactic nuclei (AGN), supernovae, and ionised atomic hydrogen (HII) regions (Jansky,

1933; Reber, 1944).

Given the limitations of optical morphology for classifying galaxies, alternative classi�cation

methods have been developed. One such method is the photometric colour-magnitude diagram

(CMD), which plots galaxy colour against absolute magnitude and can provide information

about galaxy types and star formation history (SFH) (e.g. Wyder et al., 2007). Figure 1.4 shows a

CMD from Papastergis et al. (2013) for a selection of galaxies from the Sloan Digital Sky Survey

(SDSS; York et al., 2000) used in the Arecibo Legacy Fast ALFA (ALFALFA) 21 cm survey

(Giovanelli et al., 2005), the diagram plots ther-band absolute magnitude against theg-i colour.

This plot illustrates the characteristic bi-modality in galaxy colour �rst identi�ed by Kauffmann

et al. (2003b) and later con�rmed by Bell et al. (2004) and Baldry et al. (2004). The region above

the red line is known as the red sequence, while the region below the blue line is referred to as the

blue cloud. The red sequence is predominantly populated by elliptical and lenticular galaxies,

1The earliest NIR sky survey was the Two Micron Sky Survey (TMSS), conducted in the late 1960s. However,
this was mainly focused on stars within the Milky Way (Neugebauer and Leighton, 1969).
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although some spiral, star-forming galaxies may also occupy this region, particularly those with

a substantial bulge or signi�cant dust extinction. In contrast, the blue cloud consists primarily

of star-forming galaxies (e.g. Cimatti et al., 2020). The area between the red sequence and the

blue cloud is termed the green valley, a more sparsely populated region occupied by galaxies in

transition between the two states. It is widely accepted that these galaxies are undergoing star

formation quenching2, moving from the star-forming blue cloud to the quiescent red sequence

(e.g. Martin, 2007; Walker et al., 2013; Salim, 2014; Phillipps et al., 2019). The relative scarcity

of galaxies in the green valley re�ects the short time spent in this transitional phase, typically

around 2 Gyr (e.g. Trayford et al., 2016). The precise positions of the red and blue lines de�ning

the two regions are determined empirically, as demonstrated in works such as Bell et al. (2004).

This diagram provides a diagnostic tool for distinguishing between star-forming and quiescent

galaxies when these galaxies are unresolved. By effectively separating galaxies based on their

star formation activity, it enables the investigation into the evolution of star formation rates

over cosmic time. For instance, Gilbank et al. (2008) used the CMD to demonstrate how the

distribution of red and blue galaxies changes with redshift, indicating that star-forming galaxies,

i.e. those in the blue section of the diagram, were more numerous at higher redshifts.

A second technique for galaxy classi�cation is the Baldwin, Phillips, and Terlevich (BPT) di-

agram �rst introduced by Baldwin et al. (1981). The BPT diagram employs spectroscopy to

measure the ratios between speci�c emission lines to differentiate between various ionization

sources, effectively separating star-forming galaxies from AGN. In star-forming galaxies, the

primary ionisation source is hot OB type stars which ionise hydrogen gas producing Ha and

Hb emission, but only weakly ionise other gases such as oxygen, nitrogen and sulphur; in

contrast, AGN produce harder radiation and higher ionisation states in these gases leading to

stronger emission lines (e.g. Draine, 2011). The most widely used BPT diagram plots the ratio of

[NII] l 6583	A/Ha against [OIII]l 5007	A/Hb (e.g. Śanchez et al., 2024). An example of this dia-

gram is illustrated in Figure 1.5, adapted from Trouille et al. (2011), where star-forming galaxies

are represented in blue, AGN in red, and composite galaxies in grey. The demarcation line sepa-

rating SF galaxies from composite galaxies is derived from Kauffmann et al. (2003a), while the

boundary distinguishing composite galaxies from AGN is based on Kewley et al. (2001). Other

2Quenching refers to the slowing or halting of star formation in galaxies, leading to a transition from star forming
to quiescent states. Quenching may be temporary, i.e. star formation will at some point restart, or permanent. It
can be driven by various mechanisms, including feedback from AGN, environmental in�uences such as ram pressure
stripping in galaxy clusters, and the exhaustion of available gas for star formation (e.g. Cimatti et al., 2020)
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BPT diagrams plot [OIII]l 5007	A/Hb against [SII]l 6716	A;6731	A/Ha which aids the differ-

entiation of AGN and Low-Ionization Nuclear Emission-line Region galaxies (LINER), and

[OIII] l 5007	A/Hb against [OI]l 6300	A/Ha which can further assist in identifying LINERs (e.g.

Draine, 2011). While BPT diagrams are a valuable tool, they have several limitations. Firstly,

they are only applicable to galaxies where strong emission lines are present, limiting their use

for quiescent galaxies or those with weak emission (e.g. Sánchez et al., 2024). Secondly, the

calibration of BPT diagrams is primarily based on local galaxies, and the evolution of ioniza-

tion conditions and metallicity with redshift can impact the accuracy of these calibrations when

applied to high-redshift galaxies (e.g. Brinchmann et al., 2008; Juneau et al., 2014; Coil et al.,

2015; Katz et al., 2019; Shapley et al., 2019). Finally, there can be ambiguity between diagrams

and problems interpreting the galaxies in the ”composite” area (e.g. Ji and Yan, 2020).

The �nal classi�cation method we examine is the galaxy main sequence (MS) for star-forming

galaxies, a relationship between SFR and stellar mass that was �rst introduced by Noeske et al.

(2007a). The MS is commonly expressed as:

log10(SFR) = Y + k log10(M� ) (1.2)

where the SFR is measured inM� yr� 1, M� is the stellar mass inM� , Y is a normalization fac-

tor, andk is the slope, typically in the range 0:6 � k � 1:0. The MS provides a framework

for distinguishing between star-forming and quiescent galaxies, as well as identifying starburst

galaxies that show unusually high SFR for their stellar mass. Galaxies on the MS exhibit a char-

acteristic relationship between SFR and stellar mass, allowing consistent classi�cation based on

the speci�c star formation rate (sSFR), de�ned as the SFR per unit stellar mass,sSFR= SFR
Mstar

(e.g. Cimatti et al., 2020), which determines whether the star formation activity of a galaxy is

typical for its mass. An example of the MS, based on data from the Great Observatories Origins

Deep Survey (GOODS; Elbaz et al., 2007), is shown in Figure 1.6. In this diagram, star-forming

galaxies lie along or near the MS, while quiescent galaxies fall below the sequence, and starburst

galaxies occupy a region above it, indicating elevated star-formation activity. The typical scat-

ter around the MS is approximately� 0:3 dex (Speagle et al., 2014; Lindholmer and Pimbblet,

2019). Figure 1.7 illustrates how the MS evolves with redshift, primarily in terms of its nor-

malisation, the MS moving upward with increasing redshift, indicating a higher sSFR at earlier

cosmic times (e.g. Speagle et al., 2014; Cimatti et al., 2020), and implying that the de�nition of

a star-forming, starburst, and quiescent galaxy changes with redshift.
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FIGURE 1.4: Colour magnitude diagram for a subset of SDSS galaxies used in the ALFALFA
survey (Giovanelli et al., 2005). The Mr magnitude is plotted on thex-axis against theg� i
colour on they-axis. The red line is drawn atg� i = 0:0571(Mr + 24) + 1:25, the blue line
is drawn parallel with an offset of 0.15 Mag. The plot shows the bi-modality of galaxy types
with older, redder galaxies above the red line, and younger star-forming galaxies below the
blue line. The green valley shows galaxies transitioning from star-forming to quenched, orvice

versa. Image reproduced from Papastergis et al. (2013).

FIGURE 1.5: Example BPT diagram taken from Trouille et al. (2011). This plot of
log([NII]/H a ) vs. log([OIII]/Hb ) for a subset of the SDSS galaxies, shows galaxies classi�ed
as star-forming in blue and AGN in red with composite galaxies shown in grey. The dashed
curve shows the Kauffmann et al. (2003b) empirical division between star-forming galaxies
and AGNs, the dotted curve shows the theoretical division proposed by Kewley et al. (2001) .
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