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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 um, and span-
ning 1 < z < 8) with fits based on either the starlight (Aegr < 2.2 um) or dust (> 100 ytm) 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 significance
(> 50), depending on the details of their recent SFH. SFRs inferred using PROSPECTOR with
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 5x. Although this undoubt-
edly contributes to the significance 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 significantly over the last ~100 Myr, such as recently quenched galaxies or those
experiencing a burst. This concern is especially relevant, e.g., when fitting JWST observations

of very high-redshift galaxies.

Finally, we re-run the PROSPECTOR on the simulations using four different SFH models, finding
that PROSPECTOR can achieve successful SED fits at higher redshifts than MAGPHYS, with
an overall success rate in excess of 93 per cent. We find three main causes for unsuccessful
fits: simulations with zero dust-mass at redshifts where this would be unlikely; galaxies with
atypically low stellar to dust mass ratios; PROSPECTOR significantly underestimating the visual
attenuation. Where a fit has been successful, the derived properties are of similar accuracy to
those successfully fitted by MAGPHYS. We also find 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 find 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 significantly different property
recoveries. We re-enforce this finding by analysing the differences between each simulation
for each pair of SFH models, revealing mean biases of low statistical significance, but with

significant outliers indicating differing property recovery for different models.
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An example SED obtained using MAGPHYS, demonstrating the generally close
agreement between the true and MAGPHYS-derived SEDs. In the upper panel,
the solid black line shows the best-fit MAGPHYS-derived SED, while the dashed
black line indicates the MAGPHYS estimate of the unattenuated SED; the solid
blue line represents the attenuated SED generated by SKIRT. The square mark-
ers represent the best-fit photometry, with the SKIRT photometry shown as the
points with error bars (as described in the legend). The coloured lines above
the lower horizontal axis show the normalised filter curves used in this study.
The lower panel shows the residual value in ¢ units between each observation
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flux)/observed error. This SED corresponds to simulated galaxy Al, snapshot
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The properties of the simulated galaxies in their observational context. Upper
left: the relationship between the simulated galaxies’ SFRs and the galaxy main
sequence (MS); for each snapshot, the y-axis shows the difference between the
simulation SFR and the MS, with the magenta band indicating the typical £0.3
dex scatter associated with the MS (e.g. Tacchella et al., 2022a). Upper right:
the relationship between the sub-mm flux density Sg7o and dust mass; the blue
points represent the simulated data, while the orange points show galaxies from
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Visualisations of two views of galaxy Al, in the later stages of its evolution,
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the redshift assumed for the fit. This plot shows the ratio of best-fit y> obtained
for run A (at the native redshift) to that obtained in run B (where all SEDs were
fixed to z = 2). For galaxies on the left-hand side of this plot the prior gets larger
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The recent SFHs (past 200 Myr) of three example simulated galaxies, showing
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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, reflecting
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 first establish
a cosmological framework and then determine how this framework can lead to the creation of
luminous objects. The A Cold Dark Matter model (ACDM) 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 the ACDM model, the Universe begins as a hot, super-dense point-like singularity
which starts to expand - the Big Bang. Then, between =~ 1073¢ and ~ 1073 seconds after
the initial expansion, it undergoes a period of exponential expansion, referred to as inflation
(Guth, 1981), during which quantum fluctuations 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 inflationary

period completes, the Universe continues to expand and cool, now composed of dark matter,
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radiation, and a plasma of electrons and protons. After approximately 400,000 years, the Uni-
verse has cooled sufficiently for electrons and protons to combine, forming predominantly neu-
tral hydrogen, this recombination epoch marks a significant 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 fluctuations (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
first 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

influences (e.g., Scannapieco et al., 2005).

The ACDM 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; Merrifield 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 fluc-
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 fits 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, finding 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 significant 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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History of the Universe

Inflation First Particles First Nuclei First Light First Stars Galaxies & Dark Energy
. The first Dark Matter Exp
xpa . . ot

FIGURE 1.1: The history of the Universe according to the ACDM 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 from https:
//science.nasa.gov/universe/overview
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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 the ACDM 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 (first proposed by Lemaitre, 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:

= 0 (1.1)

Where A, is the observed wavelength and A, 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 first 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 confined 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
identification of specific 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 fingerprint, 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 final method is photometry which measures the flux from a galaxy at different wavelengths.
Telescopes use different filters to selectively capture flux 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 sufficient 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 fibres 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 classification system based on optical morphology,
defining four categories of galaxies: ellipticals, spirals, barred spirals, and irregulars. This clas-
sification, 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 classifications correlate well with specific
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 at z = 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
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FIGURE 1.3: The Hubble classification “tuning fork”. Elliptical galaxies, EO-E7, are shown
with increasing ellipticity up to SO 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 fit
into the other categories. Image adapted from Hubble (1936) at http://www.physast.uga.edu.

Telescope (UKIRT) became operational !. 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 significant 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 classification
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 the r-band absolute magnitude against the g-i colour.
This plot illustrates the characteristic bi-modality in galaxy colour first identified by Kauffmann
et al. (2003b) and later confirmed 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,

I'The 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 significant 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 quenching 2, 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 reflects 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 defining

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 classification is the Baldwin, Phillips, and Terlevich (BPT) di-
agram first introduced by Baldwin et al. (1981). The BPT diagram employs spectroscopy to
measure the ratios between specific 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 Hy and
Hg 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]A6583A/H, against [OIII]XSOO7A/Hﬁ (e.g. Sanchez 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 influences 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 [OII]A5007A/Hg against [SI]A6716A,6731A/H, which aids the differ-
entiation of AGN and Low-lonization Nuclear Emission-line Region galaxies (LINER), and
[OIII])LSOO7A/HB against [OI1A6300A/H,, which can further assist in identifying LINERSs (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. Sdnchez 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 final classification method we examine is the galaxy main sequence (MS) for star-forming
galaxies, a relationship between SFR and stellar mass that was first introduced by Noeske et al.

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

where the SFR is measured in M. yr~!, M, is the stellar mass in My, Y is a normalization fac-
tor, and «x 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 classification based on

SFR
Mstar

the specific star formation rate (sSFR), defined as the SFR per unit stellar mass, sSFR =
(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 definition 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 M, magnitude is plotted on the x-axis against the g —i
colour on the y-axis. The red line is drawn at g —i = 0.0571(M, + 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, or vice
versa. Image reproduced from Papastergis et al. (2013).
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FIGURE 1.5: Example BPT diagram taken from Trouille et al. (2011). This plot of
log([NII]/Hg) vs. log([OIlI}/Hp) for a subset of the SDSS galaxies, shows galaxies classified
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 AGN:ss, the dotted curve shows the theoretical division proposed by Kewley et al. (2001) .
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FIGURE 1.6: The correlation between SFR and stellar mass for present day star-forming galax-
ies (0.04 < z < 0.1) taken from the Great Observatories Origins Deep Survey (GOODS; Elbaz
et al., 2007). The solid black line marks the track of equation 1.2 with Y=1 and k ~ 0.8, the
dashed lines mark the 16th and 84th percentiles of the distribution. Star-forming galaxies are
observed to lie close to the black line, while starburst galaxies, depicted by black circles, are po-
sitioned above the line reflecting their elevated SFR. Conversely, quiescent galaxies are found
below the black line, signifying a lack of significant star formation activity. Figure reproduced
from Cimatti et al. (2020)

1.4 The interstellar medium

In this section, we turn our attention to two of the most important constituents of the ISM, gas

and dust (Draine, 2011).

1.4.1 Interstellar gas

Draine (2011) describes the ISM as being composed primarily of gas with the ratio of gas mass to
dust typically quoted as ~ 100/1, although it varies considerably between and within galaxies.
The gas, in the main, is left over from the Big Bang and consists primarily of hydrogen and
helium with traces of heavier elements produced by stellar reprocessing. It is present in a number

of different forms:
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FIGURE 1.7: The evolution of the galaxy main sequence (MS) with redshift. The coloured

lines show the track of the galaxy main sequence at the redshifts shown in the legend. this

clearly shows how the MS evolves with redshift, the normalisation increasing with z. The

shaded coloured areas show a scatter of 0.2 dex. Image reproduced from Olsen (2015), data
from Speagle et al. (2014)

« Coronal gas - this comprises gas heated to 7 > 10° K and collisionally ionised by shock
waves from supernovae; it is detected by observing UV and X-ray emission, and nonther-
mal radio synchrotron emission (Draine, 2011). However, it should be noted that these

emissions may also be produced by AGN (e.g. Cimatti et al., 2020);

» HII gas - this is hydrogen photoionised by UV radiation from hot massive type O stars.
Clouds of HII (HII regions) can form close to a massive star with dimensions of a few pc
and a lifetime of 3-10 Myr; they can also be present as planetary nebulae, created during
the latter stages of a star’s life when the core becomes exposed. HII may also exist in lower
densities in diffuse inter-cloud regions. This gas is detected by optical line emission and
thermal radio emission caused by the random motion of charged particles (e.g. Draine,

2011);

« Warm HI - warm atomic hydrogen, T ~ 10* K, typically detected by the 21cm emission
line and UV/optical absorption lines (Draine, 2011). The 21cm emission is produced by

the hyperfine transition in which the spins of protons and electrons in hydrogen transition
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from a parallel alignment to a lower-energy anti-parallel state, resulting in the emission of

photons at a wavelength of A = 21 cm (e.g. Sparke and Gallagher, 2007);

« Cool HI - cool atomic hydrogen, T ~ 10° K. This can also be detected by the 21cm

emission line (e.g. Draine, 2011), though the line will be narrower than that for warm HI;

* Diffuse molecular gas - this comprises molecular hydrogen gas, H,, in the centre of molec-
ular clouds. It survives photo-disassociation as a result of the outer layers of the cloud
absorbing the UV and protecting the H, molecules within - so-called self-shielding (e.g.
Draine, 2011). It can be detected in the same way as neutral hydrogen atoms or using the
CO 2.6mm emission as a proxy. CO is used as it is commonly found with H, though in
significant lower abundances (e.g. Bolatto et al., 2013) but, unlike H>, is detectable as it is
heteronuclear and therefore has a dipole moment which enables CO to undergo rotational

transitions which emit radiation (e.g. Draine, 2011);

* Dense molecular gas - gravitationally bound clouds within which star formation may take

place, typically detected using CO or dust FIR emission®(e.g. Draine, 2011).

1.4.2 Interstellar dust

The second major component of the ISM is dust. Dust comprises particles originating from
the winds of massive stars (Hoyle and Wickramasinghe, 1967), novae, and supernovae (e.g.
Gehrz, 1989; Michatowski et al., 2010; Ginolfi et al., 2018). These particles undergo continuous
evolution within the ISM, where they are fragmented by collisions with gas and other dust
particles, and subsequently reconstituted by absorbing molecules from the surrounding gas (e.g.

Tielens, 2005).

Dust grains are composed of a number of elements, including carbon, magnesium, silicon, and
iron, identified primarily by their under-abundance in the interstellar gas (Draine, 2011). Grain
sizes vary considerably, Mathis et al. (1977) investigated the grain size distribution, concluding
that n(a) « a3~ where n(a) is the number of grains of radius a. Practically, grains are often
categorised as either small or large. Small grains, ranging from 0.3 to 100 nm in radius, include
polycyclic aromatic hydrocarbons (PAH: large organic molecules composed of aromatic rings

of carbon and hydrogen) and small carbonaceous or silicate grains. Large grains have radii

3Note that “dense” refers to ny ~ 103 cm™3 which would qualify as a high vacuum in a terrestrial laboratory
Draine (2011)
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between 0.01 and 0.25 um (e.g. da Cunha et al., 2008; Draine, 2011). Dust grains lack well-
defined structures, although a minority such as forsterite and enstatite are crystalline and produce

sharp spectral features (e.g. Juhdsz et al., 2010; Draine, 2011).

Dust grains significantly impact galaxy evolution by cooling the interstellar gas (e.g. Natale
et al., 2012) and shielding gas clouds from ionizing UV radiation (e.g. Gnedin et al., 2009).
Grains of different sizes and compositions affect the ISM and its emission in different ways.
PAHs emit in the MIR and play a crucial role in the photoelectric heating of the ISM (e.g.
Tielens, 2008). Small silicate or carbonaceous grains absorb UV photons and re-emit in the IR
(e.g. Draine, 2003), while large silicate or graphite grains, which are in thermal equilibrium with
the surrounding gas and radiation field, absorb and scatter optical and NIR photons, re-emitting

in the FIR (e.g. Rawlings et al., 2005; Planck Collaboration et al., 2015).

The effect of dust on the emission from galaxies is referred to as dust extinction and involves
two separate processes: scattering and absorption (e.g. Cimatti et al., 2020). Scattering refers to
the preferential scattering of UV and blue optical photons away from or into the observer’s line-
of-sight; absorption is the process of absorbing and re-emitting photons, converting a proportion

of the UV/optical stellar energy into IR.

From an observational perspective, dust attenuates and reddens stellar emission, emitting radi-
ation that provides insight into its mass and chemical composition (e.g. Draine, 2011). This
effect is demonstrated in Figure 1.8, an SED plotting luminosity density against wavelength,
derived using the SED fitting software MAGPHYS (da Cunha et al., 2008), the blue line plots
the observed emission from the galaxy while the red line plots the estimated emission before

processing by the ISM.

1.5 Measuring individual properties

Section 1.6 deals with the recovery of galaxy properties using SED fitting, but first in this section
we discuss alternative methods to derive estimates for the values of some of the individual

properties of galaxies.
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FIGURE 1.8: An SED produced using the fitting software MAGPHYS (da Cunha et al., 2008)
as part of the work for Haskell et al. (2023). In the upper panel, the blue line shows the best-
fit SED with the points marking the observed fluxes with associated error bars and the green
squares marking the best-fit template fluxes at the observed wavelengths. The red line shows the
MAGPHYS-derived intrinsic SED i.e. the luminosity density before processing by the ISM, the
blue line shows the observed luminosity density. The lower panel shows the residuals for each
observation - a measure of how closely the best-fit SED was to the observed wavelengths. This
galaxy is part of the ELAIS-N1 field of the LOFAR Two Metre Sky Survey (LoTSS Shimwell
et al., 2017) with the identifier shown in the title.

1.5.1 Determining luminosity and distance

In order to the determine the luminosity of a galaxy, its distance must first be calculated, this
is typically done by determining the redshift which can be estimated using either spectroscopy
or photometry. A spectroscopic redshift is determined by identifying common emission or ab-
sorption lines or continuum features such as the 4000A break, caused by increased absorption at
shorter wavelengths (e.g. Cimatti et al., 2020), the Balmer jump at 3647A caused by the ionisa-
tion of hydrogen at the second energy level leading to increased absorption (e.g. Draine, 2011)
or the Lyman break at 912A caused by photons blueward of this wavelength being absorbed
in the photoionisation of hydrogen (e.g. Phillipps et al., 2019). Once the observed wavelength
(Aobs) of one or more of these features has been determined, the redshift (z) is calculated using
the rest-frame wavelength and Equation 1.1. Although spectroscopic redshifts are highly ac-
curate (see Lilly et al. 2009, Pentericci et al. 2018 but note Ferndndez-Soto et al. 2001), they

are time-consuming and may be impossible to obtain for faint sources, as discussed in Section
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1.2. Nevertheless, the Two-Degree Field Galaxy Redshift Survey (2dFGRS; Colless et al., 2001)
serves as an example of the power of spectroscopy, obtaining redshifts for over 220,000 galax-
ies and mapping the three-dimensional distribution of galaxies across the sky. This has enabled
detailed studies of large-scale structures, such as the clustering of galaxies (Croft et al., 2002)
and the identification of cosmic voids and filaments (Croton et al., 2004; Patiri et al., 2006).
Similarly, SDSS has provided high-quality spectra for over 3 million galaxies (Data Release 16;
Ahumada et al., 2020), yielding precise redshifts up to z ~ 6, alongside measurements of stellar

populations, element abundances (metallicity), and SFR.

For large astronomical surveys, it is generally impractical to obtain spectroscopic redshifts for
all sources due to the significant telescope time required for faint, high-redshift galaxies (e.g.
Duncan et al., 2018a; Cimatti et al., 2020). Photometric redshifts provide a feasible alternative,
though they are typically less accurate than those derived spectroscopically (e.g. Ilbert et al.,

2006; Dahlen et al., 2013; Laigle et al., 2018).

Two methods are commonly used to estimate photometric redshifts: template matching and
machine learning (e.g. Duncan et al., 2018a). The template fitting method involves matching
photometric data to templates derived from empirical observations or theoretical models. A
statistical goodness-of-fit test, such as a y> minimization or maximum likelihood approach, is
then applied to identify the best-fitting redshift; this can be done using a photometric redshift
code such as EAZY (Brammer et al., 2008).

A commonly used machine learning method trains algorithms (e.g. ANNz Collister and Lahav,
2004) on datasets with known spectroscopic redshifts, allowing the software to learn correlations
between galaxy colours, magnitudes, and redshift. Once trained, these models can efficiently
recognize patterns in new photometric data to estimate redshifts. Machine learning techniques
generally produce lower scatter in redshift estimates compared to template fitting (Carrasco Kind
and Brunner, 2014; Sanchez et al., 2014) and are computationally faster once the training phase
is complete (e.g. Duncan et al., 2018a). However, the effectiveness of machine learning models
is contingent upon adequate coverage of the target sources within the parameter space of the

training set (e.g. Beck et al., 2017).

Recent studies, such as Duncan et al. (2018b), have demonstrated that a hybrid approach com-

bining these methods yields more precise and reliable redshift estimates.
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Once the redshift has been estimated, the luminosity distance can be calculated, this is the dis-
tance light would have to travel to produce the observed flux for a given luminosity. In a static
Universe, this would be a simple application of the inverse-square law (e.g. Carroll and Ostlie,
2017), however in an expanding Universe the calculation must include several cosmological
variables - the mass density Q,,, the dark energy density Q4, and the curvature of space .

These variables are defined as follows:

q, = S%GPo (13)
3H}
Ac?
Q, = A 1.4
AT 3H? (14
Q=0 (1.5)

where pg is the current mass density of the Universe, G is the gravitational constant, Hy is the
current value of the Hubble parameter H(¢) and A is the cosmological constant (Hogg, 1999).
The Hubble parameter describes the rate of expansion of the Universe, it is a measure of the
energy density per unit volume (J/m?) and represents the repulsive force of dark energy. If
the curvature of the Universe, €, is set to zero under the assumption of a flat Universe, the

luminosity distance can be calculated by (Hogg, 1999):

_C
7H0

0.5

Dy /OZ [Qu(1+2) +0a(1+2)7] " (1.6)

For this work, we have adopted the values Hy = 70 km sT'Mpc™!, Q,,=0.3, and Qy = 0.7
which are generally accepted as good approximations (e.g. Driver and Robotham, 2010; Schmidt
etal., 2014; Hidaka et al., 2015; Haskell et al., 2023; Arnaudova et al., 2024). Using these values

the above equation simplifies to:

Z _
DLzO.Olc/ 0.3(1+2)*+0.7(1+2)?] > dz (1.7)
0

This calculation can be performed using the Python astropy package* or the Mattig approxima-

tion (Mattig, 1958).

The luminosity (L; ) of a galaxy at a wavelength A can now be calculated using:

Ly, = 47nD?F, x 10%4K(4) (1.8)

“https://docs.astropy.org
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where F), is the flux at wavelength A, Dy, is the luminosity distance and K (A ) is the K-correction
for wavelength A. The K-correction adjusts for a number of factors that reduce the observed
flux in relation to the emitted flux: the shape of the SED, the fixed bandpass of the observing
instrument, and energy loss caused by the observed wavelength being longer than the emitted
wavelength, the K-correction reverses this effect (e.g. Cimatti et al., 2020), see (Hogg et al.,

2002) for details of the derivation of K(A).

1.5.2 Measuring the properties of the stellar population

Two of the most important stellar properties are SFR and stellar mass (Calzetti, 2013) as they
position a galaxy on the star-forming main sequence plot, enabling the determination of its

overall state as discussed in Section 1.3.

1.5.2.1 Determining the SFR

The SFR for unresolved galaxies can be estimated by measuring the monochromatic or inte-
grated luminosity over a specific wavelength range which targets continuum or line emission
sensitive to short-lived massive stars (Calzetti, 2013). The general form of the SFR calculation
is SFR = Cy L), where L, is the luminosity at wavelength A and Cj, is a constant. These calcu-
lations rest on three key assumptions: (1) the SFR is constant over the timescale probed by L,
(2) the initial mass function (IMF) is known, allowing extrapolation from the SFR for massive
stars to all stellar types, and (3) that the emission contribution from a potential AGN has been

removed (Calzetti, 2013).

Removing the contribution of AGN emission is crucial as it can significantly contaminate the
emission needed to determine SFR. Several methods can be used to expedite this. One of the
most common approaches involves the use of SED fitting (discussed in Section 1.6). Ciesla et al.
(2015) demonstrated that by modelling the SEDs of AGN host galaxies, the contributions from
AGN can be separated from those due to star formation. Rosario et al. (2016) emphasizes that
FIR emission is less influenced by AGN, a view supported by Mullaney et al. (2012) who argues
that FIR emission arises from dust heated by star-forming processes, making them reliable trac-

ers of SFR even in the presence of AGN. However, Dai et al. (2018) noted that AGN emission
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can extend significantly into the far-infrared spectrum emphasising the need for careful SED-
based AGN/SF decomposition. Other methods to identify AGN include the use of diagnostic

tools such as the BPT diagrams (see Section 1.3).

SFR indicators have been derived for several wavelengths including the UV, optical, or IR bands
(see e.g. Kennicutt 1998a; Kennicutt et al. 2007, 2009, and for a comprehensive review Calzetti
2013). The following formulae provide the values for SFR from the observed luminosity of

emission at different wavelengths:

1.3 x 107%8L 5004

7.9x 1074 Ly,
SFR=

2.04 x 107 Loy for 4 x 10* < Loay,m < 5% 10%

} 0.048

2.04 x 107 Logym x [2.03 x 107 Logym for Loaym > 5 x 10%

\

Where L 544 18 the luminosity at 1500A, Ly, is the luminosity of the Hy, line (656.3 nm) and

I and as-

Laapm 1s the luminosity of the 24 m emission, All luminosities are in units of erg s~
sume the IMF derived by Salpeter (1955, see Section 1.5.2.1); the constants for L4y, are from
Rieke et al. (2009). Calzetti (2013) notes that each indicator has specific advantages and disad-
vantages: the UV indicator is sensitive to the age of young stars but may need adjustment for
galaxies with recent star bursts, while the Hy, indicator assumes that all ionizing photons are
absorbed and re-emitted which is likely to lead to an underestimate of the true SFR - Pellegrini
et al. (2012) estimated that, as a minimum, between 4 and 9 percent of ionising photons escaped
from the Small Magellanic Cloud (SMC) and between 10 and 20 per cent from the Large Mag-
ellanic Cloud (LMC). Also, the 24um indicator is effective in heavily dust-shrouded areas, but
may not be sensitive enough to capture low SF regions. Figure 1.9 illustrates how these indi-

cators move at higher redshifts, making the choice of indicator also dependent on the available

instruments.

The integrated IR luminosity, Lir, typically measured between wavelengths 8um and 1000um
(e.g. Sanders and Mirabel, 1996; Kartaltepe et al., 2010; Solarz et al., 2016), can also be used

as an SFR indicator. This measures the dust grains heated by UV radiation to temperatures of

T, ~ 20— 60K. SFR in this case is given by: SFR =173 x 10710 ( (2 ) M, yr! (Cimati
et al., 2020). This measure may be biased by IR emission from AGNs or where IR emission
from mature stars is significant, such as from circumstellar dust around asymptotic giant branch

(AGB) or red giant stars (Calzetti, 2013).
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FIGURE 1.9: Plot demonstrating how three of the emission lines used for SFR estimation are
affected by redshift.

Correlations between radio emission and SFR have been reported in the literature (e.g. Condon
et al., 1982; Cram et al., 1998; Kennicutt and Evans, 2012). These correlations are primarily
attributed to two mechanisms: non-thermal synchrotron radiation, and thermal free-free emis-
sion. Synchrotron radiation dominates the radio emission (e.g. Condon, 1992; Becker et al.,
2009; Motha and Razzaque, 2021), as supernova remnants accelerate electrons which interact
with the galaxy’s magnetic field. Free-free emission is primarily related to young, massive stars
ionizing their surrounding medium and producing radio emission that traces regions of active

star formation (e.g. Cimatti et al., 2020).

In a recent study, Smith et al. (2021) demonstrated a strong correlation between galaxy radio
luminosity at 150 MHz and the SFR. 150 MHz radiation is predominantly due to synchrotron
radiation (Choudhuri et al., 2020). The relationship is expressed as: Lisoun: = LiyP where
Ly =22.221+0.008, B = 1.058 £0.007 for —2 < log;,(y) < 2 and y is the SFR in units of
M., yr~'. A mass dependence for this relationship was observed, indicating that more massive

galaxies exhibit higher Lisopp, for a given SFR.

Using radio emission as a tracer of star formation offers several significant advantages over

shorter wavelengths. One of the primary benefits is its immunity to attenuation by dust (e.g.
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Condon, 1992; Calzetti, 2013), making radio emission particularly valuable for studying star
formation in dusty environments. Furthermore, radio observations, especially at longer wave-
lengths, can be conducted with relative ease using ground-based telescopes, and can be applied
over large cosmological distances (e.g. Kennicutt and Evans, 2012; Delvecchio et al., 2021;
Smith et al., 2021). However, using longer wavelengths such as radio has certain drawbacks.
The first is reduced spatial resolution compared to shorter wavelengths (e.g. Carroll and Ostlie,
2017), which limits the ability to resolve fine details. Secondly, AGN emit strong non-thermal
radio waves from processes around the central supermassive black hole which can mimic or
overshadow radio emissions stemming from star formation (e.g. Zinn et al., 2013; Brown et al.,

2023).

For galaxies with high SFRs, typically > 10 M. yr~!, the use of a combination of tracers, of-
ten referred to as hybrid indicators, tends to yield more reliable SFR estimates (e.g. Kennicutt
and Evans, 2012; Calzetti, 2013). This approach accounts for different sources of emission and
provides a more comprehensive measurement of star formation. For example, combining an
ionised gas tracer such as Ly, and a dust tracer such as L4, enables the measurement of UV
photons absorbed by both gas and dust. This is important in high-SFR environments, where sig-
nificant amounts of UV can be absorbed by dust causing the SFR to be otherwise underestimated

(Calzetti, 2001).

For galaxies with low SFRs, extrapolating from the formation rate of massive stars to the gen-
eral stellar population can introduce uncertainties in SFR estimates. In these cases, long-lived
UV tracers may be more appropriate, as they reflect the ongoing star formation over longer
timescales, smoothing out the fluctuations caused by the small number of massive stars (e.g.

Calzetti, 2013).

1.5.2.2 Determining stellar mass

Stellar mass estimation can be performed using one of two methods: colour-based and spectra-
based (Cimatti et al., 2020). Both methods aim to determine the mass-to-light ratio (M/L) of a

galaxy, which serves as a key parameter for translating observed luminosity into stellar mass.

The colour-based method relies on broad-band photometric measurements, where the galaxy’s
integrated colours are used to estimate M/L ratios based on empirical or model-derived relation-

ships between colour and stellar population properties (Wilkins et al., 2013). Empirical relations
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for M/L ratios corresponding to different colour indices have been provided by various studies,
including those by Bell and Jong (2001) and Bell et al. (2003). The relationship in Bell and
Jong (2001) was derived using the Tully-Fisher relation (Tully and Fisher, 1977), which corre-
lates a galaxy’s luminosity to its rotational velocity and, by extension, to its dynamical mass.
In contrast, Bell et al. (2003) used a more theoretical approach, deriving M/L ratios from stel-
lar population synthesis (SPS) models, which simulate the integrated light of a galaxy or star

cluster, incorporating the evolutionary tracks of different stellar populations.

Spectra-based stellar mass estimation involves obtaining the galaxy’s spectrum in the optical
wavelength range, which is processed to produce a continuum which can be fitted against a
library of spectra using software such as STARLIGHT (Asari et al., 2007), FIREFLY (Wilkinson
etal., 2017), or PPXF (Cappellari, 2023). Roediger and Courteau (2015) demonstrated that both
colour-based and spectra-based methods for stellar mass estimation yield comparable results,
although Drory et al. (2004) found that the colour-based method produced dynamical masses in
better agreement with velocity dispersion mass estimates than the spectra-based estimates. Each
method has its own advantages and limitations. Spectra-based mass estimates tend to cost more
in telescope time (e.g. Duncan et al., 2018a; Cimatti et al., 2020) but are more precise and less

affected by degeneracies related to age and dust (e.g. Gallazzi et al., 2005).

In contrast, colour-based estimates are simpler to implement, and more cost-effective. However,
they are more vulnerable to degeneracies and dust extinction effects (e.g. Courteau et al., 2014),
which can introduce greater uncertainties. Both methods are sensitive to systematic uncertain-
ties inherent in the SPS models upon which they rely. Gallazzi and Bell (2009) pointed out that
these uncertainties are strongly influenced by the SFH of the stellar population; for older stel-
lar populations, spectroscopic mass-to-light (M/L) ratios exhibit narrower uncertainties, ranging
from 0.05 to 0.1 dex whereas in galaxies with smoother SFHs or recent starbursts, the uncer-
tainties rise, with spectroscopic methods producing uncertainties of approximately 0.15 dex and

colour-based methods yielding uncertainties around 0.2 dex.

1.5.3 Measuring the properties of the interstellar dust

As described in Section 1.4.2, dust absorbs UV and optical photons and re-emits in the IR

causing a reddening of galaxy emission which can be quantified as the colour excess:

E(B—V)=(B—V)—(B—V)o=Ag—Ay (1.9)
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Where (B —V) is the observed difference in magnitude between the B and V bands, (B—V)y is
the difference it would have in the absence of dust, and Ag and Ay are the extinctions in the B
and V bands respectively. This leads to the parameter:

o AV o Av
- A,—A, E(B-V)

Ry (1.10)

Which is a measure of the steepness of the attenuation curve which plots the extinction, mea-
sured in magnitudes, against wavelength. Several attenuation curves have been derived to char-
acterize the impact of dust on observed starlight, including the curve developed by Calzetti et al.

(2000) for starburst galaxies which quantifies the attenuation as:

” 2.659 (—2.156 4 132 4 &198 L ODL) L R, for 0.12um < A < 0.63um.
2.659 (—1.857+L990) + R, for 0.63um < A <2.20um

For the Calzetti curve, Ry is typically set to 4.05, a value derived empirically by Calzetti et al.
(2000). Alternative attenuation curves have been established for different environments, includ-
ing the Milky Way (Cardelli et al., 1989), the LMC (Fitzpatrick, 1986), and the SMC (Prevot
et al., 1984). More recent studies by Reddy et al. (2015) and Narayanan et al. (2018) have

proposed modified Calzetti curves tailored for high-redshift galaxies.

Once an appropriate attenuation curve is selected, the observed flux can be corrected for attenu-
ation by:
Fint(A) = Fops(A) x 10%4XA() (1.11)

Where Fj, and Fyps are the intrinsic and observed fluxes, respectively, and A(A ) is the attenuation
determined from the chosen curve. Figure 1.10 presents examples of the Calzetti, Milky Way,
LMC, and SMC attenuation curves. Note the 2175A *bump’ which is evident in the Milky
Way and LMC curves but absent in the Calzetti and SMC curves. The source of this feature,
first noted by Stecher (1965), remains a subject for discussion, but is typically attributed to UV
absorption by PAHs and possibly small carbonaceous grains (e.g. Bradley et al., 2005; Mao
et al., 2014).

Determining the attenuation curve allows the recovery of important dust properties. As smaller
dust grains are more efficient at absorbing shorter wavelengths, the slope of the attenuation

curve informs the distribution of grain sizes within the galaxy. and the size of the 2175A bump
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FIGURE 1.10: Plots showing the different attenuation curves discussed in the text. The lines
are coded as indicated in the legend. Image reproduced from SPARTAN (Thomas et al., 2020).

may provide evidence of the presence of PAHs and small carbonaceous grains. In addition, the
degree of reddening, measured by the colour excess, can give an indication of the amount of dust
along the line-of-sight, though this should be treated with caution as the same reddening effect
can be caused by older stellar populations or high metallicity within the ISM (e.g. Worthey,
1994; Cimatti et al., 2020).

An important property is that of dust mass; assuming that dust particles are spherical with an

average radius a and density p,, the dust mass can be estimated from observations by:

S,D?

=" L 1.12
T B (Th) (112

Where S is the flux density at A (i.e. the flux per unit area per unit time), D is the luminosity
distance, k; is the dust opacity, B; is the Planck function for black-body emission and 7y is
the dust temperature (e.g. Hildebrand, 1983; Dunne et al., 2000). 7, can be approximated using
Wien’s law” if observations in the IR sample the emission near the IR peak. The dust opacity
(k) modifies the Planck black-body calculation to the appropriate value (i.e. producing a grey-
body), it is calculated by k) = %% where Q) is the efficiency of emission and p; is the average
density of the dust particles (Draine and Lee, 1984). The efficiency of emission Q o A8 is

determined empirically with 8 ~ 1 for amorphous material and 8 ~ 2 for metals and crystals

3T = ﬁ where b is Wien’s displacement constant
eal
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(Cimatti et al., 2020). The assumed values for other parameters can be chosen from the dust
size range proposed by Mathis et al. (1977) and the dust density values proposed by Draine and
Lee (1984). Emission efficiency values can be referenced from studies such as Draine and Lee

(1984), Weingartner and Draine (2001), and Draine (2003).

1.6 SED fitting

In the preceding sections, we have discussed how various galaxy properties can be inferred
through an array of observational methods and analytical techniques. However, “the differ-
ent physical processes occurring in galaxies all leave their imprint on the global and detailed
shape of the spectrum, each dominating at different wavelengths” (Walcher et al., 2011). Con-
sequently, a detailed analysis of the SED enables a more comprehensive recovery of galaxy
properties, allowing the simultaneous derivation of multiple properties instead of isolating sin-

gle spectral features to constrain individual values.

The SED of a galaxy, which can be derived from photometric or spectroscopic observations,
offers a detailed view of the galaxy’s energy output across a wide range of the electromagnetic
spectrum (e.g. Cimatti et al., 2020). The primary objective of SED fitting is to analyze this
energy distribution by matching an observed SED with a model SED generated using theoretical
predictions combined with empirical data. By comparing the observed SED to the model, the
inferred properties of the model can be ascribed to the observed galaxy (See Walcher et al.,

2011, for a comprehensive review of SED fitting).

1.6.1 A short history of SED fitting

The origins of SED fitting for galaxies can be traced back to early photometric studies of galaxy
populations in the mid-20th century when photometry in optical bands provided a relatively
simple way to estimate the basic properties of galaxies such as their stellar populations and
ages (e.g. Baum, 1959). Early observational work focused largely on broad-band colours and
magnitudes, which offered the first clues about the relationship between a galaxy’s colour and
its evolutionary state. Later, Tinsley (1968) recognized that a galaxy’s light is the composite
output of many different generations of stars, this realization leading to the development of
SPS models which enabled the construction of theoretical templates describing how a galaxy’s

spectrum evolves over time based on its SFH and IMF (see Conroy, 2013, for a review of SPS
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models and their role in SED fitting). These models provided the foundation for what would

become SED fitting.

A further significant step forward came with the advent of multi-wavelength observations, par-
ticularly with the launch of space-based observatories that could probe galaxies at UV and IR
wavelengths. The first large-scale infrared surveys of galaxies revealed a significant population
of dust-enshrouded, star-forming galaxies (Dwek et al., 1998; Hauser et al., 1998). This discov-
ery demonstrated the need to account for dust attenuation and re-emission in any model attempt-
ing to fit the full SED of a galaxy. SPS models continued to evolve (e.g. Bruzual and Charlot,
2003), incorporating detailed treatments of SFHs, chemical enrichment, and dust extinction, en-
abling the first attempts to fit observed galaxy SEDs using a combination of theoretical templates

and photometric data.

The late 1990s and early 2000s saw the beginning of large-scale galaxy surveys, such as SDSS,
which provided photometric and spectroscopic data for millions of galaxies across multiple
wavelength bands. This wealth of data necessitated the development of more efficient and au-
tomated methods for SED fitting, as manual fitting techniques were impractical for such large
datasets. In response, more sophisticated tools were developed, such as MAGPHYS (da Cunha
et al., 2008) and CIGALE (Boquien et al., 2019), which enabled rapid fitting of observed galaxy
SEDs to theoretical models, accounting for factors such as SFH, SFR and dust attenuation. The
motivation behind these automated methods was not only efficiency but also the ability to de-
rive statistically robust properties for large samples of galaxies. For example, Kauffmann et al.
(2003b) used SED fitting to derive stellar masses and SFH for SDSS galaxies, while Salim et al.
(2007) applied SED fitting to UV data from the Galaxy Evolution Explorer (GALEX) to study

star formation rates across a wide range of galaxy types.

Appendix A of this thesis is included as an example of the use SEDs to derive galaxy properties
from large survey catalogues. The work was undertaken by the author and resulted in catalogues

of MAGPHYS-derived properties for ~ 850,000 galaxies.

1.6.2 Modelling

SED templates are generated by combining theoretical models with empirical data which encap-

sulate a range of galaxy properties such as age, metallicity, SFR, and dust content that influence
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the shape of the SED. By comparing observed SEDs with these templates, the underlying physi-
cal properties of galaxies can be inferred, establishing a link between the observed energy output

and the galaxy characteristics likely responsible for producing such a distribution.

Theoretical models provide details for stellar population synthesis, dust attenuation, and gas
emission processes that define the SED, while empirical data from observed galaxy spectra

provide calibration and validation.

Figure 1.11 illustrates a process for generating these SED templates. Stellar populations within
galaxies are modelled using SPS (e.g. Tinsley, 1972; Searle et al., 1973; Larson and Tinsley,
1978), which integrates the spectra of individual stars. Bruzual and Charlot (2003) and Conroy

et al. (2010) have both developed SPS that are widely used in current SED fitting programs.

As depicted in Figure 1.11, creating an SED template can be broken down into several steps.
(Walcher et al., 2011; Cimatti et al., 2020). A simple stellar population (SSP), is a group of
coeval stars assumed to be created in a single burst of star formation with the same metallicity.

Creating the spectrum for an SSP requires a number of elements:

1. Import a set of isochrones, these trace the positions of stars of varying masses on a
Hertzsprung-Russell diagram, all with the same age and metallicity. Isochrone synthesis
libraries of isochrones are available from several sources, including: PARSEC (Bressan
et al., 2012), MIST (Dotter, 2016), Dartmouth (Dotter et al., 2008) and BaSTI (Hidalgo
et al., 2018);

2. Apply an IMF, this defines the number of stars of each mass in a single-age stellar popu-
lation. Many IMFs have been proposed, beginning with the Salpeter (1955) IMF, which
follows a simple power law, & (M) o< M~2 where & (M) is the number of stars of mass M
per unit mass interval, however, various studies have questioned the slope of this function
(e.g. Bell and Jong, 2001; Worthey and Dotter, 2009; Lee, 2014). Other commonly used
IMFs include the Kroupa (2001) IMF, which features three power laws for different mass
ranges, and the Chabrier (2003) IMF, which combines a power law for M > M with a
log-normal distribution for less massive stars. Figure 1.12 compares these IMFs over a
mass range of 0.01My < M < 10M,, together with the revised Chabrier IMF (Chabrier,

2005) and a more recent IMF based on theoretical models by Parravano et al. (2011).

3. Use a stellar library to provide spectra for stars of each relevant mass, age, and metallic-

ity. Several libraries are available, including STELIB (Le Borgne et al., 2003), MILES
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metallicity - and the effects of nebular emission.
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FIGURE 1.12: Comparison of five IMF. The x-axis represents stellar mass in Mg, and the y-
axis indicates the number of stars per unit mass interval. Lines are colour-coded as indicated in
the legend. Image reproduced from Colman and Teyssier (2019).

(Falcén-Barroso et al., 2011), ELODIE (Prugniel and Soubiran, 2001), and PHOENIX
(Husser et al., 2013).

However, to construct the spectrum of a galaxy, this process must be extended over the galaxy’s
lifetime, from zero age to the age of the template galaxy. This requires the selection of an SFH;
as illustrated in Figure 1.11, the SSP process is iterated multiple times to compile the spectra of

a galaxy that has experienced various phases, as dictated by its SFH.

The choice of SFH determines how a galaxy builds its stellar population over time. SFHs can be
modelled in one of two ways: parametric, using a formula to describe the SFR at any point in the
galaxy’s history, or non-parametric, where the galaxy’s lifetime is divided into distinct periods,
with the SFR being free to vary within each period. Some fitters also introduce a stochastic ele-
ment to the parametric form to model bursts of star formation. The relative merits of parametric
versus non-parametric SFHs continue to be debated in the literature (e.g. Carnall et al., 2019;
Leja et al., 2019; Lower et al., 2020). Parametric SFHs are straightforward, computationally
efficient and easy to interpret, yet they may oversimplify the history of a galaxy (e.g. Smith and

Hayward, 2018). Non-parametric SFHs exhibit a greater number of degrees of freedom due to
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their separation of the SFH into multiple bins. This has the benefit of providing greater flexibility
and potentially a more accurate representation, but can require significantly more computational

resource (Leja et al., 2017, 2019).

The result of the SPS process is an SED representing the integrated light from stars over the

galaxy’s SFH. In Figure 1.8, the red line exemplifies such an output.

Once the stellar spectrum of a galaxy has been constructed, it must be adjusted to account for
the effects of the ISM and, in the case of high-redshift galaxies, the intergalactic medium (IGM).
This adjustment transforms the estimated intrinsic spectrum (the red line in Figure 1.8) into an
estimated observed SED (the blue line in Figure 1.8). The impact of ISM dust was described
in Section 1.4.2, dust attenuation is applied using a chosen attenuation law such as Calzetti
et al. (2000) or Charlot and Fall (2000) with most fitters also adopting the Draine and Li (2007)
emission model. Such adjustment should account for the evolved ISM metallicity; this chemical
enrichment enhances the strength of metal absorption and emission lines altering the overall
spectral shape, especially in the UV, optical, and infrared regions. Bellstedt et al. (2020, 2021)
and Thorne et al. (2022) have highlighted the benefits of modelling galaxies using an evolving
metallicity. However, few SED fitters incorporate this evolution (the exception being PROSPECT
Robotham et al., 2020), instead, metallicity is treated as a tunable parameter, constant over the

galaxy’s lifetime.

Finally, nebular emission arises from ionized gas clouds, mainly consisting of hydrogen, helium,
and trace amounts of heavier elements, which emit light at specific wavelengths (e.g. Osterbrock
and Ferland, 2006). One of the most prominent sources of nebular emission is ionisation by UV
photons from young OB type stars leading to characteristic emission lines such as Hy at 656.3
nm and [OIII] at 495.9 nm and 500.7 nm. Planetary nebulae and supernova remnants also con-
tribute to nebular emission, with planetary nebulae displaying strong lines from ionised elements
such as oxygen, nitrogen, and sulphur, while supernova remnants exhibit a broader spectrum in-
cluding X-ray and radio emissions due to high-energy processes (e.g. Osterbrock and Ferland,
2006). Nebular emission can significantly impact SED templates, as highlighted by Raiter et al.
(2010), who noted that it can dominate the SED under certain conditions, and by Terao et al.
(2022) who emphasized the importance of including the Hy line in SED templates. More re-
cently, the SED fitting software BEAGLE-AGN (Vidal-Garcia et al., 2024) has included nebular
emission from the narrow line region of AGN in its modelling, see Silcock et al., submitted for

an example of its deployment.
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For high-redshift galaxies, additional attenuation may occur due to the IGM. The IGM com-
prises of cool gas (predominantly HI and HII) at temperatures of 10° to 10*K; and warm-hot
intergalactic medium (WHIM) consisting of HII, Helll and metals at temperatures between
10° and 10K (e.g. Meiksin, 2009; Patidar et al., 2024). Some SED fitting tools, such as the
high-redshift version of MAGPHYS (da Cunha et al., 2015) and CIGALE (Boquien et al., 2019),
incorporate the IGM attenuation model proposed by Madau (1995) to account for these effects
at high redshifts.

1.6.3 Fitting and interpreting

The method of assessing the goodness-of-fit for each model remains largely consistent across
most SED fitting codes. In most cases, this assessment is conducted using a y? calculation
(Pearson, 1900), which provides a measure of how well the model describes the observed data

(Wall and Jenkins, 2003). The j? statistic is given by the expression:

=Y <0’ G_m’> (1.13)

i=1

Where n is the number of observed fluxes (i.e. the number of filters used), o; is the observed
flux through the i-th filter, m; is the flux through the i-th filter in the template, and o; is the
error in the i-th observation. From the y? values, the SED fitting software computes a likelihood
value, which quantifies the probability of the observed data given the model. For example, in
MAGPHYS, the likelihood .Z is derived from the relation:

b
2

L e (1.14)

The likelihood values obtained are then used to generate probability density functions (PDFs)
for specific physical properties by marginalizing to isolate the distribution for the parameter of
interest. The resulting PDFs provide a statistical representation of the most probable values for

each property.

Alongside these PDFs, SED fitting software typically outputs the property values associated
with the model that has the lowest x2 value, known as the best-fit model. This model represents
the set of parameters that yields the closest match to the observed data. While the best-fit model
offers a point estimate, the PDFs give a more complete picture of the range and likelihood of

different parameter values.
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To assess the quality of the fit, it is necessary to define a satisfactory level of agreement between
the model and the observed data. This is typically done by establishing a threshold for the x>
value below which the fit is considered acceptable. The threshold is determined by calculat-
ing a p-value from the y? distribution and comparing it to a predetermined significance level,
commonly set at 0.05 for a 95 per cent confidence level or 0.01 for a 99 per cent confidence

level.

The statistical distribution of the x? function, and consequently the probability value (p), is
governed by the number of degrees of freedom (Ngof). The probability density function of y? is

given by:
(x2)Waot/D)=1¢=2%/2

2(Naor/2)T(Ngot /2)

D= (1.15)

where I represents the Gamma function, Ngof is the number of degrees of freedom, and xz is the
statistic derived from the observational data. In an ideal case, the number of degrees of freedom
is commonly taken to be the number of independent observations minus one. However, in the
context of photometric measurements, individual data points may not be fully independent due
to correlations between bands, systematics in calibration, and the effects of photometric noise
(e.g. Scranton et al., 2005). As a result, the effective number of degrees of freedom must be

determined empirically.

Smith et al. (2012) performed a statistical analysis to estimate Ngor for SED fitting using MAG-
PHYS. Generating synthetic variations of the observed photometry they applied Gaussian per-
turbations to each photometric measurement, with a standard deviation defined by the minimum
photometric uncertainty in each band. By performing 1000 such Monte Carlo realizations, a
distribution of x? values was obtained and the effective number of degrees of freedom was then
determined by fitting Equation 1.15 to the resulting histogram, with Ng.¢ as a free parameter.

Using this approach, Smith et al. (2012) derived the following empirical relation:

Ngof ~ (—2.820+0.745) + (0.661 £ 0.132) Npangs + (7.91 £5.50 x 10 3NZ_ . (1.16)

Throughout this work, the central values from Equation 1.16 are adopted to determine Nyof,
which in turn is used to establish the threshold x2,, corresponding to a 99 per cent confidence

level based on standard 2 tables.
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1.6.4 Contemporary SED fitters

We now review how some of the contemporary fitting software implements the general prin-
ciples described above. Table 1.1 presents details of some of the prominent fitters currently
available, outlining how each fitter samples the parameter space, as well as specifying the mod-
els used for the SFH, SPS, IMF, and dust attenuation and emission. The majority of fitters
assume that the energy absorbed from stellar emission in the UV and optical wavebands is fully
re-emitted in the IR. Of the fitters in Table 1.1 only AGNFITTER (Calistro Rivera et al., 2014)
explicitly avoids energy-balance. The energy-balance assumption is useful for constraining the
amount of dust attenuation in galaxies. Several papers have cast doubt on whether this assump-
tion holds for galaxies where UV/optical and IR emissions are physically separated (e.g. Casey
et al., 2017; Miettinen et al., 2017; Simpson et al., 2017; Buat et al., 2019), for instance, galax-
ies with clumpy dust clouds where some star-forming regions are unobscured in the observer’s
line-of-sight. However, Hayward and Smith (2015) and Haskell et al. (2023) showed that, on

average, the assumption holds across a range of galaxy configurations.

A consistent feature across all the fitters listed is the use of Bayesian statistics, though some
not listed do still use a frequentist approach - e.g. LEPHARE (Arnouts et al., 1999; Ilbert et al.,
2006) and ZPHOT (Fontana et al., 2000). Bayesian statistics allows the incorporation of prior
knowledge (the prior distribution) and results in a posterior distribution that easily demonstrates
the uncertainties. In contrast, a frequentist approach will return only a point-best estimate with
a confidence interval that gives no sense of the probability that a parameter is within a certain

range.

Table 1.1 highlights that some fitters, such as AGNFITTER, BEAGLE, MAGPHYS and PROSPEC-
TOR, are prescriptive in the underlying models available while others, such as BAGPIPES,
CIGALE, PROSPECT allow the user to determine which model to use; while this latter approach

appears to be an advantage, it can make comparing results from different teams challenging.

We now discuss two key features in which contemporary fitters differ - the modelling of the SFH

and the method used to explore the parameter space.

1.6.4.1 Modelling the SFH

The two main approaches to SFH modelling were introduced in Section 1.6.2 - parametric and

non-parametric. Parametric SFHs use an analytic function to determine the SFR at any point in



Chapter 1: Introduction

35

TABLE 1.1: Comparative overview of the models used in popular SED fitting tools. The
column headings present the model type, and EB indicates whether energy balance is assumed.
Within the columns: Mult. means the user can choose the model, Own means the fitter uses
the authors’ own model, Nest.sam. is nested sampling, Exp.dec. is exponentially declining (the
7 model), FSPS is Flexible Stellar Population Synthesis (Conroy and Gunn, 2010b), BCO03 is
Bruzual and Charlot (2003), C03 is Chabrier (2003), CF0O0 is Charlot and Fall (2000), CO7 is
Capak et al. (2007), DLO7 is Draine and Li (2007) and D14 is Dale et al. (2014). Some data

reproduced from Pacifici et al. 2023.
'Note that MAGPHYS uses delayed 7 with additional starbursts.

Fitter Sampler  SFH SPS IMF  Dustatt. Dustem. EB
AGNFITTER MCMC Exp.dec. BC03 C03 C07 Mult. N
BAGPIPES Nest.sam. Mult. Mult. Mult. Mult. Own Y
BEAGLE Nest.sam. Mult.. BC03 CO03 CFO00 Mult. Y
CIGALE Grid Mult. Mult. Mult. Mult. Mult. Y
MAGPHYS Atlas Exp.dec! BC03 CO03  CF00 Own Y
PROSPECT MCMC Mult. Mult. Mult. CF00 D14 Y
PROSPECTOR Nest.sam. Mult. FSPS C03  CFO00 DLO07 Y

a galaxy’s evolution, imposing constraints on the shape of the SFH. In contrast, non-parametric

SFHs provide greater flexibility, enabling the SFR to be independently determined across user-

defined time intervals of a galaxy’s SFH.

One of the most common parametric forms is the exponential decay model (Carnall et al., 2019),

often referred to as the T model. This assumes that star formation reaches some maximum at #;

and then declines exponentially as a fixed pool of gas is consumed.

for t > 1y,

fort <ty

Where 1 is the time taken for light to reach the observer (the lookback time) and 7 is a constant

determined by comparing the SFR of a model to that of the observed data.

An extension to this is the delayed exponential decay model which avoids the unrealistic as-

sumption of an instantaneous burst of star formation by introducing a delay before the SFR

begins to decline. Additionally, if the parameter 7 is sufficiently large, this version of the model

can accommodate rising SFRs, allowing for a more gradual build-up of star formation in the

early stages of a galaxy’s evolution.

for t > 1y,

for t < 1y
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MAGPHYS takes this one step further by adding random star bursts to the declining continuum

as described in Section 2.2.2 of this thesis.

However, there is good evidence to suggest that, while computationally efficient, parametric
SFHs do not provide an adequate representation of galaxy evolution. Studies such as those by
Simha et al. (2014), Diemer et al. (2017), Ciesla et al. (2017), and Carnall et al. (2018) have
demonstrated that parametric SFH models often fail to capture the full diversity of galaxies
as observed in both surveys and simulations. Carnall et al. (2019)’s overview concludes with
“Our analyses demonstrate the challenges involved in using parametric SFH models as tools for
understanding the history of galaxy stellar-mass assembly. Non-parametric SFH models are a

promising alternative....”

Non-parametric SFH models divide a galaxy’s history into discrete time bins, with the SFR in
each bin sampled from a prior distribution, see Leja et al. (2019) for an overview of this method.
Non-parametric priors avoid the assumption that the SFR follows a predictable path throughout
a galaxy’s history but the method is more computationally demanding; additionally, the number
and timing of bins needs to be decided in advance along with the prior distribution from which
the SFR is drawn for each bin. They have been shown to return more accurate estimates for
stellar mass, to better capture the true shape of the SFH, and to produce more realistic error bars

for both SFR (Leja et al., 2019; Haskell et al., 2024) and for stellar mass (Lower et al., 2020).

Leja et al. (2019), Lower et al. (2020) and Harvey et al. (2024) have shown that the choice of
prior has a significant impact on the modelled SFH with different prior distributions producing
either smooth or discontinuous SFRs between time bins and different SFH posteriors. Despite
these variations, Leja et al. (2019) comments that non-parametric priors remain the better choice
as parametric models rule out plausible solutions and can produce unrealistically constrained er-
ror bars. Figure 1.13, reproduced from Leja et al. (2019), provides an example of the effects
of choosing different priors, from this figure it is evident that while some priors such as Dirich-
let @ = 1 and continuity produce smooth SFHs with little SFR difference between time bins,
Log(M) and Dirichlet & = 0.2 allow for bursts of star formation. The flexible time bin option
differs from the others in this figure by selecting time bins such that equal stellar mass is formed

within each bin (Leja et al., 2019; Iyer et al., 2019).
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FIGURE 1.13: Examples of the different choices for non-parametric SFHs and the SFR be-
haviour they can produce. In each panel the blue shaded area shows the prior PDF for the SFH
prior shown above the panel. The black solid lines mark the median value, the dashed and
dotted lines the 1 ¢ and 2 ¢ values respectively; red lines show the results of five individual

draws from the distribution. Figure reproduced from Leja et al. (2019)

1.6.4.2 Exploring the parameter space

The second major difference between fitting codes is the method by which the software explores

the likelihoods across the parameter space. In Table 1.1 column 2 we have adopted the descrip-

tions used by Pacifici et al. (2023) to describe the different approaches available. These varying

strategies affect the sampling the parameter space and the evaluation of the likelihood of each

model which in turn impacts the accuracy and speed of the fitting process. The sampling strategy

options are:

Atlas refers to the use of pre-built SED libraries. This technique is suitable for very large

data sets where computational time is important. This is the method used by MAGPHYS;

* Grid is similar to Atlas, but with the pre-built library’s entries consistently spaced within

the parameter space;

* MCMC refers to the Markov Chain Monte Carlo technique used to traverse a smooth

parameter space. In this case, the SEDs are created as the fitting proceeds, guided by

the MCMC results. This technique is more computationally demanding but can produce

improved fitting;

* Nested sampling uses the technique developed by Skilling (2004) which determines the

posterior and evidence simultaneously. Like MCMC, this samples the parameter space

smoothly and so requires models to be built on-the-fly. PROSPECTOR uses an extension

of this - dynamic nested sampling (Speagle, 2020) - in which the sampling is dynami-

cally adjusted as the fitting proceeds which can lead to a more efficient exploration of the

parameter space.



Chapter 1: Introduction 38

PROSPECTOR’s sampling of the parameter space is performed by DYNESTY, an implementation
of the last of these options. DYNESTY is a dynamic nested sampling package using techniques
defined by Higson et al. (2019) which is a generalisation of the nested sampling algorithm of
Skilling (2004). Nested sampling places a number of live points randomly within a parameter
space and then iterates, replacing the point with the lowest likelihood with one of a higher
likelihood at each iteration so ensuring that, as the process continues, the points converge on
areas of higher likelihood. Dynamic nested sampling is an extension of this process, adjusting
the number of live points as new evidence is found. When the process terminates, the live points

are weighted according the their likelihood to produce the PDF.

1.6.5 AI and machine learning technologies

One technology not included in Table 1.1 is that incorporating machine learning, examples of
fitters using this technique are ANNZ (Collister and Lahav, 2004) and MIRKWOOD (Gilda et al.,
2021). ANNZ has been trained using observations of galaxies with known redshift to rapidly
determine photometric redshifts. MIRKWOOD has been trained using simulated galaxies from
SIMBA (Davé et al., 2019), EAGLE (Schaller et al., 2015), and ILLUSTRIS (Vogelsberger et al.,
2014) to derive stellar mass, dust mass, metallicity, and SFR from the photometry. Gilda et al.
(2021) has shown that MIRKWOOD produces superior results to those of PROSPECTOR using the
same data. While this class of fitter will undoubtedly make an impact in the future, they are not

included in this thesis.

1.7 Galaxy simulations

Simulated galaxies can be used to study the formation and evolution of galaxies, enabling the
modeling of dark matter, dark energy, baryonic matter, and feedback processes within the frame-
work of a ACDM cosmology. Simulations provide a theoretical foundation for understanding
key observables, including galaxy morphology, star formation histories, and mass distributions,
and assist in understanding the mechanisms governing galaxy evolution (Somerville and Davé,
2015; Vogelsberger et al., 2020). Simulations also enable testing of theoretical predictions
against observational data, facilitating the investigation of complex physical processes such as
supernova-driven outflows, black hole feedback, and the enrichment of the ISM and IGM with

metals (Hopkins et al., 2018; Pillepich et al., 2018).
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TABLE 1.2: Some of the hydrodynamic galaxy simulators currently available. The first column
lists the name of the simulation; the second indicates the numerical method used to model gas
dynamics with the relevant simulation code in brackets, these are described in the text; the
third column presents the simulated volume, typically expressed as the side length of the cubic
simulation box, for zoom-in simulations which focus on individual galaxies or galaxy groups
at high resolution, only a limited number of objects are simulated in detail rather than an entire
cosmological volume; the final column describes the primary focus of each simulation.

Simulator Hydrodynamics Scale Focus

EAGLE SPH (GADGET) 100 Mpc  Observational realism, feedback
FIRE Meshless (GIZMO) Zoom-in  Stellar feedback, bursty SF
Horizon-AGN AMR (RAMSES) 100 Mpc  Galaxy evolution, morphologies
NewHorizon =~ AMR (RAMSES) Zoom-in  High resolution galaxy structure
MlustrisTNG ~ Moving mesh (AREPO) 300 Mpc Galaxy statistics, AGN feedback
SIMBA Meshless (GIZMO) 100 Mpc  Black holes, AGN quenching

1.7.1 Simulating galaxy formation and evolution

Cosmological simulations primarily model the evolution of dark matter under the influence of
gravity, demonstrating the emergence of large-scale structures such as filaments, voids, and
clusters. Notable examples of such simulations include the ThreeHundred project (Cui et al.,
2018), MillenniumTNG (Pakmor et al., 2023), and Dianoga (Bassini et al., 2020). However, to
investigate galaxy formation and evolution within this framework, it is necessary to incorporate

baryonic physics, requiring the use of hydrodynamic simulations.

Hydrodynamic simulations extend dark matter-only models by incorporating gas dynamics, star
formation, and feedback processes within the evolving cosmic web, and so enable the study
of galaxy formation within dark matter halos. Figure 1.14 illustrates an example from the II-
lustrisTNG simulation (Pillepich et al., 2018), depicting the structure of the cosmic web and
the formation of galaxies within its filamentary network. Several major hydrodynamic simu-
lation projects have been developed to model these processes, including EAGLE (Crain et al.,
2015; Schaye et al., 2015), FIRE (Hopkins et al., 2014, 2018), Horizon-AGN and NewHorizon
(Dubois et al., 2014, 2021), Ilustris and [llustrisTNG (Vogelsberger et al., 2014; Pillepich et al.,
2018), and Simba (Davé et al., 2019).

Hydrodynamic simulations can differ in their numerical techniques, feedback prescriptions,
and primary scientific goals. Table 1.2 provides an overview of some of the major simulation

projects, outlining their key characteristics and particular focus.

The numerical methods listed in column two of Table 1.2 employ different approaches to mod-

eling gas dynamics, each with distinct advantages and limitations. These methods broadly fall
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FIGURE 1.14: A view of a simulated cosmic web 300 million light years across as modeled by
MlustrisTNG with dark matter shown in blue, galaxies in gold and circumgalactic gas in white.
Image reproduced from science.org

into four categories: meshless (Lagrangian), moving mesh, smoothed particle hydrodynamics

(SPH), and adaptive mesh refinement (AMR).

Meshless methods treat gas in discrete elements that move with the fluid flow. This technique is
implemented in the GIZMO code (Hopkins, 2015), which is used by the FIRE and SIMBA simu-
lations. Unlike traditional SPH, GIZMO employs a mesh-free finite volume method, improving

accuracy in handling shocks and turbulence (Hopkins and Raives, 2016).

Moving mesh methods differ from meshless techniques in using a grid of cells that move dynam-
ically with the gas flow, adapting their positions to follow mass distribution. The AREPO code
(Springel, 2010) is an implementation of this approach and forms the basis of simulations such
as Illustris and IllustrisTNG. This method combines the advantages of both SPH and Eulerian
grid-based techniques, reducing numerical diffusion ® while maintaining high spatial resolution

(Springel, 2011).

SPH represents gas as a set of particles that interact according to smoothed kernel functions
(Gingold and Monaghan, 1977; Springel, 2010). This method, used in simulations such as
GADGET, is used in large-scale cosmological simulations due to its conservation properties

and ability to handle highly dynamic fluid flows (Springel et al., 2001).

®Numerical diffusion refers to the tendency of numerical simulations to smooth out peaks some quantities such
as (e.g.) temperature.
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AMR, in contrast, employs a fixed grid but refines the resolution in regions of interest, such as
dense galactic environments, where higher spatial resolution is required. The RAMSES code
(Teyssier, 2002) is an implementation of AMR and is used in simulations such as Horizon-AGN

and NewHorizon.

The choice of hydrodynamic method can significantly impact simulation outcomes. For in-
stance, Few et al. (2016) conducted a comparative study simulating the evolution of a gas disk
into a spiral galaxy using three different hydrodynamic codes: SPH (SPHNG; Benz 1990),
AMR (RAMSES; Teyssier 2002), and meshless (GIZMO; Hopkins 2015). Their findings in-
dicated that the resulting spiral galaxies exhibited differences in gas density within their spiral

arms, which could have implications for subsequent SFRs.

Hydrodynamic simulations track the large-scale movement of gas, however many key astro-
physical processes occur on spatial and temporal scales smaller than the typical resolution lim-
its of these simulations. To account for these unresolved processes, sub-grid physics models
are implemented, providing parameterized prescriptions for complex phenomena that cannot be
directly resolved. These sub-grid models include star formation, supernova feedback, stellar
winds, radiation feedback, AGN feedback, and metal enrichment (e.g. Kelly et al., 2022; Butsky
et al., 2024; Nobels et al., 2024; Semenov, 2024).

The choice of sub-grid prescriptions can significantly impact the outcomes of simulations, in-
fluencing key galaxy properties such as star formation histories, gas dynamics, and the thermo-
dynamics of the ISM, ICM and IGM. For instance, variations in feedback efficiency, cooling
mechanisms, or the treatment of turbulence can lead to different galaxy morphologies, mass
distributions, and baryon fractions. Comparisons between simulations employing different sub-
grid models have demonstrated that these assumptions can introduce systematic variations in the

predicted evolution of galaxies and their environments (Crain et al., 2015; Li et al., 2020).

The FIRE simulations used in this thesis incorporate strong stellar feedback mechanisms, which
result in a highly variable, bursty mode of star formation (Sparre et al., 2017; Flores Velazquez
et al., 2021a). Faucher-Giguere (2018) demonstrated that all galaxies in the FIRE simulations
exhibit bursty star formation at z > 1. However, this interpretation is nuanced, as Stern et al.
(2021) found that star formation in FIRE transitions from a bursty to a more steady-state mode
at lower redshifts. This evolution is correlated with changes in the gas cooling time, suggesting
that the thermodynamic state of the ISM and ICM plays a key role in regulating star formation

variability.
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Bursty star formation has important implications for the interpretation of observational SFR in-
dicators. Short-term indicators such as H, emission, which traces star formation on timescales
of a few Myr (Calzetti, 2013), may accurately capture individual starbursts. However, longer-
term indicators, such as UV or IR luminosity, which trace star formation over longer periods
(Calzetti, 2013), may smooth out or entirely miss the impact of these bursts, leading to a sys-
tematic under-estimation of SFR and potentially an incorrect shape for the SFH (Sparre et al.,
2017). An additional source of possible bias arises for this work due to the time intervals be-
tween simulation snapshots, which range between 10 and 25 Myr. This snapshot timing may
fail to capture rapid bursts of star formation, leading to errors in the derived SFR-to-stellar
mass ratio and, consequently, affecting a galaxy’s inferred position on the star-forming main
sequence. Finally, the FIRE simulations produce a clumpy, patchy dust distribution (Ma et al.,
2019) that may be inconsistent with the uniform screen model (Charlot and Fall, 2000) used
by many SED fitters (e.g. MAGPHYS and PROSPECTOR). Lower et al. (2020) has showed that
using a non-uniform model improves the accuracy with which both dust attenuation and SFR

can be recovered.

1.7.2 Radiative transfer

Generating the SED of a simulated galaxy requires processing the topology of stars and ISM
produced by the simulation through a radiative transfer code that accounts for the effects of
dust absorption, scattering, and re-emission. In this study, the radiative transfer package SKIRT
(Camps and Baes, 2020) is employed to model the propagation of radiation through the ISM

and produce realistic multi-wavelength SEDs.

The workflow for SED generation in SKIRT involves multiple steps, including importing sim-
ulated galaxy data, defining dust and stellar emission properties, performing Monte Carlo ra-
diative transfer calculations, and extracting synthetic photometry and spectra. The structure of
these processes, along with the data dependencies, is illustrated in Figure 1.15 (Verstocken et al.,

2017).

SKIRT uses a Monte Carlo technique to model the interaction of radiation with dust, simulat-
ing the propagation of photon packets through a three-dimensional spatial domain containing
both sources of radiation and dust distributions. Each photon packet interacts probabilistically
with dust grains via scattering, absorption, and re-emission, allowing for a realistic treatment of

radiative transfer in dusty galaxies (Camps and Baes, 2015).
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FIGURE 1.15: A flowchart of the steps and data structures involved in a SKIRT simulation. The

simulation phases are shown in blue; the steps corresponding to these phases and their order of

execution are shown in green; the major data structures are in purple. Image reproduced from
Verstocken et al. (2017).

Users can specify custom grain size distributions and select from various dust compositions
(Baes et al., 2003), including models representative of the Milky Way, the Large Magellanic
Cloud, and the Small Magellanic Cloud. The choice of dust model can significantly influence
the resulting SED and the derived galaxy properties, as different compositions exhibit varying
extinction and emission characteristics (Faucher and Blanton, 2024). Throughout this thesis, the

Milky Way dust prescription of Weingartner and Draine (2001) was adopted.

SKIRT has known limitations, particularly when applied to dusty galaxies with high optical
depths. The Monte Carlo method becomes unreliable for optical depths exceeding T ~ 20 as
photon packets experience multiple interactions, leading to inefficient propagation through the
medium (Lee et al., 2016; Camps and Baes, 2018). This limitation affects heavily obscured
regions, such as the dense central regions of star-forming or infrared-luminous galaxies, where
the radiative transfer calculations may become computationally expensive or yield inaccurate
results (Camps and Baes, 2018; Krieger and Wolf, 2023). To mitigate these issues, SKIRT
incorporates several explicit absorption schemes and path length stretching methods to enhance
the efficiency of photon packet propagation through optically thick regions 7. However, these
limitations imply that mock SEDs should be treated with some caution and viewed in the context

of the simulated galaxy morphology.

Thttps://skirt.ugent.be/root/_user_photon_cycle.html
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1.7.3 Simulated Photometry

Simulated photometry is inherently less affected by systematic observational challenges com-
pared to real-world astronomical data. The creation of SEDs using data from different instru-
ments is complicated by the need to match apertures and point spread functions (PSF) across
the different datasets (e.g. Kuijken, 2008; Aniano et al., 2011; Jiménez-Teja et al., 2015). These
issues arise due to variations in the spatial resolution, PSF shapes, and sensitivities of differ-
ent instruments, and require careful pre-processing to ensure consistency in flux measurements

across bands.

Aperture matching ensures that flux measurements across different wavelengths sample the same
physical region of a galaxy. This issue becomes particularly relevant when comparing observa-
tions from instruments with varying spatial resolutions, where flux measurements at different
wavelengths may correspond to different parts of the galaxy. Gil de Paz et al. (2007) and
Auld et al. (2013) comment on offsets possibly caused by aperture effects. Also, differences
in aperture size and detector resolution can result in inconsistent SEDs if they are not properly

accounted for (e.g. Iglesias-Paramo et al., 2013).

PSF matching ensures that images at different wavelengths have comparable spatial resolution,
so that structures appear similar across bands. The PSF describes the response of an imaging
system to a point source, and its width is a key determinant of an image’s spatial resolution
(Cimatti et al., 2020). If the PSF varies significantly across bands, the degree of blurring will
differ, making direct comparisons between flux measurements challenging (e.g. Zhuang and

Shen, 2024).

While aperture matching ensures that flux is measured over a consistent area across wavelengths,
PSF matching ensures that light is spread in a consistent manner across images. The two pro-
cesses are inherently linked: if the PSF differs between bands, aperture matching becomes
non-trivial, as a single aperture may capture different amounts of flux in each image. This is
particularly problematic for extended sources such as resolved galaxies, where different wave-
lengths trace distinct physical structures (e.g. UV emission tracing star-forming regions, while
IR emission traces dust). Failure to correctly match apertures and PSFs can lead to systematic

biases in galaxy properties derived from SED fitting (e.g. Sorba and Sawicki, 2015).
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To mitigate the challenges posed by aperture mismatching and PSF variations, observational
data must undergo post-processing. The most common approach is PSF matching, where higher-
resolution images are degraded to match the PSF of the lowest-resolution dataset - often corre-
sponding to FIR or radio wavelengths 8. This process involves constructing a blurring kernel for
each image, which determines the amount of smoothing required to match the target PSF. The
transformation is then applied uniformly across all images, ensuring consistent spatial resolu-
tion. PSF matching can be performed using dedicated software packages such as IRAF (Tody,
1986) and Photutils (Bradley et al., 2025).

Once PSF matching is completed, aperture corrections are applied to ensure that flux measure-
ments are consistent across wavelengths (Kuijken, 2008). This typically involves adopting a
fixed aperture size for all bands and applying corrections to compensate for missing flux out-
side the chosen region. These corrections are particularly important for extended sources such
as galaxies, where variations in flux distribution across bands may lead to systematic biases in
multi-wavelength photometry. For an example of these techniques in practice, see Nayyeri et al.

(2017); Best et al. (2023).

When analyzing simulated galaxies, the idealized nature of the environment eliminates the
need for PSF matching, as there is no observational imaging system introducing wavelength-
dependent resolution constraints. Simulated images and SEDs can be extracted at arbitrarily
high resolution, meaning that intrinsic structural details are not subject to instrumental blurring
or diffraction effects. However, aperture selection remains a critical factor that can significantly
influence flux measurements and the derived galaxy properties (Kewley et al., 2005; Gebek et al.,

2024).

To ensure homogeneous photometry across wavelengths, aperture definitions in simulations
must be considered; unlike observational studies, where aperture sizes are often dictated by
instrumental limitations, simulated datasets allow for more flexible approaches to aperture defi-

nition. Several common methods are used to define apertures in simulated data:

* Fixed physical apertures: A predetermined physical size (e.g. 5 kpc, 10 kpc) is applied
across all wavelengths (e.g. Snyder et al., 2015). While this approach ensures uniformity,
it may fail to capture all of the galaxy’s emission at longer wavelengths or introduce biases

for extended structures (e.g. Klaas et al., 2006).

8The spatial resolution of a telescope is determined by the Rayleigh criterion 6,;, = 1.22 x A /D where O, is
the minimum detectable angular separation, A is the wavelength, and D is the telescope diameter (Carroll and Ostlie,
2017)
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* Fraction of total light: Apertures may be defined as a fraction of the total light, such as
the Petrosian radius (Petrosian, 1976) or a multiple of the effective radius (e.g. Tacchella
et al., 2022d). This method accounts for variations in galaxy size and morphology but
may still introduce biases due to wavelength-dependent flux distributions (e.g. Nersesian

et al., 2023).

* Surface brightness thresholds: Flux measurements can be extracted based on a surface
brightness isophote, typically in the rest-frame optical or near-infrared, to ensure con-
sistency across wavelengths (e.g. Cochrane et al., 2019). This method aligns well with
observational approaches but requires careful selection of threshold values to avoid miss-

ing flux contributions in different bands °.

The choice of aperture used for measuring the photometry can significantly influence the mea-
sured fluxes and colours, and therefore the SFRs, stellar masses, and other derived galaxy prop-
erties, especially in the presence of extended emission components such as diffuse dust re-
radiation in the infrared or stellar halos in the optical and near-infrared (Kewley et al., 2005;
Iglesias-Paramo et al., 2013). Figure 1.16 illustrates this point showing the different images that
must be processed to form a consistent SED (Panel b) for a real galaxy compared to the relative

simplicity of combining simulated images (Panel a).

1.8 Motivation and structure of this thesis

The preceding sections’ description of the process for creating SED templates has highlighted
how each step of construction involves choices of models each with its own theoretical back-
ground, assumptions, approximations, uncertainties and biases. Therefore, it is reasonable to
approach the results of such modelling with some skepticism and to ask “Should we believe
the results of UV-mm galaxy spectral energy distribution modelling” - the question posed by

Hayward and Smith (2015) which serves as the inspiration for this work.

This thesis aims to further address this question by exploring the fidelity of results from two
major SED fitters: MAGPHYS and PROSPECTOR. These packages encompass a range of options
in terms of their fitting methodology and basic assumptions, as well as differing competencies

concerning fitting high-redshift galaxies. Their different approaches to SFH make this work

“https://ned.ipac.caltech.edu/level5/Tyson3/Tyson2.html
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(A) Images of a simulated galaxy from the Illustris project () taken at (from top left to bottom right)
2316, 5820, 5917, 6407, 36000 and 44000 A. Image reproduced from Torrey et al. (2015).

X-Ray: Chandra

(B) Images of NGC 5128 (Centaurus A) taken at different wavelengths as shown, image reproduced
from https://scipp.ucsc.edu/~tesla/multiwave.pdf.

FIGURE 1.16: This figure shows the complexities of combining data from real galaxy obser-
vations compared to that for simulations. The upper panel shows images of a simulated galaxy,
the lower images of a real galaxy
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particularly relevant to the ongoing debate on the merits of parametric versus non-parametric

SFHs.

While the primary objective of this work is to assess the suitability of different SED fitting
methods for studying high-redshift galaxies, our investigation addresses several aspects of the

fitting process:

* Energy balance assumption: we determine whether the energy balance assumption, which
links the UV/optical and FIR emission through dust reprocessing, holds true when these

emissions may be spatially separated.

* Projection: we investigate the ability of the models to accurately derive galaxy properties

across a range of viewing angles onto the same galaxy.

* Changes in SFR: we evaluate the different methods’ ability to capture rapid changes in

star formation history, such as starbursts or periods of temporary quenching.

* Dependence on true property values: we investigate whether the accuracy of the derived
galaxy properties, such as stellar mass or SFR, is dependent on the true values of these

properties.

* Model fitting accuracy: Finally, we determine the overall ability of different fitting meth-

ods to produce reliable and accurate fits to the observed data of high-redshift galaxies.

This framework will allow for a comprehensive evaluation of SED fitting techniques in the
context of high-redshift galaxy studies, informing future applications of these models to distant,

evolving galaxies.
This thesis is structured as follows:

Chapter 2 published in Haskell et al. (2023) presents the work performed using simulated galax-
ies to investigate concerns that energy balance SED fitters cannot accommodate spatially sepa-

rated UV/optical and FIR emitting regions.

Chapter 3 published in Haskell et al. (2024) highlights issues concerning a MAGPHYS bias under

certain SF conditions.

Chapter 4 reports on the results of running the PROSPECTOR SED fitter on the simulated galax-
ies, comparing the results with those of MAGPHYS and examining the capabilities of different

SED techniques and SFH models.
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Chapter 5 synthesizes the results and suggests future work to enhance our confidence in the

results of SED fitting for high-redshift galaxies.



Chapter 2

Energy balance SED modelling can be
effective at high redshifts regardless of
UV-FIR offsets

2.1 Introduction

Spectral energy distribution (SED) fitting offers a powerful method of estimating galaxy physical
properties from photometry. SED fitting programs take as input the available photometry, which
can be > 30 bands in the best studied fields to < 10 elsewhere, then use models of varying
complexity to infer the shape of the full SED and hence the underlying physical properties (for

an introduction to SED fitting see e.g. Walcher et al., 2011; Conroy, 2013).

The energy-balance code MAGPHYS (da Cunha et al. 2008 - hereafter DCOS8) performs y? fit-
ting using two sets of pre-built libraries of model SEDs with a representative range of SFHs and
dust models for star-forming galaxies. The energy balance criterion works in such a way that
MAGPHYS considers only combinations of SFH and dust emission that are energetically consis-
tent, in the sense that the energy absorbed by dust in the rest-frame UV is re-radiated in the FIR.
During the fit, MAGPHYS finds the SFH and dust model that best fits the data, and calculates
probability density functions (PDFs) for a variety of property values by marginalising over all

of the models which satisfy the energy balance criterion.

50
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To determine the fidelity of the properties derived from SED fitting, three testing techniques
have been used in previous studies. The first is to compare the derived physical parameters to
those derived using simpler methods. DCO8 tested how well MAGPHYS could fit observations
from the Spitzer Infrared Nearby Galaxy Survey (SINGS Kennicutt et al., 2003), producing
acceptable best-fit ¥ results for 63 of the 66 galaxies. They also tested how well MAGPHYS
could recover the properties of 100 of its own, randomly selected, models with noise added
to the photometry. Here, My, SFR and L4, were reported to be recovered to a high degree
of accuracy. Similarly, Noll et al. (2009) tested the alternative energy balance SED fitting code
CIGALE (Boquien et al., 2019) using the SINGS galaxies, replacing DC08’s UBV observations
with those from Muifioz-Mateos et al. (2009). Here, Lgy estimates compared well (£0.03 dex)
with those derived by Draine et al. (2007), similarly the SFR estimates compared well (0.06 4+
0.05 dex) with those provided by Kennicutt (1998b) based on Ho emission (e.g. Kennicutt
1998a).

An alternative testing technique is to compare the results of different fitting programs when
applied to the same dataset. This will not provide evidence that the results are correct, but does
give confidence that a given code performs similarly to others. Best et al. (2023) tested three
energy balance based fitters - MAGPHYS, CIGALE and BAGPIPES (Carnall et al., 2018) -
together with AGNFITTER (Calistro Rivera et al., 2016). The four codes were each used to
estimate M, and SFR for galaxies in the Bootes, Lockman Hole and ELAIS-N1 fields of the
LOFAR Two Metre Sky Survey (LoTSS Shimwell et al., 2017) deep fields first data release
(Duncan et al. 2021, Kondapally et al. 2021, Sabater et al. 2021 and Tasse et al. 2021). The
results of the runs were compared to determine how well they agreed with each other. For
galaxies with no AGN, MAGPHYS, CIGALE and BAGPIPES typically agreed to within 0.1
dex for stellar mass, with AGNFITTER differing by 0.3 dex. Similar levels of agreement were
found for the SFRs of galaxies found not to contain an AGN. For galaxies with an AGN the
situation was more mixed as neither MAGPHYS nor BAGPIPES are designed to handle AGN

emission.

Hunt et al. (2019) compared the results of applying MAGPHYS, CIGALE and GRASIL (Silva
etal., 1998) to a sample of 61 galaxies from the Key Insights on Nearby Galaxies: a Far-Infrared
Survey with Herschel (KINGFISH) survey (Kennicutt et al., 2011), including 57 of the SINGS
galaxies. They found that stellar masses estimated using 3.6 m luminosity agreed with all three
codes to within 0.2 dex. Similarly, SED derived SFR estimates were within 0.2 dex of those

derived using FUV+TIR luminosities and H o + 24um luminosities. The results for Mg,s were
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more mixed, with GRASIL giving values 0.3 dex higher than MAGPHYS or CIGALE or the
value determined using a single temperature modified black body. A similar approach with an
even broader selection of fourteen SED fitting codes was taken by Pacifici et al. (2023), who
found agreement on stellar mass estimates across the ensemble, but some discrepancies in their
SFR and dust attenuation results. More recently, Cheng et al. (2023) used a modified version of
MAGPHYS (MAGPHYS +photo-z; Battisti et al. 2019) to determine the photometric redshifts of
16 sub-millimetre galaxies (SMGs). The results were compared to the redshifts derived using

EAZY (Brammer et al., 2008), finding that for most sources the results were consistent.

The final, and perhaps most promising technique for validating SED fitting is to use simulated
galaxies where the ‘right’ answer is known in advance. Wuyts et al. (2009) used the HYPERZ
(Bolzonella et al., 2000) SED fitting code on GADGET-2 (Springel, 2005) simulations to recover
mass, age, E(B-V) and Ay under a variety of conditions. They concluded that recovery of
properties for ellipticals was generally good (residuals between 0.02 and 0.03 dex) with slightly
poorer results for disks (residuals of 0.03 to 0.35 dex), with residuals increasing further to 0.02 to
0.54 dex during periods of merger-triggered star formation. Hayward and Smith (2015, hereafter
HS15) used MAGPHYS on two GADGET-3 (Springel, 2005) simulations of an isolated disk and
a major merger of two disk galaxies at z = 0.1. Snapshots were taken at 10 Myr intervals and the
radiative transfer code SUNRISE (Jonsson, 2006) used to produce observations from 7 different
lines of sight around the simulation. In both scenarios, the attenuated SED was recovered with an
acceptable fit (%2 within the 99 per cent confidence threshold; see Smith et al. 2012 for details)
except for the time around the peak starburst/coalescence phase of the merger simulation. In
both scenarios, Lg,s was recovered well with M, recovered to within 0.3 dex and SFR within
0.2 dex. Mgt was recovered less well, but still within 0.3 dex for the isolated galaxy and 0.5
dex for the merger. The conclusion from this study is that these properties of local galaxies can
typically be recovered to within a factor of 1.5 — 3. Smith and Hayward (2018) studied a resolved
simulated isolated disk, using spatial resolution as fine as 0.2kpc. They found that MAGPHYS
produced statistically acceptable results for Mg,;, Laust, SFR, sSSFR and Ay for over 99 per cent of
D20), used EAGLE (Schaye et al. 2015, Crain et al. 2015) simulations with SKIRT generated
photometry (Baes et al. 2011, Camps and Baes 2020) to validate the performance of MAGPHYS
for studying galaxies with redshifts up to 3.4. They found that MAGPHYS gave a remarkably
linear correlation with the true (simulated) values, though with significant scatter (at the level of

10, 15 and 30 per cent for the dust mass, SFR and stellar masses, respectively) and significant
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systematic offsets (of up to 0.46 £ 0.10 dex for the recovered stellar mass).

These studies all provide evidence that SED fitting, particularly energy balance SED fitting, is
working remarkably well and providing results often consistent with the ground truth once the

uncertainties are accounted for.

However, several authors have questioned whether using an energy balance criterion is appropri-
ate when viewing galaxies for which the UV and FIR are spatially offset from one another (e.g.
Casey et al., 2017; Miettinen et al., 2017; Simpson et al., 2017; Buat et al., 2019). In such cases,
while ‘energy balance’ is still expected overall (i.e. energy conservation is presumably not vi-
olated), significant spatial decoupling may lead to difficulties in recovering the true properties.
Under such circumstances, the attenuation — and thus the intrinsic UV luminosity — may be un-
derestimated because the UV-bright, relatively dust-free regions can result in a blue UV-optical

slope even if the bulk of the young stars are heavily dust-obscured.

This concern has recently become testable with the sub-arcsecond resolution provided by the At-
acama Large Millimetre/submillimetre Array (ALMA)!, enabling direct observation of UV/op-
tical and FIR offsets. There are now numerous papers reporting spatial offsets. Hodge et al.
(2016), Rujopakarn et al. (2016), Gémez-Guijarro et al. (2018) and Rujopakarn et al. (2019)
have discovered kpc offsets between star forming regions and centres of stellar mass while in-
vestigating the star formation and dust distributions in 2 < z < 4.5 galaxies. Along these lines,
Chen et al. (2017) found a significant offset in ALESS67.1, a SMG at z = 2.12, Cochrane et al.
(2021) reported the same in the massive star-forming galaxy SHiZELS-14 at z = 2.24, and
Bowler et al. (2018) detected a 3 kpc offset between the rest-frame FIR and UV emission in the

Lyman-break galaxy ID65666 at z ~ 7.

The concern over the impact of decoupling between the dust and starlight is such that new
SED fitting codes such as MICHI2 (Liu, 2020) and Stardust (Kokorev et al., 2021) mention
the absence of energy balance as a key advantage in favour of using these codes for studying
galaxies where spatial offsets are likely to be a factor. In Liu et al. (2021), MICHI2 produced
results very similar to MAGPHYS and CIGALE for a sample of high redshift galaxies, with
stellar mass and dust luminosity estimates obtained to within 0.2 - 0.3 dex of those obtained using
the two energy-balance codes. Similarly, Kokorev et al. (2021) used Stardust to fit 5,000 IR
bright galaxies in the GOODS-N and COSMOS fields, producing results which compared well

Uhttp://www.alma.info



Chapter 2: Energy Balance 54

with those derived using CIGALE with a mean Mg, residual of 0.09 dex, a mean Ljr residual

of 0.2 dex and a mean M, residual of 0.1 dex (albeit with a significant scatter of 0.3 dex).

An additional test of the likely impact of spatial offsets was conducted by Seillé et al. (2022),
who used the CIGALE code to model the Antennae Galaxy, Arp244, which is known to have
very different UV and IR distributions (Zhang et al., 2010). Seillé et al. (2022) found that the
total stellar mass and SFR were consistent, whether they attempted to fit the integrated photom-
etry of the galaxy or sum the results of fitting 58 different regions of Arp244 independently and
summed the results (i.e. performance very similar to that found by Smith and Hayward 2018 for

simulated galaxies without spatial offsets).

In this context, we now seek to further test the efficacy of energy balance SED fitting for these
more challenging dusty, high redshift, star-forming galaxies by using high-resolution simula-

tions with differing degrees of spatial offset between the apparent UV/FIR emission.

This paper is structured as follows. Section 2.2 describes the tools and methods used to create
the observations and to fit the SEDs; Section 2.3 presents the results of the fitting including
the derived values for several galaxy properties; Section 2.4 discusses these in the context of
previous papers and Section 2.5 summarises the conclusions. Throughout this work we adopt a

standard cosmology with Hy = 70km s~! Mpc_l, Qu =0.3,and Q4 =0.7.

2.2 Method

This section describes the simulation data and the creation of the synthetic observations. It
also provides a brief introduction to MAGPHYS, details of the simulations, and how they were

subsequently analysed.

2.2.1 Computing the SEDs of simulated galaxies

We analyze a set of 4 cosmological zoom-in simulations from the FIRE project® that were run

using the FIRE-2 code (Hopkins et al., 2018) down to z = 1. The simulations use the code

Zhttp://fire.northwestern.edu
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GIZMO (Hopkins, 2015)3, with hydrodynamics solved using the mesh-free Lagrangian Go-
dunov “MFM” method. Both hydrodynamic and gravitational (force-softening) spatial reso-
lution are set in a fully-adaptive Lagrangian manner with fixed mass resolution. The simula-
tions include cooling and heating from a meta-galactic background and local stellar sources
from T ~ 10 — 10'°K; star formation in locally self-gravitating, dense, self-shielding molec-
ular, Jeans-unstable gas; and stellar feedback from OB & AGB mass-loss, SNe Ia & II, multi-
wavelength photo-heating and radiation pressure with inputs taken directly from stellar evolution
models. The FIRE-2 physics, source code, and all numerical parameters are exactly identical to

those in Hopkins et al. (2018).

The specific sample of simulations studied in this paper include the halos first presented in
Feldmann et al. (2016). The FIRE-2 simulations for these halos were introduced, along with
a novel on-the-fly treatment of black hole seeding and growth in Anglés-Alcazar et al. (2017).
These halos were chosen because they are representative of the high-redshift, massive, dusty
star-forming galaxies found in infrared-selected observational samples, Cochrane et al. (2019)
showing that they present a clumpy dust distribution together with very different morphologies
for stellar mass, dust, gas and young stars. At z = 2, the galaxies central to the halos have
half-light radii of 0.73, 0.98, 0.81 and 0.91 kpc; for additional information on these galaxies see
Anglés-Alcazar et al. (2017) as well as Cochrane et al. (2019), Wellons et al. (2020), Parsotan
et al. (2021) and Cochrane et al. (2022).

To generate synthetic SEDs, Monte Carlo dust radiative transfer was performed on each time
snapshot of the simulated galaxies in post-processing using the code SKIRT*. SKIRT assigns
single-age stellar population SEDs to star particles in the simulations according to their ages and
metallicites. It then propagates photon packets through the simulated galaxies’ ISM to compute
the effects of dust absorption, scattering, and re-emission. Snapshots of the galaxies’ evolution
were taken at 15 - 25 Myr intervals with each galaxy ‘observed’ from 7 positions that uniformly
sampled inclination angles from view O (aligned with the angular momentum vector) in steps
of 30° to view 6 (anti-aligned). For full details of the SKIRT calculations, see Cochrane et al.
(2019, 2022). This procedure yielded 6,706 SEDs across the four simulated galaxies, spanning

1<z<8.

To compute photometry from the SEDs, we convolved the SEDs with appropriate filter response

curves for the 18 bands listed in Table 2.1. These filters were chosen for similarity with previous

http://www.tapir.caltech.edu/~phopkins/Site/GIZMO. html
“http://www.skirt.ugent.be/
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work in the LoTSS deep fields (e.g. Smith et al., 2021), providing good coverage of the spectrum
from the UV to the FIR with which to test how MAGPHYS performs in these idealised conditions.
Figure 2.1 shows the filter coverage for an example SED at z = 1, along with the emergent SED

generated by SKIRT.

Figure 2.2 examines the relationship between the properties of our simulated galaxies and those
of high redshift sub-millimetre galaxy populations in which spatial UV-FIR offsets have been
observed. We compared four properties with observations, specifically the SFR relative to the
galaxy main sequence (MS; upper left panel), the relationship between sub-mm flux density and
Mgyse (upper right), the degree of V band extinction (lower left), as well as the magnitude of
the UV/IR offsets (lower right) in relation to studies in the literature. In the upper left panel
we have compared the SFR in each snapshot with the MS parameterisation from Schreiber
et al. (2015) modified for our adopted Chabrier (2003) IMF using the method of Madau and
Dickinson (2014), as a function of redshift. The magenta band indicates the typical £0.3 dex
scatter associated with the MS (e.g. Tacchella et al., 2022a). The simulated galaxies lie either
on or above the MS in the vast majority of cases, and are therefore consistent with dusty, star
forming galaxies. The upper right panel of Figure 2.2 shows the sub-millimetre flux density,
Sg70, as a function of the dust mass for the simulated galaxies and for the SMGs published in
D20. While the simulations do not occupy the parameter space of the brightest SMGs, there is
significant overlap, and they do lie along the same submm/dust mass relationship (see Hayward
et al. 2011, Cochrane et al. 2023b). The lower left panel shows how the V-band extinction
(Ay) for the simulations (the blue solid line indicates the median, with shading indicating the
values enclosed by the 16th and 84th percentiles of the distribution at each redshift) compares
with the corresponding values for the SMG samples from D20 (in purple) and Hainline et al.
(2011, indicated by the red points with error bars). Although the D20 sample is on average more
obscured than our simulations, similarity to the Hainline et al. (2011) SMGs is evident. The
lower right panel shows the range of offsets between the UV and FIR emission in redshift bins.
The solid lines indicate the mean simulated offset (blue for peak-to-peak, red for light-weighted
mean), with shaded regions indicating the area enclosed by the 16th and 84th percentiles at
each redshift. The black, red and green symbols indicate ALMA sources from Rujopakarn et al.
(2016), Rujopakarn et al. (2019) and Lang et al. (2019). Finally, the short green line marks the
mean offset from Lang et al. (2019) over 20 SMGs with 1.6 < z < 2.5.

To summarise, Figure 2.2 demonstrates that the simulated sources are predominantly dusty star-

forming galaxies. While the D20 SMG sample is more extreme, the degree of extinction and the
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FIGURE 2.1: An example SED obtained using MAGPHYS, demonstrating the generally close
agreement between the true and MAGPHYS-derived SEDs. In the upper panel, the solid black
line shows the best-fit MAGPHYS-derived SED, while the dashed black line indicates the MAG-
PHYS estimate of the unattenuated SED; the solid blue line represents the attenuated SED
generated by SKIRT. The square markers represent the best-fit photometry, with the SKIRT
photometry shown as the points with error bars (as described in the legend). The coloured lines
above the lower horizontal axis show the normalised filter curves used in this study. The lower
panel shows the residual value in ¢ units between each observation and the best-fit SED. The
residual value is calculated as (observed flux - model flux)/observed error. This SED corre-
sponds to simulated galaxy A1, snapshot 276, view 0, z = 1.00.

magnitude of the UV-FIR spatial offsets in the simulations show significant overlap with values
published in the literature. The simulations are therefore a useful testing ground for determining

the extent of our ability to recover the true properties of galaxies with plausible UV-FIR offsets

using MAGPHYS.

2.2.2 MAGPHYS

MAGPHYS is an SED modelling code using Bayesian inference to derive best-fit SEDs as well

as estimates (best-fit, median likelihood, and probability distribution functions) for a wide range
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FIGURE 2.2: The properties of the simulated galaxies in their observational context. Upper
left: the relationship between the simulated galaxies’ SFRs and the galaxy main sequence
(MS); for each snapshot, the y-axis shows the difference between the simulation SFR and the
MS, with the magenta band indicating the typical +0.3 dex scatter associated with the MS
(e.g. Tacchella et al., 2022a). Upper right: the relationship between the sub-mm flux density
Sg70 and dust mass; the blue points represent the simulated data, while the orange points show
galaxies from D20. Lower left: the variation in Ay as a function of redshift for the simulations
(for which the median value at each z is shown by the solid line, within shading indicating
values enclosed by the 16th and 84th percentiles of the distribution), along with a corresponding
distribution from D20 (shown in purple). The SMG sample from Hainline et al. (2011) is shown
by the red points. Lower right: the mean UV/FIR peak to peak (blue) and light-weighted mean
(red) spatial offsets in redshift bins: the shading indicates the region enclosed by the 16th and
84th percentiles at each redshift, while the solid line indicates the median value. The red, green
and black circles are values for individual sources taken from the literature (as indicated in the
legend), while the solid green line marks the reported average spatial offset across 20 SMGs
from Lang et al. (2019).

of galaxy properties. A full description can be found in DCO8 and da Cunha et al. (2015), but we

include a brief overview. MAGPHYS uses two libraries of model galaxies: the first, the library

of star-formation histories (SFH), consists of 50,000 models each comprising a UV/optical SED

and associated galaxy properties; the second, the dust library, comprises 25,000 models each

with an IR SED and associated properties.

The SFH library is built using the IMF of Chabrier (2003) and the stellar population synthesis

(SPS) model of Bruzual and Charlot (2003). Exponentially declining star formation histories

are superposed with random bursts, in such a way that a burst of star formation has occurred in

half of the SFH library models within the last 2 Gyr.
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TABLE 2.1: The filters used to create synthetic observations from the simulated photometry.
The first column gives the telescope/survey, the second the instrument/filter name, and the third
the effective wavelength of the filter.

Facility Filter Aefr(m)
CFHT Megacam u  0.39
PanSTARRS ¢ 0.48
PanSTARRS r 0.61
PanSTARRS | 0.75
PanSTARRS £ 0.87
PanSTARRS y 0.96
UKIDSS J 1.2
UKIDSS K 2.2
Spitzer IRAC chl 34
Spitzer IRAC ch2 4.5
Spitzer IRAC ch3 5.6
Spitzer IRAC ch4 8.0
Spitzer MIPS 24 um 24

Herschel PACS green 100
Herschel PACS red 160

Herschel SPIRE 250
Herschel SPIRE 350
Herschel SPIRE 500

Common to both libraries is the use of the Charlot and Fall (2000) two-component dust model.
In this model, stellar populations younger than 10 Myr are attenuated by a greater amount than
older stellar populations, under the assumption that these young stars are still embedded within
their ‘birth clouds’. These stellar populations are subject to a total optical depth Tgc + Tism,
whereas older populations ‘see’ an optical depth of only Tigym, from the diffuse ISM. Charlot

and Fall (2000) define the optical depth seen by stellar emission as

29C +415M for stars | 10Myr,

>_,)
I

‘E/IISM for stars > 10 Myr.

where %, is the total optical depth for A, £5€ is the optical depth of the birth clouds and /5" is

the optical depth of the ISM. These latter two are defined in MAGPHYS such that:

€ = (1 — )8y (1/5500A) 1, and (2.1)
M = Ly (A /55004) 07, (2.2)

where 7y is the mean V band optical depth and u represents the fraction of 7y arising from the

ISM.
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FIGURE 2.3: Visualisations of two views of galaxy Al, in the later stages of its evolution,
showing differing degrees of UV-FIR offsets ranging from kpc-scale projected separation (left)
to approximately co-spatial (right). In each panel, the image in blue shows the UV emission,
the side colourbars showing the flux density of the emission in Mly/sr. The coloured contours
show flux density for the FIR emission, ranging from green (3 x 10* MJy/sr), to orange (5 x
10* MJy/sr) to black (103 MJy/sr). In each panel, the base of the red vector is positioned at
the peak FIR emission and the head at the peak UV emission, the base of the black vector is
positioned at the light-weighted mean FIR emission and the head at the light-weighted mean
UV emission. The title of each plot gives the galaxy name along with redshift, best-fit x> and
Spearman p value.

The dust library is built from three main components: emission from very small grains (<
0.01 um) which can reach high temperatures if they absorb a UV photon; large grains (between
0.01 — 0.25 um) in thermal equilibrium with the interstellar radiation field; and polycyclic aro-
matic hydrocarbons (PAHs) which are responsible for emission line features in the mid-infrared.
The contribution of each component to the SEDs of the birth clouds and the ISM is chosen to
broadly reproduce the range of SEDs found in nearby star-forming galaxies. The total IR SED

is then modelled as the sum of the ISM and the birth cloud components.

The SFH and dust libraries are linked together in such a manner that the starlight absorbed
by dust at short wavelengths is re-radiated at longer wavelengths, i.e. the energy is balanced.
During the fit, as well as ensuring that energy conservation (i.e. energy balance) is satisfied
by construction (i.e. the luminosity absorbed by dust equals that emitted by dust), MAGPHYS
combines those models in the optical library with those in the IR library that have similar con-
tributions from dust in the ISM to the overall dust energy budget (the fraction of luminosity
absorbed by the diffuse ISM component and that emitted by the diffuse ISM component, re-
spectively). This is parameterised in MAGPHYS using the f), parameter; in the high-redshift

version used in this work, values for the SFH and dust libraries must have Af;, < 0.2 for the
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combination to be acceptable. In this way, each galaxy is fitted against a wide variety of ‘em-
pirical but physically-motivated” (DCO08) SFHs and dust content. By calculating the best-fit
x?* for each model combination that satisfies the conditions, a likelihood function is built for
each galaxy property by assuming that L o< exp (%52) When all combinations of models in the
libraries have been processed, a PDF is produced for each property by marginalising the indi-
vidual likelihoods. MAGPHYS outputs a pair of files for each fitted galaxy: one containing the
best-fit SED (an example of both the attenuated and unattenuated versions are shown, alongside
the model photometry in Figure 2.1), while the other contains the best-fit model values and the

PDFs.

This study uses the high-redshift version of MAGPHYS (da Cunha et al., 2015), which differs
from the low-redshift version in two important ways: firstly, the prior distributions are modified
to include higher dust optical depths, higher SFRs and younger ages; secondly, the effects of

absorption in the inter-galactic medium (IGM) at UV wavelengths are taken into account.

Some studies have sought to determine the extent to which AGN can influence the results of SED
fitting (e.g. HS15, Best et al., in preparation). However, neither the simulations nor the SED
fitting code used in this paper include AGN, and so this important aspect will not be discussed

further.

2.2.3 Processing the data

To test how well MAGPHYS is able to recover the intrinsic properties of the simulated galaxies,
we ran MAGPHYS four times on each synthetic SED, using different combinations of photome-

try and assumed redshift:

e Run A - used all 18 filters;

e Run B - used all 18 filters, but with all SEDs shifted to a redshift of 2. This run was used
as a comparison to detect any bias in the results due to redshift effects. This is discussed

in section 2.4.1;
* Run C - used only the UV to near-IR filters (# — K);

* Run D - used only the FIR filters (PACS 100 um — SPIRE 500 pm).
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Runs C & D are discussed in section 2.3.2.3. We assumed a signal-to-noise ratio of 5 in every

band, following Smith and Hayward (2018).

One of the key aims of this work is to determine how MAGPHYS performs when analyzing
galaxies for which the observed UV and FIR emission are spatially ‘decoupled.” To do this, we

characterise the offset between the UV and FIR emission in three different ways:

1. the peak to peak offset: this is defined as the distance in parsecs between the points of

maximum flux in the UV (0.3 um) and FIR (100 ym) images;

2. the light-weighted mean offset: this is defined as the distance in parsecs between the

light-weighted centres for the UV (0.3 um) and FIR (100 gm) emission.

3. the Spearman rank coefficient (Myers and Well, 2003) comparing the degree of correlation
between the UV (0.3 um) image and the FIR (100 um) image. A Spearman rank coeffi-
cient of p > 0.8 is considered necessary for a strong correlation. Spearman also returns
a p value indicating a correlation confidence level, 99 per cent of our results returned p
values indicating that the probability of the reported correlation being due to chance was
< 0.0001. The images were filtered to allow only the data points with intensity above
the 80th percentile in either the UV or FIR images to be included in the analysis. This
was done to avoid the comparatively very large number of low intensity pixels from un-
duly dominating the result. The 80th percentile was chosen as a reasonable value after

comparing the results using different percentile values of the UV and FIR images by eye.

The three proxies were each calculated using the rest-frame UV and FIR maps for each snapshot
and view to provide values that would be possible using real observational data with high enough
spatial resolution and sensitivity. As an example, Figure 2.3 shows two images of the simulated
galaxy Al in the later stages of its evolution, other examples can be seen in Cochrane et al. 2019.
The image on the left shows a significant offset between the UV (shown as the blue image) and
FIR (shown as contours) intensity, while in the right image (which has the same colour scheme)
the UV and FIR appear almost coincident. In both panels the red vectors show the peak-to-peak
offset, while the black vectors show the light-weighted offset. The Spearman p value is given in
the title of each panel. We also calculated the offsets using the projected maps of the simulated
young stars (age < 10 Myr) and dust; however, there was no significant difference in the results

and so the observed offsets are used throughout this paper.
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In the following sections, where we compare derived values to true (simulated) values these
are expressed as residuals in dex between the 50th percentile of the derived value’s likelihood

function and the true value:

Alog(parameter) = log;,(derived value) — log,(true value). (2.3)

It follows that positive offsets (A) represent MAGPHYS over-estimates, and negative values in-
dicate under-estimates. Throughout this work, where MAGPHYS results are shown averaged
across the seven views of a snapshot, they are the mean of the individual median likelihood

estimates.

2.3 Results

In this section we present results from the four runs described in Section 2.2.3. In all runs a
successful fit was defined as one where the )2 value was equal to or below the 99 per cent
confidence limit (x2,,), this was taken from standard x> tables. The number of degrees of
freedom was calculated as in Smith et al. (2012), which perturbed the output best-fit SEDs
from MAGPHYS with random samples from the standard normal distribution and found that it
depended on the number of bands in the manner shown in Appendix B of that work. We are
using the same MAGPHYS model and have assumed that the relation does not vary with the

particular choice of bands or the redshifts of the sources being studied.

2.3.1 The fraction of mock observations with acceptable fits

From run A we find that MAGPHYS achieved a statistically acceptable fit (i.e. x> < x2,,) for 83
per cent (5,567 out of 6,706) of the snapshots. Note that the value of y2,, varies with redshift
because the SKIRT SEDs do not include wavelengths < 0.08 tm, meaning that we are unable

to generate synthetic photometry for the bluest filters at z = 3.9.

The derived x? values are broadly independent of viewing angle for all galaxies; as an example,
Figure 2.4 shows the x? results for all snapshots and views for the galaxy Al. Figure 2.5 shows
how the fit success rate, averaged across all snapshots and views for all four galaxies, changes

with redshift. We see from this that MAGPHYS can routinely produce acceptable fits to the
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TABLE 2.2: The number of filters available and the value of x2,, for different redshift ranges.

z filters X2
84<z<6.6 15 21.67
6.6 <z<50 16  23.01
5.0<z<39 17 24.75
39<z<1.0 18 26.72

synthetic photometry up to z = 4, but that the success rate drops to 50 per cent at z ~ 4.85 and
to zero after z ~ 5.9. Different factors may be contributing to this effect. Firstly, the number
of SFHs from the MAGPHYS libraries that are compared with observations is a strong function
of redshift. MAGPHYS does not consider SFHs longer than the age of the Universe at a given
redshift (the number of SFHs shorter than the Hubble time at each redshift is shown as the
dashed line, relative to the right-hand axis in Figure 2.4) and at z ~ 5 the number of such SFHs
in the library is only 20 per cent of those available at z ~ 1. It is therefore clear that the prior
is significantly more densely sampled at lower redshifts, leading to more acceptable fits in cases
such as this, where the SFH itself is constrained only weakly by the photometry (e.g. Smith
and Hayward, 2018). Secondly, at these very early times in the simulations (z > 5), the model
galaxies are low mass (< 10° M) and bursts of star formation have a disproportionate influence
on a galaxy’s bolometric luminosity. This highly stochastic star formation is not well-modelled
by the star formation histories included in the MAGPHYS libraries. It is possible that including
additional bands of model photometry may provide better results, e.g. by an additional sub-
millimetre datapoint providing an ‘anchor’ point to the Rayleigh-Jeans tail of the dust SED and
in doing so enabling tighter constraints on the overall energy balance (though we note that the
500 um band does sample this side of the dust SED out to z =~ 4). However, in this work we
have chosen to focus on an example set of photometric data appropriate for studying dusty star-
forming galaxies in general, and with an enforced SNR = 5 in every band we are not subject
to some of the sensitivity (or resolution) limitations associated with using real Herschel data
to study galaxies at the highest redshifts. We therefore defer testing our results with different
photometric coverage for a future work. Throughout the remainder of this study, we follow the
same approach used in previous MAGPHY S works both observational and numerical (e.g. HS15;
Smith et al., 2012; Smith and Hayward, 2018; Smith et al., 2021), and consider only those views

for which an acceptable fit was obtained.

To investigate the influence of redshift on the MAGPHYS fit rate further, we used Run B, in

which the photometry is modified such that all SEDs were placed at z = 2. In this run, the
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FIGURE 2.4: MAGPHYS produces statistically acceptable fits for virtually all snapshots at
z < 5, irrespective of viewing angle. The best-fit x2 as a function of Universe age is shown for
galaxy Al, colour-coded by view number. The 2 values have been averaged over bin widths
of Az = 0.2 (relative to the top horizontal axis) for clarity. The horizontal line indicates the
x? threshold below which a fit is deemed acceptable using the Smith et al. (2012) criterion,
this value varies with redshift (see Table 2.2). The dashed line indicates the number of stellar
models (relative to the right-hand y-axis) available to MAGPHYS at a given redshift with which
to compare the input SED. Although not shown here, qualitatively similar results are obtained
for the other simulations (A2, A4 & ARB).

size of the libraries and therefore the sampling of the priors used for SED fitting is the same
for all snapshots. We find that the fit success rate increases to 93 per cent for the forced z =2
runs, from 83 per cent for run A. Although it is tempting, we cannot attribute this change solely
to the weakening of the SFH prior, since it is also possible that sampling different rest-frame
wavelengths could impact the fit success rate (e.g. because of individual spectral features being
redshifted into a particular observed bandpass; Smith et al., 2012). These effects are discussed

further in section 2.4.1.

2.3.2 Overall MAGPHYS performance

In studying the fidelity of the MAGPHYS parameter estimates, we have chosen to focus on five
properties likely to be of the widest interest, namely SFR and sSFR (both averaged over the last

100 Myr), Mgtar, Mause and Lgyst. The true values for M, SFR (averaged over the last 100 Myr),
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FIGURE 2.5: MAGPHYS success rate in fitting SEDs. The percentage of successful fits aver-
aged across all views and snapshots of all galaxies as a function of redshift, note that standard
Poisson errors are too small to be visible. The horizontal line marks a success rate of 50 per
cent. The fraction of fits that are statistically acceptable decreases with increasing redshift due
to the constraint that the SFH must be shorter than the age of the Universe at that redshift,
meaning that the size of the template library decreases with increasing redshift.

and Mgy, were available from the simulation. The true values for Lg,y were calculated by
integrating under the SKIRT-produced rest frame SED from 8 um< A < 1000 um, following
Kennicutt (1998a).

2.3.2.1 The fidelity of MAGPHYS results over time

Figure 2.6 shows the evolution in the true and derived physical properties of our simulated
galaxies as a function of redshift (with a second horizontal axis at the top of each column show-
ing the age of the Universe at each redshift in our adopted cosmology). The different physical
properties are shown along successive rows, while the different simulated galaxies are shown
in successive columns, as indicated in the text at the top of each column. In each panel, the
black line indicates the true values for each property, taken from the simulations, while the red
line indicates the mean of the median-likelihood MAGPHYS estimates, where the averaging has

been conducted over the seven different viewing angles. Similarly, the shaded red region in each
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FIGURE 2.6: The overall MAGPHYS parameter estimation (red) compared with the true values
from the simulation (black); MAGPHYS captures the overall true properties as a function of
redshift. The columns refer to galaxies Al, A2, A4 and AS, respectively. In each row, the
upper plot presents the evolution against Universe age (upper x-axis) and redshift (lower x-
axis), and the lower plot shows the residuals on the same x-axes (note that the range for ALy
is smaller than that for other properties). The top row presents the evolution of stellar mass,
while the four subsequent rows present the corresponding evolution of SFR, sSFR, My, and
Lgust respectively. In each main panel, the black line indicates the true values, the red line plots
the mean across all views of the median recovered value, and the shaded area indicates the
region enclosed by the typical error bar on each parameter (i.e. the mean difference between
the 16th/84th percentile and the median, for the upper and lower bounds, respectively). In the
final row, the black and red lines in the upper plot show the true and recovered values of Ay for
the different views, while the lower plot shows the residuals for each view.
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TABLE 2.3: Mean residuals — Alog(parameter), as defined in Equation 2.3 — for each property
for each galaxy and the average across all galaxies; a negative value indicates an underestimate.
The quoted uncertainties indicate the typical uncertainty that MAGPHYS derives on that galaxy
parameter (equal to half the difference between the 16th and 84th percentiles of the derived
PDF).
Galaxy Alog(Mga:)  Alog(SFR)  Alog(sSFR)  Alog(Maus)  Alog(Layst) AAy
Al -037£0.08 -0.10+0.06 0.26+0.12 -0.05=£0.14 -0.10£0.04 -0.30 % 0.07
A2 -0.28 £0.08 -0.21 £0.07 0.06 +0.13 -0.11 £0.15 -0.10£0.04 -0.20 &+ 0.07
A4 -0.27+0.08 -0.08 =0.06 0.18£0.13 -0.26£0.19 -0.07£0.04 -0.20+£0.07
A8 -0.24 £0.09 -0.054+0.06 0.194+0.14 -035+0.21 -0.08+0.03 -0.19+0.07
Mean -0.29 £0.09 -0.11+£0.06 0.18=+0.13 -0.19£0.17 -0.09£0.04 -0.22 4+ 0.07

panel indicates the area enclosed by the mean of the 16th and 84th percentiles of each parame-
ter’s MAGPHYS PDF (once more averaged over the seven views), to give the reader a feel for the
typical error bar. Each lower panel shows the residual, e.g. Alog (SFR), as defined in Equation
2.3.

In general, MAGPHYS-derived values show a significant degree of consistency, both in the tem-
poral sense and by comparison to the true values. The temporal sense is a valuable test in its own
right as, although MAGPHYS fits each snapshot independently, the true values shown in Figure
2.6 mostly vary smoothly with time. That this is reflected in the MAGPHYS estimates once the
error bars are taken in to account, offers broad encouragement for the use of MAGPHYS with

observational data.

Below, we discuss the degree of fidelity in the MAGPHYS parameter estimates overall by com-
paring with the true (simulated) values. It is clear based on even a cursory inspection of the
trends visible in Figure 2.6 that the MAGPHYS estimates have broadly captured the behaviour
visible in the true parameter values, such as increasing stellar mass and generally decreasing
sSFR. Similar encouragement was found in the earlier work of HS15, though we now extend
this to higher-redshift, dustier galaxies for the first time with a sample of very high-resolution
simulations. The mean residuals, Alog(parameter), averaged over the full evolution of each

simulated galaxy, are shown in Table 2.3.

Averaging the results across all views of all snapshots of all galaxies, we find that the stellar mass
is typically underestimated by MAGPHYS, recovered with a mean residual of Alog(Ms) =
—0.29 +£0.09. This 3.220 result covers a wide range of simulated scenarios, ranging from the
early stages of formation, through periods of starburst, tidal disruptions and merger events. By

way of comparison, in HS15 the stellar mass was recovered to within 0.2 dex (which was also
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the typical uncertainty in that work) for the vast majority of snapshots, across both the isolated
disk and major merger simulations. The principal exception to this excellent recovery being a
0.4 dex underestimate of the stellar mass during the peak period of AGN activity (which we do
not simulate here). D20 also reported a larger systematic underestimation of stellar mass, with
a deviation of —0.46 +0.10dex; our results therefore fall between those of these two previous
studies. We suggest two factors which may be contributing to this systematic underestimation
of the stellar mass. Firstly, a sub-optimal choice of SFH (such as we know we have made in this
work, since we can see that the simulated galaxies do not have parametric SFHs in Figure 2.6)
has been shown to produce biased results (Carnall et al., 2019) and in particular an underestimate
for stellar mass when applied to star forming galaxies (Mitchell et al., 2013; Michatowski et al.,
2014). Secondly, Mitchell et al. (2013) and Malek et al. (2018) have shown that the choice of
attenuation law has an impact on the estimation on stellar mass (and it is also clear that the
two-component geometry assumed by MAGPHYS is not consistent with the ground truth in the

simulations where the radiative transfer calculates the attenuation due to ISM dust in situ).

In the second row of Figure 2.6, we show that the MAGPHYS SFRs for our simulated galaxies
are typically accurate to within Alog(SFR) = —0.11 4 0.06 of the true values (1.830). Of the
five properties highlighted in this study, Figure 2.6 shows SFR to be the one for which MAG-
PHYS produces perhaps the most accurate reflection of the true values once the uncertainties are
considered. However, there are some points of disagreement that are worth mentioning. The
first example of this is for galaxy Al at z ~ 1.7: this deviation of ~ —0.59 +0.16 dex (3.70)
coincides with a local minimum of Mgy, perhaps resulting from a strong outflow, and is as-
sociated with a brief reduction in the SFR that is not apparent when averaging over 100 Myr.
The second example is for galaxy A2 around 1.0 < z < 1.5 at the point where the galaxy has
the highest stellar mass (Mg > 10! Mg), and is the most quiescent that we have simulated
(sSFR ~ 109 yr~1). For comparison, HS15 found that SFR was typically recovered to around
0.2-0.3 dex accuracy’. D20 reported that SFR was typically underestimated by approximately
20 per cent — very similar to our value of Alog(SFR) = —0.11 4+0.06 dex — attributing this to

differences in their adopted SFHs, dust model and geometry.

The observed effects in sSSFR mirror those in stellar mass and SFR as expected. Averaging over

all snapshots and views, we obtain a mean offset of Alog(sSFR) = 0.18 £0.13, a 1.380 result

SWe note that HS15 compared MAGPHYS 100 Myr-averaged SFRs with instantaneous SFRs rather than values
averaged over 100 Myr, as we do here. Due to the bursty SFHs of the simulated galaxies, these values can differ
significantly (Sparre et al., 2017; Flores Veldzquez et al., 2021b). This topic is further discussed below in connection
with Ay recovery.
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which is consistent with the findings of HS15.

Figure 2.6 highlights the excellent recovery of the true dust mass; averaging over all snapshots
reveals a mean residual of Alog(Mg,s) = —0.19+0.17 (1.120), suggesting that the results are
typically consistent with the true values once the uncertainties are taken into account, consistent

with the findings of D20.

Overall Ly, is well recovered with a mean residual of Alog(Lgyst) = 0.09 £ 0.04; this 2.2506
result is again in line with the results of HS15. However, the fifth row of Figure 2.6 may suggest
a weak trend for a larger |Alog(Lgys)| in the sense that the MAGPHYS estimates increasingly
underestimate the true values as the simulations progress and the galaxies develop lower sSFR
(though note that the scale of the residual panel for Lqyg is half as large as for the other param-
eters, which exaggerates the size of the effect). It is possible that the assumptions inherent in
the two-component dust model used by MAGPHYS, originally optimised to reproduce the ob-
servations of local star-forming galaxies (DCO08), are no longer appropriate for the high-mass

(Mo = 10'1), highly star-forming (SFR > 20 M, yr~!) galaxies that are simulated here.

Finally, while it is not always the case, Ay is in general underestimated, with a mean residual
of AAy = —0.22+0.07 (3.140), similar to the overall fidelity of the stellar mass recovery. This
underestimation of the degree of extinction at V band may be linked to the typical underestima-
tion of the overall dust luminosity, though it is interesting to note this does not prevent excellent

recovery of the star formation rate for the majority of snapshots.

2.3.2.2 Searching for systematic trends in the MAGPHYS fit results

We used our simulations to determine the consistency of the MAGPHYS-derived galaxy proper-
ties across the range of values presented by the simulations. To do this, we binned the residuals
defined using equation 2.3 across the full range of each property (stellar mass, SFR, sSFR, dust
mass and dust luminosity) from the simulations and plotted the median bin residual. To gauge
the significance of our results, we also averaged across all occupants of each bin to calculate the
typical uncertainty associated with each MAGPHYS fit (although this is by no means constant in
our results), and the scatter within each bin. The median residual, typical error bar, and the 16th
and 84th percentile values for the scatter were plotted - see Figures 2.7, 2.8 and 2.9. Systematic
trends might be expected to appear as deviations from horizontal lines in these figures; however,

our results show that in all cases, the MAGPHYS results are remarkably consistent across the full
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range of values once the two sources of scatter are taken into account, and no further systematic

trends can be identified.

2.3.2.3 The importance of panchromatic data in energy balance fitting

We now discuss runs C and D, originally mentioned in section 2.2.3. Run C used only the UV-
NIR photometry from u to K band (0.4 um < Aegr < 2.2 um), while run D retained only the FIR
data from the PACS and SPIRE instruments (100 tm < Aegr < 500 um). While it is not possible
to ‘switch off” the energy balance criterion in MAGPHYS, runs C and D enable us to make a
direct comparison of the results of ‘traditional’ SED fitting (i.e. attempting to recover the stellar
mass or dust content of a galaxy from the optical/NIR data alone) with both the true values and
the full panchromatic run. In both the starlight-only and FIR-only runs, MAGPHYS must rely
on the physically-motivated model and the energy balance assumption to estimate the properties
usually associated with the missing observations (e.g. estimating the dust mass purely on the

basis of the observed starlight, or the stellar mass using only FIR data).

Figure 2.10 shows the results of these runs comparing the mean log A and typical uncertainty for

the five properties for each of the three runs A, C & D: full filter set, stellar-only and FIR-only.

The left panel of Figure 2.10 shows the view and snapshot-averaged Alog(Mg,,) for the three
runs. It is immediately clear that although the average Alog(My,,) is very similar for the stellar-
only (0.31 dex) and all-filter (0.29 dex) runs, including the full set of data does reduce the typical
uncertainty (shown by the error bars) from £0.20 dex to £0.09 dex. Unsurprisingly, attempting
to estimate the stellar mass using only the FIR data leads not only to a large Alog(My,,) but also

a significantly larger typical uncertainty (= 0.42 dex).

In the second panel, we show the corresponding results for Alog(SFR). The power of panchro-
matic fitting is again clear, since the largest Alog(SFR) and typical uncertainty occur for the
stellar-only fits, which can be influenced by the dominance of the lowest-attenuation sightlines
(meaning that the amount of obscured star formation can be underestimated) as well as subject
to the well-known age-dust degeneracy (e.g. Cimatti et al., 1997). Our results show that FIR-
only SFR estimates are more reliable than those using the u to K-band photometry alone, since
the FIR-only mean Alog(SFR) =~ 0.19 £0.11 is significantly closer to the true values than the
corresponding stellar-only fits which have Alog(SFR) ~ 0.30 £+ 0.29.
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FIGURE 2.7: The fidelity of MAGPHYS’ recovery of M, and SFR is remarkably consistent
across the full range of true galaxy properties. The top five panels plot the relationship between
the Mg, residual and true value of the properties M, SFR, sSSFR, Mgy, and Ly respectively.
The data points in black represent the median value for the residual in log-spaced bins; bin
occupancy is shown by the background grey bar chart with log values read from the right-hand
axis - note that bins with occupancy ; 20 have been removed for clarity. In each case the
coloured band shows the median 16th and 84th percentile limits for the residuals within the bin
and the bounded grey region shows the median 16th and 84th percentile limits for the scatter
within the bin. The short coloured line on left-hand of each plot shows the average for the
plotted value, residual values are read from the left-hand axis. The lower five panels show the
same for the SFR residual.
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FIGURE 2.8: Similar to figure 2.7, but showing the remarkably consistent recovery of sSFR
and Mg, as a function of the true galaxy properties. The top five panels plot the relationship
between the sSFR residual and true value of the properties Mgy, SFR, sSFR, Mgys, and Lgyg
respectively. The data points in black represent the median value for the residual in log-spaced
bins; bin occupancy is shown by the background grey bar chart with log values read from the
right-hand axis - note that bins with occupancy ; 20 have been removed for clarity. In each case
the coloured band shows the median 16th and 84th percentile limits for the residuals within
the bin and the bounded grey region shows the median 16th and 84th percentile limits for the
scatter within the bin. The short coloured line on left-hand of each plot shows the average for
the plotted value, residual values are read from the left-hand axis. The lower five panels show
the same for the Mgy, residual.
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FIGURE 2.9: Similar to figure 2.7, but showing the remarkably consistent recovery of Lgyg.
The five panels plot the relationship between the Ly, residual and true value of the properties
Miiar, SFR, sSFR, My,st, and Lgyg respectively. The data points in black represent the median
value for the residual in log-spaced bins; bin occupancy is shown by the background grey bar
chart with log values read from the right-hand axis - note that bins with occupancy j 20 have
been removed for clarity. In each case the coloured band shows the median 16th and 84th
percentile limits for the residuals within the bin and the bounded grey region shows the median
16th and 84th percentile limits for the scatter within the bin. The short coloured line on left-
hand of each plot shows the average for the plotted value, residual values are read from the left
hand axis.

The situation is even more pronounced for the recovery of the sSFR, with Alog(sSFR) for the
three runs shown in the central panel of Figure 2.10. Although the mean Alog(sSFR) for the
stellar-only run is closest to the true values, the typical uncertainties on the panchromatic run are
more than a factor two smaller than the stellar-only estimates. The larger error bar represents
a wide range of possible activity levels, making it impossible to unravel the age/dust degener-
acy; by adding FIR data, the sSFR is better constrained. This, in turn, enables a constrained

determination of the SFR and hence the cause of any observed reddening.

For Mgy, Figure 2.10 shows that the addition of stellar data makes very little difference to the
mean Alog(Mgys) With FIR-only giving results within 0.18 dex and the full filter set 0.19 dex;
this is comparable to the typical uncertainties (0.20 dex as opposed to 0.17 dex). Using only
the stellar data, the mean Alog(Mays) is 0.26 dex but the typical uncertainty is significantly
increased to 0.64 dex, reflecting the difficulty associated with estimating the dust content of

distant galaxies using data probing the starlight alone.

Finally, the right-hand panel of Figure 2.10 shows the recovery of Lgug across the three runs.

Interestingly, although the typical uncertainties are similar for the FIR-only and panchromatic
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runs, the inclusion of the UV/NIR data along with the energy balance criterion perhaps increases

the mean Alog(Lgys), although the significance of this difference is low.

2.3.3 Measuring the effect of UV/FIR ‘decoupling’ on the fidelity of MAGPHYS

results

As discussed above, the primary goal of this work is to examine the fidelity of the MAGPHYS
results as a function of the degree of correlation or apparent offset between UV and FIR emission
using the three proxies for this ‘decoupling’ described in Section 2.2.3. The results are shown
in Figure 2.11, in which the mean A in dex for each parameter is plotted against the different
measures for the degree of separation. Each of the five panels shows the residuals for one of the
properties plotted against the degree of separation/correlation as measured by the three proxies.
The coloured lines indicate the median residual in log-spaced bins, while the coloured shaded
areas show the mean range enclosed by the 16th and 84th percentiles (i.e. the typical 10 error
in the limit of Gaussian statistics), and the grey shaded area shows the 16th and 84th percentile
range of the scatter within each bin. The bin occupancy is shown by the grey background
histogram relative to the right-hand axis. In many cases the scatter is larger than the typical
uncertainties, this is likely to be the result of two effects. Firstly, it reflects the fact that the
MAGPHYS results contain a range of uncertainties that cannot be adequately summarized by a
single error bar (the uncertainties show significant variation and contain outliers). Secondly, the
uncertainties produced by MAGPHYS are likely to be underestimates. This is inevitably the case
since the range of SEDs contained in any pre-computed library must by definition be smaller
than the actual range of galaxy SEDs in the Universe; for example neither real galaxies or those
in our simulations have truly parametric SFHs. In addition, the MAGPHYS libraries may not be

equally appropriate at all stages of our simulations.

The average performance of MAGPHYS is remarkably consistent, both as a function of the peak-
to-peak distance between the UV and FIR images, and as a function of the light-weighted mean
UV to FIR distance. In these cases, the mean A is less than £ 0.3 dex for all parameters, across
the separations ranging from 0 to 10kpc. In the lower plot of each panel we show the corre-
sponding variation in A (in dex) as a function of the Spearman p calculated by comparing the
UV and FIR images (recall that only the brightest 20 per cent of pixels were included in this
calculation). Here again, the logarithmic difference between the derived and true properties

appears independent of p once the mean uncertainties are taken in to account.
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FIGURE 2.10: Using MAGPHYS to model panchromatic data gives better overall constraints on
galaxy properties than sampling only a subset of the available wavelengths. Alog(parameter)
for each parameter of interest, averaged across all galaxies for three different MAGPHYS runs:
(1) including all available photometry, (ii) stellar only - including only those bands that sam-
ple the starlight (0.4um < Aer < 2.2um), and (iii) FIR only - including only the FIR data
(100um< Aee < 500um), 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.

2.4 Discussion

2.4.1 The redshift dependence of the MAGPHYS fit success rate

In section 2.3.1 we showed that the fit success rate was a strong function of redshift, with 83 per

cent of the mock observations having acceptable x> overall, but no good fits being obtained

at z > 5.9. Fixing each mock to be observed at z =2 (Run B) resulted in an increase in the

overall success rate to 93 per cent. A likely explanation for this is that the number of SFHs in

the MAGPHYS library is a strong function of redshift (shown as the dashed line in figure 2.4,

due to the requirement of considering only SFHs shorter than the Hubble time at the observed

redshift), which results in significantly worse sampling of the priors at early epochs, particularly

when the SFHs of galaxies are so weakly constrained by photometry (e.g. Smith and Hayward,

2018).

In support of this idea, Figure 2.12 shows the ratio of the best-fit y? obtained for our fiducial

results (native redshift run A) to the corresponding value for the SEDs fixed to z = 2 (run B).
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FIGURE 2.11: The fidelity of MAGPHYS is largely independent of the extent of any
UV/FIR offset, as measured by the three proxies, once the uncertainties are considered.
Alog(parameter) as a function of three proxies for the difference between the UV and FIR
images - panel (a) presents the data for Mgy, (b) for SFR, (c) for sSFR, (d) for Mg,y and (e)
for Lqyst. For each property, the data points represent the mean over all views and snapshots
in that bin. The shaded area of the same colour indicates area enclosed by the mean 16th and
84th percentile values within the bin. The grey shaded area shows area enclosed by the 16th
and 84th percentile values for the scatter within each bin. The top plot in each panel shows the
logarithmic difference A, as a function of the peak-to-peak distance between the UV and FIR
images; the second and third panels show the corresponding logA as a function of the light-
weighted mean UV-FIR offset and the Spearman rank correlation coefficient p between the 20
per cent brightest pixels in either the UV or FIR images. The short coloured lines adjacent to
the left-hand y-axis represent the overall mean value. The grey histograms in each panel (a) to
(e) show the bin occupancy relative to the right-hand axis.
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FIGURE 2.12: The best-fit x> depends on the size of the MAGPHYS library, which varies with

the redshift assumed for the fit. This plot shows the ratio of best-fit ¥> obtained for run A (at

the native redshift) to that obtained in run B (where all SEDs were fixed to z = 2). For galaxies

on the left-hand side of this plot the prior gets larger in run B, while for galaxies viewed at later
times, the opposite effect is apparent.

It is clear that there is a systematic trend for the native > to be worse at z > 2 (corresponding
to a Universe age of < 3.2 Gyr in our adopted cosmology) and better at z < 2. However this
trend is by no means absolute, indicating that other effects such as the precise details of the

rest-wavelengths being sampled and the number of available filters may also be playing a role.

Interestingly, that the ratio of x2 for run A to that of run B does not converge on the right-hand
side of this plot may indicate that the size of the MAGPHYS prior library still impacts the fit
quality even at z < 2, though of course the difference is that at these comparatively late epochs

the priors are sufficiently well-sampled to obtain statistically acceptable fits to the data.

2.4.2 The fidelity of MAGPHYS results for dusty, high-redshift galaxies

The principal aim of this study is to determine how the fidelity of the energy balance code
MAGPHYS is impacted when it is applied to high-redshift galaxies for which the observed UV
and FIR emission are offset, or spatially ‘decoupled’. For such galaxies, the observed UV light

potentially originates from young star clusters that are not spatially co-located with the young
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stars that dominate the dust heating and thus FIR emission. Consequently, it is possible that the
relatively unobscured young stars could yield a blue UV-optical slope and cause SED modelling
codes to underestimate the attenuation. It has been shown that the use of panchromatic data is
important when fitting such galaxies (Roebuck et al., 2019), and fitters such as MAGPHYS use
energy balance to produce physically motivated, panchromatic models that seek to minimise
this underestimation. We determine the efficacy of this approach by analyzing the logarithmic
difference, A, between the true and median-likelihood estimates for stellar mass, SFR, specific
SFR, dust mass and dust luminosity as a function of three proxies for the degree of ‘decoupling’

between the UV and FIR data.

In all cases, the performance of MAGPHYS appears independent of the degree of UV/FIR ‘de-
coupling’ as measured by all three proxies. We therefore conclude that energy balance SED
fitting codes can perform just as well in the presence of such effects as they do when the dust

and young stars are co-located within a galaxy.

We suspect that the explanation for this success is that the Charlot and Fall (2000) dust attenua-
tion model used by MAGPHYS is sufficiently flexible to handle this ‘decoupling’ in many cases
and that the y? algorithm is doing its job by identifying cases for which the model cannot yield
a self-consistent solution (i.e. very low attenuation but high FIR luminosity). This has been
shown to be the case for an un-modeled AGN contribution to the SED: Smith et al. (2021) noted
that using the x2 threshold from Smith et al. (2012), which we have also implemented here, had
the effect of flagging the vast majority of LOFAR-detected AGN as bad fits unless the AGN
contribution to the emergent luminosity was very small. Of course, it is expected (e.g. Witt
and Gordon, 2000) and observed (e.g. Kriek and Conroy, 2013; Boquien et al., 2022; Nagaraj
et al., 2022) that the attenuation law is not universal and instead varies by galaxy type. Should
additional flexibility be required in future, we note that other works have explored implement-
ing modifications to the standard dust law, including Battisti et al. (2019) who added a 2175A
feature to remove a systematic redshift effect, as well as Lo Faro et al. (2017) and Trayford et al.
(2020) who allowed the power law indices of equations 2.1 & 2.2 to vary. However, the fact that
there is no scope to easily modify the dust parameterisation assumed in MAGPHYS leaves us no

option but to defer further investigation of this potentially important aspect for a future work.

The reason that some have claimed that energy balance should fail in galaxies with significant
IR-UV offsets is that the unobscured lines of sight should dominate the UV emission, meaning

that the attenuation that would be inferred from the observed UV-optical emission would be less
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than the total attenuation experienced by the stellar population as a whole. However, energy
balance codes such as MAGPHYS use the FIR luminosity as a simultaneous constraint on the
attenuation, and it would simply not be possible to obtain a satisfactory fit to both the UV-
optical and FIR regions of the SED assuming low attenuation when the FIR luminosity is high.°
Furthermore, we note that even in ‘normal’ galaxies that do not exhibit significant UV-FIR
offsets, stars of a given age are not all subject to the same amount of attenuation (e.g. the
Charlot and Fall 2000 dust model). Instead, even for a single age and line of sight, there is a
distribution of dust optical depths, and this distribution varies with both the stellar age and line
of sight considered. The Charlot and Fall (2000) model attempts to capture this complex age
and line of sight dependence using only two effective optical depths. Though this underlying
model is certainly very crude compared to both the simulations and real galaxies, HS15 have
already shown that it is adequate to correct for the effects of dust attenuation in at least some
low-redshift galaxies. There is no a priori reason to believe that it should ‘break’ above some
offset threshold (which was the motivation for this study). Our results demonstrate that even
when the width of the optical depth distribution experienced by young stars is very wide (i.e.
in our simulations some young stars are almost completely unobscured, whereas others have
line-of-sight UV optical depths >> 1), the Charlot and Fall (2000) model can still adequately

capture the overall effects of dust attenuation in most cases.

2.5 Conclusions

Recent works (e.g. Hodge et al. 2016; Casey et al. 2017; Miettinen et al. 2017; Simpson et al.
2017; Buat et al. 2019) have questioned whether energy balance SED fitting algorithms are ap-
propriate for studying high-redshift star-forming galaxies, due to observations of offsets between
the UV and FIR emission (e.g. Hodge et al., 2016; Rujopakarn et al., 2016; Chen et al., 2017;
Bowler et al., 2018; Gémez-Guijarro et al., 2018; Rujopakarn et al., 2019). Clumpy dust dis-
tributions within these galaxies may cause a small fraction of relatively unobscured young stars
to influence the blue UV-optical slope and result in an underestimation of the attenuation even
if the bulk of the young stars are completely dust-obscured. We have used four cosmological

zoom-in simulations of dusty, high-redshift galaxies from the FIRE-2 project, together with the

It is tempting to investigate this by making a plot similar to figure 2.11 but including only those fits that exceed
the x? threshold we use to identify the bad fits. However, since the best-fit model is statistically unacceptable,
we cannot believe the parameter estimates produced by MAGPHYS in these cases, meaning that such a test is not
meaningful.
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radiative transfer code SKIRT, to generate over 6,700 synthetic galaxy SEDs spanning a redshift
range 8 > z > 1. We used these model data to test the fidelity of the galaxy properties recovered
using the energy balance fitting code MAGPHYS with 18 bands of UV-FIR photometry, building
on our previous related studies (HS15, Smith and Hayward 2015, 2018). Our principal findings

are as follows:

* We find that the high-z version of MAGPHYS was able to produce statistically acceptable
best-fit SEDs for 83 per cent of the synthetic SEDs that we trialled. The fit success rate
fell to 50 per cent for galaxies at z > 4.85 and zero for galaxies at z > 5.9. This reduction

in fit success rate has two main contributing factors:

1. the fixed MAGPHYS libraries, combined with the requirement that model SFHs
should be shorter than the age of the Universe at any given redshift reduces the size
of the MAGPHYS library available at higher redshifts, mean that the priors become

increasingly poorly sampled at earlier times;

2. the evolution of the simulated galaxies is increasingly stochastic at the earliest times
in our simulations due to their lower mass, causing bursts of star formation to have
a disproportionate influence on a galaxy’s bolometric luminosity that cannot be rec-

onciled with the MAGPHYS prior libraries.

* Where statistically acceptable best-fits were obtained, we found that MAGPHYS fits are
able to broadly capture the true evolution of the four zoom-in simulations that we studied
(steady build-up of stellar mass, generally decreasing sSFR, evolution of dust mass), de-
spite individual snapshots being fit independently. In addition, we find that the fidelity of
this recovery is remarkably consistent across a broad range of galaxy properties sampled
by the simulations, showing no evidence for strong systematics as a function of stellar

mass, SFR, sSFR, dust mass or dust luminosity.

* Combining UV to FIR observations with an energy balance SED fitting code provides a
powerful way to combine multi-wavelength data, and obtain the most reliable estimates of
the ground-truth galaxy properties. The panchromatic results outperform those obtained

by using either the stellar or dust emission alone.

* We find no evidence that the performance of MAGPHYS depends on the degree of spatial
‘decoupling’ between the UV and FIR data, despite suggestions to the contrary by several

other works. Indeed, our results show that the fidelity of the galaxy properties derived is



Chapter 2: Energy Balance 82

very similar to that observed for local galaxies, e.g. in our previous work (Hayward and

Smith, 2015).
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Beware the recent past: a bias in
spectral energy distribution modelling

due to bursty star formation

3.1 Introduction

Star formation rates (SFRs) and star formation histories (SFHs) are both of great importance
to our understanding of galaxies. SFRs are critical since (along with their stellar mass) they
enable us to put galaxies in their contemporary context relative to the evolving SFR—stellar
mass relation (e.g. Noeske et al., 2007b). SFHs encode the build-up of stellar mass in the
Universe (Dye, 2008), potentially yielding insight into the physical processes that drive galaxy
evolution (e.g. Madau et al., 1996; Behroozi et al., 2013; Wang et al., 2022). SFRs and other
galaxy properties can be inferred for high-redshift galaxies by fitting a model spectral energy
distribution (SED) to available data, which can include spectroscopy as well as photometry.
There are many freely-available SED fitting codes able to do this (as discussed by e.g. Walcher
et al., 2011; Conroy, 2013; Baes, 2020).

SED models frequently differ in their approach and assumptions in important ways which po-
tentially impact the fidelity of inferred galaxy properties (Hunt et al. 2019, Pacifici et al. 2023).
For example, they may employ different stellar population synthesis models (e.g. Bruzual and

Charlot 2003, Maraston 2005, Conroy et al. 2009; see also Baldwin et al. 2018), initial mass

83
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functions (IMFs; e.g. Salpeter 1955, Kroupa 2001, Chabrier 2003; see also Kroupa and Jer-
abkova 2019), dust models (e.g. Calzetti 1997, Charlot and Fall 2000, Draine and Li 2007,
da Cunha et al. 2008) and SFH forms. These can be parametric or non-parametric; while the
former typically use one of many simple functional forms to represent the SFH (e.g. Behroozi
et al., 2013; Simha et al., 2014; Carnall et al., 2019), the latter can be implemented e.g. by
partitioning the history into time bins and allocating stellar mass to each bin from a chosen prior

distribution as the observations allow (e.g. Leja et al. 2019).

Many SED fitters, including those used in this study, assume balance between the energy ab-
sorbed by dust at short wavelengths and that re-radiated in the far-infrared. While this must be
true overall, strict equality should not hold for every line of sight since dust attenuation is non-
isotropic. Recent observations of spatial offsets between the starlight and dust in high-redshift
galaxies (e.g. Hodge et al., 2016, 2019; Cochrane et al., 2021) cast doubt on whether these codes
are appropriate in such cases. However Haskell et al. (2023, hereafter H23/Chapter 2) showed
that the performance of MAGPHYS is similar for galaxies with UV/FIR spatial offsets as it is for
local galaxies (Hayward and Smith, 2015); energy-balance codes remain the gold standard for

deriving the properties of galaxies from photometric surveys.

With myriad codes available, with different physics and underlying assumptions, it is critical
to validate the performance of each method. As well as the works of this group, which have
compared the physical properties inferred using energy-balance SED fitting with MAGPHYS
to simulated galaxies for which the ‘ground truth’ properties are known (Hayward and Smith
2015; Smith and Hayward 2015, 2018; H23/Chapter2), there is a large body of work by other
authors aiming to understand how well SED fitting works in different ways (e.g. da Cunha et al.
2008, Lee et al. 2009, Noll et al. 2009, Wuyts et al. 2009, Lee 2010, Pforr et al. 2012, Simha
et al. 2014, Mobasher et al. 2015, Hunt et al. 2019, Dudzeviciuté et al. 2020, Lower et al. 2020,
Pacifici et al. 2023, Best et al. 2023). Since validation tests are often accomplished by averaging
over a large population of galaxies, there is always danger of “washing out” important details or
systematic effects that could impact our understanding of how well SED fitting methods work
in real-Universe situations. For example, recent papers have shown that non-parametric models
are better able to recover model SFHs with recent sharp changes than fitters using parametric
SFHs (hereafter pSFHs; e.g. Leja et al. 2019, Carnall et al. 2019, Suess et al. 2022, Narayanan
et al. 2023a).

Here, we build on H23/Chapter 2 and run the PROSPECTOR SED fitting code on the same
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synthetic galaxy SEDs for which we already have MAGPHYS fits, focusing on how the inferred
SFR depends on the recent SFH within the last 100 Myr. Galaxies experiencing rapid changes
in SFR over short (~10s-100s of Myr) timescales have been identified both observationally
(e.g. Guo et al. 2016, Faisst et al. 2019, Broussard et al. 2022, Looser et al. 2023, Wang et al.
2023, Woodrum et al. 2023) and in simulations (e.g. Sparre et al. 2017, Iyer et al. 2020, Flores
Veldzquez et al. 2021a, Hopkins et al. 2023a, Narayanan et al. 2023a, Dome et al. 2024). In
the FIRE simulations, massive galaxies at high redshift and dwarfs at all redshifts exhibit very
bursty SFHs, with short (~10-Myr) bursts followed by temporarily quenched periods' lasting a
few 100 Myr; see Sparre et al. (2017) for a detailed analysis and Hayward and Hopkins (2017)
and Hopkins et al. (2023a) for discussions of the physical origin of this behavior. They thus
provide an excellent test data set for exploring the effects of bursty star formation on SED

modelling inferences.”

In this work, we demonstrate that MAGPHYS results exhibit a systematic bias in the inferred
SFR: the SFR is overestimated (underestimated) for simulated galaxies experiencing a burst
(temporarily quenched period). We also show that PROSPECTOR SFRs do not exhibit this bias.
This Letter is structured as follows. In Section 3.2 we outline the tools and methods used to
create the observations and to fit the SEDs, while in Section 3.3 we present the results of the
fitting, and in Section 3.4 discuss the implications. In Section 3.5 we make some concluding

remarks. We adopt a standard cosmology with Hy = 70kms~! Mpc~!, Q) = 0.3, and Q, =0.7.

3.2 Method

To provide the synthetic SEDs used for this test, we used four cosmological zoom-in simula-
tions of massive high-redshift galaxies from the FIRE project.’> The halos were first presented
in Feldmann et al. (2016), and subsequently resimulated by Anglés-Alcézar et al. (2017) using
the FIRE-2 code (Hopkins et al., 2018); we use the simulations from that work. The simula-
tions use the code Gizmo (Hopkins, 2015),* with hydrodynamics solved using the mesh-free

Lagrangian Godunov ‘MFM’ method. The simulations include cooling and heating from a

'We will use the shorthand ‘temp-quenched’ to refer to the periods of low-specific SFR between bursts that are
common in the FIRE simulations analysed here. We use the term ‘starburst’ to refer to simulated galaxies that are
currently undergoing a burst, i.e. the 10 Myr-averaged SFR is greater than the 100 Myr-averaged value.

20Owing to the lack of AGN feedback in these simulations, none of the simulated galaxies are permanently
quenched. However, since the bias depends on the SFH over the past 100 Myr, our conclusions should apply equally
to permanently- as well as temp-quenched galaxies.

3http://fire.northwestern.edu

“http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html


http://fire.northwestern.edu
http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html

Chapter 3: SFR Trend 86

102 5
_ 10 /
g
>8 100'3
s :
5 ]
VMA fy
10_2- T h T d T
200 150 100 50 0

Lookback Time (Myr)

FIGURE 3.1: The recent SFHs (past 200 Myr) of three example simulated galaxies, showing

a range of n values. The dark grey band encloses the previous 10 Myr, while the lighter band

encloses the past 100 Myr; 1) is the ratio of the SFRs averaged over those two time periods. The

black line shows an example of constant star formation with 17 ~ 0, while the red line shows a

‘temporarily quenched’ case (1] = —0.64). The blue line shows an example simulated galaxy

observed during a burst, where the star formation activity averaged over the previous 10 Myr
has increased compared to the average over the previous 100 Myr (giving 1 = 0.88).

meta-galactic background and local stellar sources from T ~ 10 — 10'°K; star formation in lo-
cally self-gravitating, dense, self-shielding molecular, Jeans-unstable gas; and stellar feedback
from OB & AGB mass-loss, SNe Ia & II, and multi-wavelength photo-heating and radiation
pressure, with inputs taken directly from stellar evolution models. The FIRE physics, source

code, and all numerical parameters are identical to those in Hopkins et al. (2018).

Snapshots of the halos’ central galaxies were taken from 1 < z < 8 at intervals of 15 — 25 Myr.
For each snapshot, we compute the true 10Myr and 100 Myr-averaged SFRs, ¥y, and
Vi0omyr» respectively. Following Broussard et al. (2019), we quantify the recent star forming

activity using the ‘burst indicator’ 1 = 10g;o(¥omyr/ W]OOMyr), such that

< 0, galaxy has reduced SFR within the last 10 Myr;
N4 ~0, galaxy has had a constant SFR over the last 100 Myr;

>0, galaxy has increased SFR in the last 10 Myr.

Figure 3.1 shows three example SFHs of snapshots used in this study with n ~ 0 (black line),

N < 0 (red line) and 11 > O (blue line).

Cochrane et al. (2019) calculated synthetic SEDs for these simulated galaxies using the radiative
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transfer code SKIRT.> Each snapshot was ‘observed’ at 7 viewing angles spaced at 30° intervals,
ranging from aligned with the angular momentum vector to anti-aligned. This resulted in 6,706
forward-modeled SEDs. See Cochrane et al. (2019, 2022, 2023c,a) and Parsotan et al. (2021) for
further details about the SKIRT calculations and other applications of these and similar simula-
tions/SEDs. We convolved these SEDs with the filter response curves for 18 photometric bands
spanning observed-frame wavelengths 0.39 < A /um < 500 (we refer the interested reader to
H23/Chapter 2 for further details) assuming a signal-to-noise ratio of 5 in every band (following
Smith and Hayward, 2018). We fit the synthetic SEDs using two SED fitting codes, MAGPHYS
(da Cunha et al., 2008, hereafter DC08) and PROSPECTOR (Leja et al. 2017, 2019, Johnson et al.
2021), fixing the redshift to the true value (i.e. photometric redshift errors do not contribute to the
bias demonstrated here). We use the high-redshift version of MAGPHYS (da Cunha et al., 2015)
which builds model UV-FIR SEDs by linking a stellar library containing 50,000 pre-computed
SFHs with those which satisfy the energy balance criterion among another pre-computed library
of 25,000 Charlot and Fall (2000) dust models; see DC0O8 and H23/Chapter 2 for detailed dis-
cussions. By calculating the x> goodness-of-fit parameter between the observed photometry and
every combination which satisfies the energy balance, MAGPHYS is able to marginalise over the
prior distribution to estimate posterior probability distributions for each property in the model.
MAGPHYS assumes an initial mass function (IMF) from Chabrier (2003), and stellar models

from Bruzual and Charlot (2003) for metallicity between 0.02 and 2 times solar.

For the PROSPECTOR fits, we followed the process described in Das et al. (2024). PROSPECTOR
uses the Flexible Stellar Populations Synthesis (FSPS; Conroy et al., 2009) code assuming a
Kroupa (2001) IMF and solar metallicity. Dust attenuation is modelled using the two-component
Charlot and Fall (2000) model and the Kriek and Conroy (2013) attenuation curve. The three-
parameter Draine and Li (2007, hereafter DLLO7) dust emission templates are used to model the
shape of the IR SED. The dynamic nested sampling library Dynesty (Speagle, 2020) is used to

estimate Bayesian posteriors and evidences.

For both fitters, we consider an SED fit to be acceptable if the best fit % is below the 99 per cent
confidence limit taken from standard y? tables with the degrees of freedom calculated following
Smith et al. (2012, who calculated this only for MAGPHYS; here we assume that it applies
equally well to the PROSPECTOR results, though this is perhaps unlikely to be true given the

differences between the two sets of models). Throughout the subsequent analysis, we consider

Shttp://www.skirt.ugent.be/


http://www.skirt.ugent.be/

Chapter 3: SFR Trend 88

only those SEDs with satisfactory fits, though our conclusions are qualitatively unchanged if we

also consider the “bad fits”.

Based on these analyses, we obtained five sets of SFR estimates for each snapshot. The MAG-
PHYS SFRs assume a fixed parameterisation of the SFH based on a parametric model overlaid
with random starbursts (as detailed in DCO08). In addition, we have four sets of results from
PROSPECTOR, assuming different SFH priors: parametric, Dirichlet, continuity, and bursty con-
tinuity. The parametric prior assumes a delayed exponentially declining SFH, and does not
account for bursts.® The Dirichlet prior assumes that the fractional specific star formation rate
(sSFR) in each time bin follows a Dirichlet distribution, with a concentration parameter, ¢, that
controls the shape of the SFH (Leja et al., 2017, 2019), and which we set to unity. The continuity
prior directly fits for Alog(SFR) between neighbouring time bins using a Student’s ¢-distribution
with scale factor o = 0.3 and two degrees of freedom. This prior discourages abrupt changes in
SFR between adjacent bins but remains flexible enough to fit both star-forming and quenched
galaxies (Leja et al., 2019; Johnson et al., 2021). Following Tacchella et al. (2022b), we also
consider the bursty continuity prior — a modified form of the continuity prior with ¢ = 1 and
v = 2, which allows greater variability in the SFH. For each of these priors, we adopt the fol-
lowing binning scheme: the first two and the last bins are kept the same for all sources, covering
0 <t; <10 Myrs, 10 < £; < 100 Myrs, and 0.85z, < 1; < t,, respectively. Here, t, represents the
age of the Universe at the object’s redshift, and ¢; is the lookback time. The remaining time be-
tween 100 Myrs and 0.85t1; is evenly spaced in logarithmic time. The number of bins is chosen
to ensure that log,,(bin width/Gyr) > 0.02, ranging from eight bins (for the lowest redshifts in

our simulations), to five (for the highest).

To quantify the fidelity of the 100 Myr averaged SFR inferred using MAGPHYS and PROSPEC-
TOR, following H23/Chapter 2, we use the residual between the inferred SFR and the true value

from the simulation: Alog;, ¥ = 10g;¢(WVinferred) — 100 (Wirue )-

3.3 Results

Table 3.1 shows the fit success rate and the average SFR residual for each of the five runs. It is
immediately apparent that PROSPECTOR is able to produce acceptable fits for a larger fraction of

the snapshots (> 90 per cent fit success rate irrespective of the prior assumed) than MAGPHYS

6Using PROSPECTOR with bursts is not recommended in the documentation.
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TABLE 3.1: SED fit success rate and typical SFR estimate fidelity, Alog,o(y), for the MAG-
PHYS and PROSPECTOR fits to our synthetic observations. For the four sets of PROSPECTOR
fits, the different SFH priors are indicated.

Fitter/prior % Fit success Alog;,(y)

MAGPHYS (pre-defined) 83 -0.11 £ 0.06
PROSPECTOR (pSFH; delayed 7 model) 92 -0.11 £ 0.05
PROSPECTOR (Bursty-continuity) 91 -0.09 £ 0.24
PROSPECTOR (Dirichlet, @ = 1) 92 -0.30 £ 0.19
PROSPECTOR (Continuity) 92 -0.12 £ 0.12

(83 per cent). This may reflect the effect that the MAGPHYS pre-computed libraries — coupled
with the requirement that it consider only SFHs shorter than the age of the Universe at a given
redshift — result in the priors becoming increasingly poorly-sampled at higher redshifts, and
acceptable MAGPHYS fits increasingly hard to obtain at earlier epochs. Secondly, we note that
the typical SFR uncertainties for the non-parametric runs shown in Table 3.1 are significantly
larger than those yielded by the pSFH runs (with both MAGPHYS and PROSPECTOR) and we
will return to this point below. These details notwithstanding, it is clear from Table 3.1 that
there is no significant difference in the overall Alog,, ¥ once the uncertainties are considered,

meaning that both codes do a similarly acceptable job of recovering the true SFR on average.

We now investigate the fidelity of the MAGPHYS and PROSPECTOR SFR estimates as a function
of the recent SFH. In Figure 3.2, we plot Alog(y) against 17, with MAGPHYS results shown
in the left-hand panel, PROSPECTOR pSFH results in the centre panel, and the PROSPECTOR
bursty continuity prior results in the right-hand panel. The axes are chosen such that ‘starburst’
snapshots appear to the right of each plot, and ‘temp-quenched’ ones to the left. The values for
individual SEDs are shown as points, with red lines showing a running average of Alog;,(y)
for 100 data points. The red areas enclose the 16th and 84th percentiles of the inferred SFR PDF
using the same running average, while the grey shading encloses the 16th and 84th percentiles

of the scatter within each corresponding subsample.
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continuity SFH prior. In all panels the red line shows the mean residual averaged over 100 data points with the red shaded area enclosing the averaged 16th and

84th percentile residuals from the PDF. The grey shaded area indicates the 16th and 84th percentiles of the scatter in Alog;, ¥ within each averaged point, and the

blue markers show values for individual SEDs. The MAGPHYS SFRs exhibit a systematic bias: the SFR tends to be underestimated for ‘temp-quenched’ galaxies
and overestimated for galaxies that have experienced a burst within the past 10 Myr.
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Two effects are immediately apparent. Firstly, there is a systematic trend in the MAGPHYS
SFRs, such that while they are typically overestimated by ~ 0.4 dex at > 0.5 (the ‘starburst’
snapshots), the converse is true at 1 < —0.5 (the ‘temp-quenched’ snapshots) where MAGPHYS
typically underestimates the true SFRs by ~ 0.3 dex. This is clearly of concern, since we know
that both ‘starburst’ and ‘temp-quenched’ galaxies exist in the real Universe (e.g. Guo et al.,
2016; Faisst et al., 2019; Broussard et al., 2022; Looser et al., 2023) and this effect could result
in a systematic error in the SFRs of galaxies that could be 1 dex in magnitude in the worst
cases. Secondly, and underscoring the severity of the first issue, there is a clear tendency for the
typical pSFH uncertainties to underestimate the degree of scatter visible in the data points (grey

shading). This effect becomes increasingly noticeable as |n| increases.

The equivalent PROSPECTOR bursty continuity plot shows the SFR recovery is approximately
independent of 1) with reasonable uncertainties at Mgy < 0.5 (Where ~ 90 per cent of the snap-
shots lie). At these 1, the ~ 0.3 dex offset in the PROSPECTOR SFRs relative to the ground
truth is similar to that returned by MAGPHYS at 1 < —0.5; however, in the PROSPECTOR non-
parametric results the deviation from zero is not statistically significant due to the realistic error

bars (and we obtain similar results with the other non-parametric SFHs).

3.4 Discussion

Fundamental to SED fitting codes’ abilities to recover the true properties of galaxies are (i)
wavelength sampling (including range covered, and resolution), (ii) priors, and (iii) sensitivity
of the available observations. The first of these is closely related to the extent of our ability to
estimate 1) using SED fitting (since different wavelengths have different “response functions”
between the luminosity and the SFH; e.g. Kennicutt and Evans, 2012; Sparre et al., 2017). In
this work we focus solely on our ability to recover 100 Myr-averaged SFRs using an example
18 bands of photometry similar to that used in Smith et al. (2021) and Best et al. (2023) to fit
galaxies in the LOFAR deep fields (Tasse et al., 2021; Sabater et al., 2021; Kondapally et al.,
2021; Duncan et al., 2021). This good wavelength sampling, in addition to the fact that we have
not added noise to photometry, means that this test represents a best-case scenario: the bias that
we have identified is fundamental, not due to noise or poor SED sampling, and thus cannot be

addressed with ‘better data’.
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FIGURE 3.3: The distributions of 1 values for 50,000 SFHs in the MAGPHYS high-z libraries

(in blue), overlaid with the ground truth values from the simulations (hatched) and for the

PROSPECTOR bursty continuity prior in red. Note the significantly larger 1 range relative to
Figure 3.2.

In the MAGPHYS model, the priors are immutable since it uses pre-computed SFH libraries with
fixed sampling. The high-z MAGPHYS SFHs assume a delayed exponential parametric form,
with random bursts superposed in such a manner that during the previous 2 Gyr, 75 per cent of
SFHs include a burst lasting between 30-300 Myr and forming between 0.1 and 100 times the
stellar mass formed by the underlying distribution (da Cunha et al., 2015). The 1 distribution
for the MAGPHYS high-z SFHs is shown in Figure 3.3, overlaid with the distribution of values
for the true SFHs of the simulated galaxies and for the assumed PROSPECTOR bursty continuity
prior. It is clear that both the MAGPHYS libraries and the PROSPECTOR bursty continuity prior
allow for a significantly broader range of 1 values than the simulations contain, so the prior on

7 is not the source of the bias.

In Section 3.3 we noted that the pSFH SFR uncertainties are increasingly underestimated as |1
moves away from 0. Alongside the similarity in the mean Ay between the PROSPECTOR pSFH

and non-parametric plots, this leads us to speculate that while the choice of prior may affect the
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uncertainties and crucially the statistical significance of the systematic trend, the cause of the

largest upturn in the MAGPHYS Alog, v for the most bursty galaxies lies elsewhere.

3.5 Conclusions

We have used four cosmological zoom-in simulations spanning 1 < z < 8, together with the ra-
diative transfer code SKIRT, to generate 6,706 synthetic galaxy SEDs. We attempted to recover
their true SFRs based on fitting the synthetic observations using MAGPHYS and PROSPECTOR.
Although there is little difference between the fidelity of the recovered ¥,y Values averaged
across all of the simulated recovery tests using the two codes, we find that the accuracy of the
MAGPHYS-inferred SFRs is strongly dependent on the recent SFH. This trend is sufficiently
large that the MAGPHYS 100 Myr-averaged SFRs of individual galaxies could be overestimated
(underestimated) by as much as 1dex in the worst cases for galaxies experiencing starbursts
(temporarily quenched periods). The trend is not evident in the 100 Myr SFRs from PROSPEC-
TOR, and is significantly weakened in PROSPECTOR results assuming parametric SFHs (pSFHs).
We therefore speculate that this effect could be due to MAGPHYS’s burst recipe or the use of
pre-defined libraries with fixed parameter sampling which may be unsuitable for some galaxies.
Given this bias, and the significantly underestimated SFR uncertainties produced using pSFHs,
we urge caution when employing pSFHs and/or pre-defined libraries to study the SEDs of ob-
served galaxies that are likely to have bursty SFHs, such as high-redshift galaxies observed with
JWST.



Chapter 4

The performance of PROSPECTOR
when measuring the properties of

high-redshift galaxies

4.1 Introduction

The importance of SED fitting to astrophysics research, and the breadth of choice available when
implementing models against which observations can be compared, were described in Chapter
1. Chapter 2 then described the use of one of the SED fitting codes in common use today,
MAGPHYS (da Cunha et al., 2008). It described how FIRE simulations (Hopkins et al., 2018)
were used to test the suggestion by other authors that the energy balance assumption could be
a problem when dealing with dusty galaxies with apparent UV/FIR spatial offsets, and also to
investigate the fidelity of derived property values as a function of redshift, true property values,
and stellar and dust emission offsets. MAGPHYS uses prebuilt templates (the atlas approach
as described in Section 1.6.4.2) and a modified delayed-7 parametric SFH prior to create the
model spectra. Both of these approaches have their drawbacks, though both are computationally
efficient, and so an investigation into different techniques, in the form of that undertaken by

Hayward and Smith (2015) and Haskell et al. (2023) for MAGPHYS, is warranted.

PROSPECTOR (Leja et al., 2017) offers a choice of SFH priors as well as using a nested sampling
technique to explore the parameter space. By running different configurations of PROSPECTOR,
it is possible to address a number of interesting questions:

94
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1. To what extent do these methodologies demonstrate statistical success in fitting SEDs at

redshifts comparable to or exceeding those modeled by MAGPHYS?

2. How significantly are the outcomes influenced by spatial offsets between regions of stellar

emission and FIR emission, particularly in systems with complex dust distributions?

3. Do the derived results exhibit systematic biases as a function of intrinsic galaxy properties

or with variations in the orientation of the line-of-sight?

4. What are the quantitative and qualitative differences in the recovered galaxy properties

when employing nonparametric SFH models as opposed to parametric forms?

5. Does the computationally intensive nested sampling approach yield superior estimates of

physical parameters compared to results derived from pre-computed template libraries?

In this chapter we extend the work on MAGPHYS described in Chapter 2 to perform some of the
same tests on the fitter PROSPECTOR using the same simulations. PROSPECTOR offers consider-
ably more configuration flexibility than MAGPHYS, and we exploit this flexibility to investigate
the impact of SFH priors on the fidelity of the derived values, using three nonparametric priors

and the delayed-7 parametric prior.

This chapter is structured as follows: Section 4.2 describes the data, the configuration of
PROSPECTOR, and the SFH priors used for this chapter; Section 4.3 presents the results of
the fitting as a function of different variables, namely: redshift, the projection of the galaxy ge-
ometry (view angle), the offsets between the stellar and FIR emission, and the true values of the
properties ; Section 4.4 discusses the reasons for PROSPECTOR failing to find a satisfactory fit,
the effect of SFH prior choice and the fidelity of the results and Section 4.5 presents a summary

with conclusions.

Throughout this work we again adopt a standard cosmology with Hy = 70km s~ Mpc ™!, Q) =
0.3,and Qp =0.7.
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4.2 Method

4.2.1 Data

To examine the fidelity of PROSPECTOR results, we employ the same simulations, radiative
transfer and filters to produce the same observation data as those processed by MAGPHYS in
Chapter 2 and described in Section 2.2. In brief, these consist of four cosmological zoom-
in simulations from the FIRE project ' using the FIRE-2 code of Hopkins et al. (2018). The
simulations cover the redshift range 1 < z < 8 with snapshots taken approximately every 25
Myr. Each snapshot consists of seven views of the simulated galaxy taken at different angles
relative to the angular momentum vector, delivering 6706 datasets, radiative transfer calculations
were provided by SKIRT?. We convolved the results with the profiles of 18 filters from UV to

FIR. Of the resulting datasets 5894, were processed through PROSPECTOR with 1.2 < z < 8.

4.2.2 PROSPECTOR

PROSPECTOR is fully described in Leja et al. (2017) and Johnson et al. (2021), here we outline

the configuration options used in this thesis.

Section 1.6.2 of this thesis describes the process of stellar population synthesis, which is de-
scribed in full in three papers by Conroy et al (Conroy et al., 2009, 2010; Conroy and Gunn,
2010b). PROSPECTOR uses the Flexible Stellar Population Synthesis (FSPS) package described
in Conroy and Gunn (2010a). For the PROSPECTOR runs for this thesis, FSPS was configured
to use the Padova isochrones to follow stellar evolution from the main sequence to the TP-AGB
stage (Bertelli et al. 1994; Girardi et al. 2000; Marigo et al. 2008), and Vassiliadis and Wood
(1994) to track the post-AGB phase. FSPS was also configured to use the Kroupa (2001) IMF,
the MILES spectral library (Sdnchez-Bldzquez et al., 2006), the Charlot and Fall (2000) dust at-
tenuation model, the Kriek and Conroy (2013) attenuation curve, and the Draine and Li (2007)

dust emission templates; stellar metallicity was fixed at Z,.

The input to FSPS calculations consists of a multi-dimensional parameter space with defined

limits and distributions; those relevant to this work are presented in Table 4.1.

Ihttp://fire.northwvestern.edu
Thttp://www.skirt.ugent.be/
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TABLE 4.1: Input parameters for FSPS relevant to this work and their priors. Column 2 de-
scribes each variable, column 3 shows the value or range and distribution of the priors. (Table
adapted from Das et al. 2024.)

Description Prior distribution/Value
Stellar Mass log;o(stellar mass) Uniform from 6.5 to 13.5
Diffuse dust V-band optical depth (7), ,) Uniform from —1 to 4
Dust attenuation Diffuse dust attenuation index (1) Uniform from —2 to 0.5
Ratio of optical depth of the birth cloud to Clipped normal p = 1, 62 =0.3
optical depth of dust screen (73, | /7 ») from 0 to 2

The minimum intensity of stellar emission heating) ~ Uniform from 0.1 to 25

Dust emission the ISM (Unin)
Fraction of total dust mass affected by the above (7,) Log uniform from 0.001 to 0.15
The fraction of total dust mass coming from Uniform from 0.1 to 10

polycyclic aromatic hydrocarbons (Qpap)

Stellar metallicity (Z) Fixed at solar
Additional optical depth attenuating the light (3 ;)  Function of 73 | /73 , above

. from young stars
Fixed parameters young

Dust attenuation k(A) Kriek and Conroy (2013)
Discrete time binning scheme (Fy;ps) Fixed
Gas-phase metallicity (Zgas) Fixed at solar

PROSPECTOR employs the dynamic nested sampling package DYNESTY to explore the param-
eter space using the priors shown in Table 4.1- note that parameters associated with AGN and
nebular emission are not shown as these features are not present in our simulations; for a full
description see Das et al. (2024). Samples drawn from this parameter space are combined with
the snapshot’s redshift and processed through FSPS to create a plausible model SED. When the
SED is returned, a y? statistic is computed to evaluate the goodness of fit between the model
and observed data. On the basis of this, DYNESTY will update the prior values and FSPS will
run again, the process continuing until a pre-defined stop condition is met - typically when
successive iterations produce matching likelihoods which differ by only a small predetermined

value.

The PROSPECTOR approach explores the parameter space in a smoother fashion than the grid-
like approach enforced by the MAGPHYS pre-built libraries, though this improved parameter-
space coverage is paid for by longer computation times. For this thesis, PROSPECTOR took up
to 20 minutes per SED compared to MAGPHYS’s ~4 minutes - however, parallel running allevi-
ates this issue to some extent and the multi-core University of Hertfordshire High Performance

Cluster (UHHPC) was used to facilitate this.
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4.2.3 SFH Priors

PROSPECTOR was run using four different SFH priors - three nonparametric priors we refer to
as Continuity, Continuity-Bursty (hereafter Bursty) and Dirichlet and one parametric prior - see

Figure 1.13.

To implement nonparametric priors, the SFH must be divided into discrete time bins. These were
divided such that the first two and the last are the same for all redshifts, covering 0 < #; < 10
Myrs, 10 < t; < 100 Myrs, and 0.85t, < t; < t;, respectively where ¢; is the look back time and
t, is the age of the Universe at the redshift of the snapshot. The remaining time between 100
Myrs and 0.85¢, was evenly spaced in logarithmic time such that log;,(Az;) > 0.02 for each bin.
This binning strategy resulted in nine bins for the lowest redshift sources reducing to six for the

highest.

Two prior distributions were used for this work - Dirichlet and the Student’s t. The Dirichlet
distribution is a probability density function with three free parameters, namely the total stellar
mass formed, the number of time bins (K) and the concentration parameter vector (&). It is

defined as:

K
p(F|a) = [1x% (4.1)

K

Where X is the vector of the fractional stellar mass produced in each bin, such that ) x; = 1 and
i=1

B(@) is the multivariate beta function:

B(@)=-"“"F——— (4.2)

The mass formed in each bin is calculated as:

Xnly
" Zlel xntn

Where ¢, is the width of the nth time bin. The Dirichlet distribution is useful in our context
because of the intuitive interpretation of two of its three free parameters. The third, the concen-
tration parameter controls the weighting across the bins, with ¢; < 1 distributing the majority of

weight in a few bins and o; > 1 distributing the weight more evenly. For this work we have used a
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symmetric concentration parameter of 1 (¢; = 1V i) following Leja et al. (2019). This makes ev-
ery point in the K-dimensional space equally likely to produce a smooth and tightly constrained
SFR as shown in Figure 1.13. However, it does not force continuity between adjacent bins,
and so can produce sharp quenching or star-forming events, although the high-concentration

parameter value will mitigate against this.

The Student’s t-distribution differs from Dirichlet by weighting against sharp changes in SFR
between bins. In this implementation we apply the Student’s t-distribution such that the prior
for the SFR in the (n+ 1)th bin has a mean equal to the SFR in the nth bin. The Student’s
t-distribution distribution requires three free parameters, namely the number of degrees of free-
dom (v) which determines the shape of the distribution, the location parameter (@) which is
analogous to the Gaussian mean, and the scale parameter (o) which is analogous to the Gaus-

sian standard deviation.

The Student’s t-distribution is defined as:

GO AR R
PO = s (1 - (G) ) (44)

Where v, u, 0 are as described above. For this work we have set v =2 and o = 0.3 for the
Continuity prior, and v =2 and o = 1 for the more variable Bursty prior, following Tacchella

et al. (2022c¢).

The Parametric prior is a delayed-7 model, chosen because it is one of the most widely used

(Carnall et al., 2019). It has the form:
SFR(t) = (t —t,)e " 1)/7 (4.5)

For this work 7 is varied between 0.1 < 7 < 10 Gyr within a uniform logarithmic prior, and the
parameter f, with a uniform prior between 1 Myr and the age of the Universe at the snapshot’s

redshift, following Tacchella et al. (2022a).

4.2.4 Process

The observations were input to PROSPECTOR assuming a signal-to-noise ratio of 5 in every filter

band to enable direct comparison of the results with those from MAGPHYS (see Chapter 2). Four
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separate runs of PROSPECTOR were executed, each using a different SFH prior - nonparametric

priors Bursty, Continuity and Dirichlet, and the T model parametric prior.

We analyze the median-likelihood values for five properties output by PROSPECTOR- stellar
mass, SFR, sSFR, dust luminosity, and Ay - together with their implicit uncertainties. The
fidelity of the results was measured in the same way as used in Chapter 2 for MAGPHYS, by

taking the residual of each value and noting that over-estimates result in positive residuals:

residual = log,(derived) —log,(true) (4.6)

An acceptable fit was determined using the same x 2, values as those for MAGPHYS in Chapter
2, following Smith et al. (2012) where the 2 number of degrees of freedom is calculated from
the number of filter bands used in the fitting. We note that this technique is based on MAGPHYS
and may not be entirely applicable to PROSPECTOR or other SED fitters. Further work is needed
to fully validate this approach which we defer to a future publication, however, the use of this

method is suitable for the comparisons between the SED fitters used in this thesis.

In Section 4.3.2 we seek to determine whether the fidelity of the property estimates derived by
PROSPECTOR is sensitive to offsets between the observed stellar and dust emission. To test this
we used the three proxies defined in section 2.2.3; these are referred to in the text as peak-to-
peak (measuring the distance in kpc between the points of maximum flux at A = 0.3 um and
100 um), light-weighted mean (measuring the distance in kpc between the light-weighted mean
centres of maximum flux as above), and the Spearman rank coefficient p (Myers and Well, 2003)

to test the degree of correlation between the image at A = 0.3 um and that at 100 um.

4.3 Results

In this section we present the results of PROSPECTOR SED fitting using the four different SFH
priors described in the Section 4.2.3. Where relevant we compare the results to those reported
in Haskell et al. (2023) using MAGPHYS on the same data, and to the benchmark values from
Hayward and Smith (2015). Where MAGPHYS results are quoted they are those from Run A
(see Section 2.2.3) using all available photometry and at the redshift appropriate to the Universe

age at the time of the simulation snapshot.
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In Section 4.3.1 we report on PROSPECTOR’s ability to fit SEDs across the range of redshifts
and in Section 4.3.2 on the fidelity of the derived property values, using the different SFH
priors, when averaged throughout a galaxy’s evolution and when averaged across all galaxies;
in Section 4.3.3 we leverage the different view angles provided by the simulations to determine
whether the fidelity of the recovered property values is affected by the different line-of-sight
projections of the galaxy’s stellar and dust spatial distribution; in Section 4.3.4 we show how
the fidelity of the derived values is affected by any offset between the stellar and dust emission
within the galaxy (using the proxies defined in Section 2.2.3); and finally, in Section 4.3.5 we

determine whether the fidelity of a derived property value is sensitive to the property’s true value.

4.3.1 Opverall fitting performance

First, we determine PROSPECTOR’s success in fitting SEDs to the synthetic photometry; Table
4.2 shows the percentage success rate of PROSPECTOR fitting using each of the four SFH priors
with the MAGPHYS results from Haskell et al. (2023) included for reference. The uncertainties
are binomial errors calculated using the Python package astropy.stats with a confidence level
of 68 percent (15) and the Wilson formula for the confidence interval®. The binomial distribu-
tion is suitable for this as each bin contains a fixed number of independent observations each
with only two possible outcomes - a successful or unsuccessful fit. It is evident from this that
PROSPECTOR has a higher fit success rate than MAGPHYS regardless of which SFH prior is
used. In addition, when examining the success rates of all four galaxies combined as presented
in the final row of Table 4.2, it is clear that the results for the four PROSPECTOR SFH priors are
not significantly different, with a two-sample z-score between each pair of results of typically

<lo.

Figure 4.1 presents the percentage of successful fits against redshift, colour coded by prior, av-
eraged across bins of width Az = 0.1; the uncertainties are enclosed by shaded areas of the same
colour with the MAGPHYS results shown in blue for reference. The background bar chart shows
the bin occupancy read from the right-hand y-axis; note that the simulations create an almost
consistent number of observations when binned by age leading to the exponentially declining
bin occupancy as redshift increases. We can see that PROSPECTOR delivers success rates in
excess of 95 per cent for 2.5 < z < 4.5, but there is some deterioration outside this range, this is

discussed in the Section 4.4.1.

Shttps://docs.astropy.org/en/stable/api/astropy.stats.binom_conf_interval.html
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TABLE 4.2: The percentage of simulations for which PROSPECTOR and MAGPHYS were able
to find a satisfactory fit. The total number of simulation SEDs available for each galaxy is
shown in column 2, the percentage success rate for each galaxy achieved by PROSPECTOR
using four different SFH priors is shown in columns 3 to 6, MAGPHYS results are shown in
column 7 for reference. Errors are 16 binomial errors calculated using the Python package
astropy.stats (see footnote), all percentages are rounded to one decimal place.

Galaxy Total Obs , PROSPECTOR successful fits (per cent) MAGPHYS successful
! Bursty Continuity Dirichlet Parametric | fits (per cent)
Al 1512 1 92.3%7 92.94%9 92.4%%3 91.9%7 | 84.8765
A2 1491 : 90.9:6% 91.0%63 91.3%63 91.4:63 | 78150
A4 1477 1+ 94.7%68 94.8%% 95.8%%% 94.1%¢ | 85.071%
A8 1414 | 95.3% 95.34%% 95.31%% 95.3%% | 79.8411
A 5894 1 93.1°%  933°%1  93.6%  934% 82.0%

It is evident that the different nonparametric priors are mutually consistent in their performance
throughout the full redshift range. This is supported by the fact that of the 5894 simulations
processed by PROSPECTOR at least one of the nonparametric SFH prior runs failed to fit an
SED 417 times, but all three failed to fit 356 times. This leaves only 61 of the observations
(= 1 per cent) for which the choice of nonparametric prior made a difference to PROSPECTOR’s
ability to obtain a statistically acceptable fit. This result is in agreement with Leja et al. (2019)
who found that, in the majority of cases, the photometry was recovered equally well by all of
the nonparametric priors: in that work the Dirichlet and Continuity priors, amongst others, were

used.

Figure 4.2 presents the best-fit x2 values, averaged over bins of width Az = 0.1, for each of the
four galaxies against redshift. The black horizontal lines mark the value of y2,, for each redshift,
this varies as parts of the SKIRT SED are redshifted out of the range of the filter bands at higher
z values (see Section 2.3.1). This figure re-enforces the view that the four PROSPECTOR priors
are producing very similar results which are an improvement on those produced by MAGPHYS

in the majority of cases.

4.3.2 Success in recovering property values

We now look at how accurately PROSPECTOR was able to recover the true galaxy properties
from its successful SED fits. For each property, we present the results in two ways. Firstly, we
average the difference between the true and derived property values (the residual) as defined in

Equation 4.6 for each prior across each galaxy to enable us to compare the different runs, with
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FIGURE 4.1: Percentage of successful fits by redshift averaged over bins of width Az = 0.1.
The lines plot the percentage of simulated SEDs successfully fitted by PROSPECTOR and MAG-
PHYS for each of the different SFH priors in colours defined in the legend, shaded areas in
the same colour enclose the binomial standard deviation within each bin calculated using the
Python package astropy.stats. The black horizontal line marks the 50 per cent success level for
reference; the background bar chart shows the bin occupancy read from the right-hand y-axis.

the uncertainties defined as the similarly averaged 16th and 84th percentiles of the differences.

Secondly, we plot the recovered values and residuals against time as each galaxy evolves.

Table 4.3 shows the average difference between the true and recovered values for the properties
for each of the PROSPECTOR SFH priors, with the MAGPHYS results from Haskell et al. (2023)
included for reference; the colour coding (black for o < 3 and red for o > 3) showing that in ~
75 per cent of cases there is no significant difference, on average, between the mean fitter result
and the true value mean. For convenience, Figure 4.3 is included to give a visual representation
of the uncertainties for the different runs. The entries show encouragingly low residual values

of, on average, between 0.1 and 0.6 dex.

A more detailed view of the recovered values is given in Figures 4.4 to 4.7. These figures present
the derived property values as a function of redshift and Universe age; the first four columns
showing the results for the PROSPECTOR SFH priors and the last column that for MAGPHYS for
reference. Each pair of rows presents the results for a specific property; in the first four pairs,

the larger plot shows the true value in green and a shaded area encompassing the uncertainty of
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FIGURE 4.2: PROSPECTOR best-fit ¥ values by redshift for the simulated galaxies identified

in the upper left of each panel. The best-fit y> values are averaged over bins of width Az = 0.1

and plotted for each of the PROSPECTOR SFH priors along with those for MAGPHYS - colour

coded as in the central legend. The horizontal black lines in each panel define the 2 value
below which a fit is deemed successful (see Section 4.2.4).

the derived property value for each snapshot averaged across all the snapshot’s seven views; the
smaller plot shows the residuals with similarly calculated uncertainties. The final pair of rows
shows the evolution of Ay, here the uncertainty for each separate view is shown as overlapping

grey-shaded areas.

We now look at the recovery of each property, using these figures, Figure 4.3 and Table 4.3.
We look first at the results for stellar mass. Figures 4.4 to 4.7 show that stellar mass is mostly

underestimated except in the early evolution of galaxies A1, A4, and A8, however, the recovered
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FIGURE 4.3: Visual depiction of the residuals and uncertainties returned by PROSPECTOR.

Each row presents the data for a specific property (see y-axis labels), the first four columns

showing the data averaged across a specific galaxy (see x-axis labels) at all redshifts, and the

final column that averaged over all galaxies. The plots are colour coded to the prior as shown

in the legend, with MAGPHYS added for reference. Each point plots the average of the median

residual delivered by the relevant fitter/prior with the value read from the y-axis, the error bars
are the 16th and 84th residual percentiles of the differences similarly averaged.
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FIGURE 4.4: Evolution of properties over time for galaxy Al. The evolution of the true and
derived values for each of the five properties is presented, each pair of rows showing a different
property as labelled on the y-axis, and each column a different fitter/prior as shown by the
column title. For the first four pairs of rows, the large panel’s grey-shaded area encloses the 16th
and 84th percentiles of the derived value averaged over the seven views within each snapshot;
the true value is shown in green. The smaller panels plot the residual of the derived value again
enclosing the 16th and 84th percentiles of the snapshot’s seven views; the black line marks
Alog(property) = 0. The final pair of rows show the results for Ay, here all seven views are

plotted independently as overlapping grey areas.
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TABLE 4.3: The average median residuals for each galaxy, property and SFH prior. Each entry

shows the mean of the 50th percentile of the given property as recovered by the SFH prior

shown in the column headings. The uncertainties are the 16th and 84th percentiles calculated

from the true value and the appropriate percentile taken from the recovered PDF. The entries
are colour coded black for < 3¢ result and red for > 3¢ result.

Galaxy Property | Prospector MAGPHYS
' Dirichlet ~ Bursty  Continuity ~Parametric |
( Mgar | —0.208% —0.468  —0.316i —0.3988 | —0.376%
SFR 1 —0.25#% —0.0665  —0.1363 —0.1588% v —0.108%
Al sSFR | —0.05%  0.39%% 0.18613 02481 1 0.2681
Lawse | —0.168% —0.168%  —0.168% —0.1656 | —0.1088
R G Av__ | O3 017 0281 0241 | 0261
( My | —02488 "20.550 ~ —0.408% —0.518%8 1+ —0.28%
SFR | —0.318% —0.196%  —0.1661 —0.148% | —0.21%%
A2 sSFR | —0.078%  0.378% 0.2563 0.376% | 0.0681
Lause 1+ —0.1368%  —0.138%  —0.136& —0.1388 1+ —0.108%
Ay | —0.308 —0.1683  —0.2681 —0.234 | —0.158
( Mg | 0048 —0468%  —020%3  —0.39%% | —027%
SFR + —0.24%%  0.0163% —0.036:1 —0.028¢ ' —0.0866%
A4 sSFR | —0.108%  0.47%% 0.2663 03648 1 0.18%R
Lguse | —0.1088 —0.108%  —0.1058 —0.108% | —0.078
R G Av 10268 013 0228 —0.19% | —016%
Mgy 1+ —0.088% —0.48%%  —0.3283 —0.4651 1+ —0.248%
SFR | —0.408% —0.126%  —0.158% —0.118% | —0.05%%
A8 sSFR | —0.3283  0.368% 0.1763 0.358¢ 1 0.198i
Lause 1+ —0.1188% —0.108%  —0.106& —0.1188% + —0.085%
L Ay ) —0278%  —0.19%%  —0.2268 —0.18%% |, —0.15%%
o Mg | -07R 04905 03368 0440 | —0.29R
SFR 1 —0.308% —0.096%  —0.1283 —0.1168% +  —0.1168
All sSFR | —0.138%  0.400% 0.2263% 0.3306 | 0.18%
Lot —0.1308  —0.1288  —0.1268% —0.1266 | —0.093
L Ay ' —0.28 —0.1682  —0.2581 —0.218% 1+ —0.186%

value does follow the trend of true values in all cases. Looking at the PROSPECTOR nonpara-
metric priors, Table 4.3 shows that the mean difference between the true and recovered values,

averaged across all galaxies is -0.17 dex (1.90, where this statistical significance is calculated

mean

as (84th percentile—16th percentile

)*0.5) for the Dirichlet prior, -0.49 dex (3.10) for the Bursty prior,
and -0.33 dex (2.80) for the Continuity prior. It is also evident that the PROSPECTOR results
are comparable to those of MAGPHYS using the same data. The PROSPECTOR results are also
broadly in line with results reported in the literature when the uncertainties are taken into ac-
count, notably Leja et al. (2019), Carnall et al. (2019) and Lower et al. (2020) who all reported
recoveries of stellar mass to within =~ 0.1 dex and Hayward and Smith (2015), Ciesla et al.

(2017) and Dudzeviciute et al. (2020) who reported recoveries of ~ 0.2, ~ 0.1 and ~ 0.5 dex
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respectively. While offsets measured in dex are part of the story, it is also critical to consider its

statistical significance (as we do above), and we shall return to this topic, below.

Turning to the recovery of SFR, we again see from Table 4.3 that on average, recovery underesti-
mates the true value. However, Figure 4.3 shows that the Bursty SFH and Continuity SFH, when
averaged over all galaxies, achieve recovery of the true value within the uncertainties. Figures
4.4 to 4.7 show that PROSPECTOR follows the trend in true values, although the Parametric prior
appears to deviate from the trend towards the low redshift end of the plots particularly in galaxies
Al and A2. This is likely an artefact of the unrealistically constrained uncertainties displayed
by both the Parametric prior and by MAGPHYS when compared to those of the nonparametric
priors (Leja et al., 2019). This result is compatible with that of Pacifici et al. (2023) which
shows a wider distribution of results for the nonparametric fitters BAGPIPES and PROSPECTOR
than that for MAGPHYS and CIGALE. Figure 4.3 shows that, when averaged across all galax-
ies, SFR is recovered well by all priors, with recoveries of 0.09 to 0.30 dex depending on the
choice of SFH. These are broadly in line with the findings of Leja et al. (2019) at =~ 0.5 dex
using nonparametric SFH priors, and Hayward and Smith (2015) and Carnall et al. (2019) at
~ (.1 and ~ 0.2 dex respectively using parametric SFH priors. We see no significant difference
between the results of the nonparametric PROSPECTOR priors, this is not entirely unexpected as
the recovery of SFR is strongly influenced by the assumed dust attenuation and the inclusion or
exclusion of IR photometry (Pacifici et al., 2023) both of which are unchanged between these
prior runs. However, Leja et al. (2019) demonstrated that SFR can be sensitive to the choice
of prior, particularly over shorter timescales. Specifically, it was noted that for a declining SFR
(as we have in e.g. A2 for z < 2) the nonparametric prior should outperform a parametric prior.
Despite this, Figure 4.5 reveals that all four PROSPECTOR priors exhibit similar behavior once

the uncertainties are taken into account.

That the nonparametric results are also not significantly different when compared to the Para-
metric and MAGPHYS runs is more surprising, though both PROSPECTOR and MAGPHYS use
the same dust attenuation model (Charlot and Fall, 2000). This result is, however, in agreement
with Leja et al. (2019) who reported that the SFR derived by a delayed-7 model was not, in
many cases, significantly different from that derived by the nonparametric Continuity prior (see

Figure 12 of that work). The significance of prior choice is discussed in detail in Section 4.4.2.

Moving from SFR to sSFR, we see from Figures 4.4 to 4.7 that all runs produced similar results

with the derived sSFR tending to be above the true sSFR with a difference between the true and
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derived results of < 0.4 dex in all but one case (Bursty prior for A4); this result is compati-
ble with that of Hayward and Smith (2015). However, we note that based on the stellar mass
formed, sSFR has an artificial upper recovered limit of 10~8 which is an artefact of the method
of calculation. Equation 4.7 shows the calculation for sSFR, noting that if all of the stellar mass
has been formed in the last 100 Myr (i.e. Mtar current = M100Myr,formed) a8 is possible in the ear-
liest snapshots before the return fraction becomes significant, the sSFR calculation will produce

a value of ~ 1078,

SFR 100Myr M, 00Myr,formed % 1 . M. star,current 5 1
M, star,current 1 00 x1 06 M, star,current 100 x1 06 M, star,current

sSFR = =10"% “.7)

We note that MAGPHYS is unable to fit at redshifts greater than 5.9, and so this trend is not

visible in the MAGPHYS results.

Dust luminosity is well recovered with average residuals < 0.3 dex in all cases which is consis-
tent with Hayward and Smith (2015) and Haskell et al. (2023). The high fidelity of this result
can likely be ascribed to the sampling of the FIR, particularly around the peak (Casey, 2012;
Smith et al., 2013).

Finally, we look at the recovery of Ay which is also recovered well with average residuals of 0.3
mag or better. Again, the recovery of Ay follows the trend in the real values, this is particularly
notable for A2 where Ay varies considerably around z = 2 which PROSPECTOR mimics across
all priors. There are no statistically significant differences between the different PROSPECTOR

runs or with MAGPHYS.

These results show that, on average, the property values are recovered well and in line with
Lower et al. 2020; Haskell et al. 2023) but that the choice of prior has little statistically significant
impact on the results, this is surprising given the results of other works - notably Leja et al.

(2019), Carnall et al. (2019) and Pacifici et al. (2023) - and is discussed in Section 4.4.2.

4.3.3 The impact of the galaxy line-of-sight projection

The availability of different viewing angles for each snapshot within our simulations enables
us to determine whether PROSPECTOR modelling is flexible enough to recover the true prop-

erty value from the different projections of the galaxy while the intrinsic properties remain
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unchanged. Figure 4.8 demonstrates how the difference between the true and derived property
values varies with viewing angle when averaged across all snapshots in all galaxies. Each row
shows a different property with the bars representing the residuals from the different fitters/pri-
ors as shown in the legend. The bars are grouped by view as indicated on the x-axis and show
the mean of the residual 50th percentile as defined by Equation 4.6, the error bars show the 16th
and 84th residual percentiles similarly averaged. It is evident from this that there is no consis-
tent variation with view angle, except for Ay where the residuals show a weak tendency to vary
as the angle moves towards the view corresponding to edge-on for a spiral galaxy. With the
exception of Ay, all our measured properties are intrinsic to the galaxy as a whole and so are un-
affected by viewing angle. During the 5 Gyr evolution of our simulated galaxies they experience
a wide range of sizes and asymmetric shapes, despite this PROSPECTOR is able to satisfactorily
fit the photometry and derive plausible galaxy properties. This result provides confidence that
the fidelity of the results is, on average, unaffected by the different structure of dust and stellar

emission presented by varying projections.

4.3.4 Impact of an offset between stellar and dust emission on the recovery of

property values

We now determine whether the PROSPECTOR derived values are impacted by spatial offsets be-
tween the UV emitting stars and the IR emitting dust. This is an extension of the work described
in Haskell et al. (2023) for MAGPHYS, here we use the same three offset proxies as used in that
work and described in Section 2.2.3. Figures 4.9 to 4.13 show how the property residuals, aver-
aged across all galaxies, vary with these proxies: for the peak-to-peak and light-weighted offsets
the residuals are averaged over equal log-spaced bins, for the Spearman correlation coefficient
(p) they are averaged over bins of width Ap = 0.1. Each figure presents the results for a single
property and within each figure the four panels present the results for the different PROSPECTOR
priors as shown by the captions. In each panel the top plot shows the relationship between the
property residual and the peak-to-peak offset, the central plot shows that for the light-weighted
mean offset and the last for the Spearman correlation. The coloured lines show the mean resid-
ual value within each bin, the shaded coloured areas enclose the mean 16th and 84th percentiles
of the residuals. To determine if the uncertainties are reasonable we also include the 16th and
84th percentiles of the bin contents scatter, shown as the grey shaded area. The background bar

chart shows the bin occupancy read from the right-hand y-axis. Note that, as in Haskell et al.
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bars are colour coded as per the legend. The black error bars show the 16th and 84th percentiles
of the residual similarly averaged.
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(2023), we have used only the brightest 20 per cent of pixels in either the UV or IR in these

tests.

In all cases we see both a flat response across the range of proxy values, and a consistency
between the four PROSPECTOR priors when the uncertainties are taken into account. This result
is in agreement with Haskell et al. (2023) which reported similar results for MAGPHYS and re-
enforces the conclusion of that work that the energy-balance assumption remains valid as the

stellar and FIR emission offsets vary.

However, we note that in a number of plots there is significant scatter, the statistical significance

of this scatter was measured using an F-test on each bin, defined as:

F = 61/62 (4-8)

Where o7 is the standard deviation of the scatter of data within a bin, and o> is the averaged
same for the uncertainties of the data within a bin, for this test we used a significance of o =
0.01. This test demonstrated that all three nonparametric priors show similar patterns of scatter
significance. For stellar mass, dust luminosity and Ay the scatter was significantly greater than
the error bars, indicating that the error bars may be underestimated for these properties. In
contrast, SFR and sSFR show little or no significant scatter. The Parametric prior shows scatter
greater than the error bars for all properties and proxy values which is in line with the findings

of Leja et al. (2019) that Parametric priors have unrealistically constrained error bars.

4.3.5 The impact of true property values

Figures 4.14 to 4.18 demonstrate how the fidelity of the derived values varies with the true values
of the properties provided by the simulations. We show this by dividing the range of values
into 30 equal log-spaced bins, the range of property values is determined as the maximum and
minimum value for which at least one fitter/prior combination was able to find a successful fit.
For all snapshots with values that fall within a bin, the average difference between the true value
and the median value derived by a fitter/prior combination is shown. Also shown is the similarly
averaged difference between the true value and the 16th and 84th percentiles of the derived
value, and the 16th and 84th percentile values for the scatter within each bin represented by the
grey-shaded area. The background bar chart shows the bin occupancy read from the right-hand

y-axis. The five plots demonstrate that the four PROSPECTOR priors and MAGPHYS exhibit
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FIGURE 4.9: The variability of the stellar mass residual with the stellar and dust emission
offset. Each panel shows how the residual of PROSPECTOR’s recovery of stellar mass varies
against the proxies defined in the text for the offset between UV and FIR emitting regions.
Each prior is shown in a different panel (see panel caption), in each panel the stellar mass
recovery is plotted against the simple peak-to-peak proxy in the upper plot, the light-weighted
mean proxy in the centre plot, and the Spearman rank correlation coefficient p in the lower
plot. The coloured line marks the median of the difference between the true and recovered
values averaged over each bin; the coloured region marks the 16th and 84th percentiles of
this difference similarly averaged and the grey-shaded area the 16th and 84th percentiles of
the scatter within each bin. The short coloured lines adjacent to the left-hand y-axis mark the
mean value of the difference across all galaxies and snapshots for which a satisfactory fit was
achieved; the background bar chart shows the bin occupancy read from the right-hand y-axis.
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FIGURE 4.13: The variability of the Ay residual with the stellar and dust emission offset - see
Figure 4.9 for details.
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broad consistency, yielding comparable shapes and similar values across the derived property

distributions.

Figure 4.14 presents the results for stellar mass and we can see that the fitters show remark-
able consistency and that the response is approximately flat, once the uncertainties are taken
into account, except at low stellar masses (M < 108M®). These low stellar masses occur at
redshifts of 4 < z < 8 in the simulations, a range within which the proportion of failed fits by
MAGPHYS increases. A standard F-test on the variance of the scatter within each bin and that
of the data (F = %) shows that in the majority of cases the scatter is significantly greater
than the error bars (> 68 per cent of the bins for the nonparametric priors, 100 per cent for the
parametric prior and 85 per cent for MAGPHYS) leading us to the conclusion that the error bars

are underestimated in all cases.

The results for SFR are shown in Figure 4.15 and demonstrate that once again we have con-
sistency between the fitters and a generally flat response to the changes in true SFR except for
values 2 x 10~ ' M. yr—! where bin occupancy is < 10. Here, the scatter is significantly greater
than the error bars in fewer bins for the nonparametric priors, but again in the majority for the

parametric prior and MAGPHYS.

Figure 4.16 demonstrates continued consistency between the priors, including a trend of in-
creasing underestimation as sSFR increases, Equation 4.7 shows that sSSFR will be increasingly

underestimated as true sSFR rises above 10~ 8yr~!

. From Figures 4.4 to 4.7 we can see that
sSFR is at its highest at high redshifts when this is likely to be the case and so the trend in Fig-
ure 4.16 of reducing fidelity as sSFR increases is to be expected. The trend is not visible in the
MAGPHYS results as MAGPHYS was unable to find statistically significant fits for any snapshots
with sSFR > 1.4 x 1078, Of these, only 10 fell below the redshift limit after which MAGPHYS

was unable to fit any snapshots (z = 5.9).

Figure 4.17 presents the results for dust luminosity. The fitters and priors are remarkably con-
sistent with the results being broadly flat when the uncertainties are taken into account. Scatter

is less significant across all of the PROSPECTOR runs and MAGPHYS.

Finally, Figure 4.18 presents the results for the Ay recovery. These show that Ay becomes
increasingly underestimated as the value of Ay increases for all priors and both fitters. We
note that there is a correlation between Ay recovery and SFR; the upper panel of Figure 4.19

shows that the true value for Ay increases as the short-term SFR increases, and the lower panel
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that the recovery of Ay deteriorates with increasing SFR, a finding which is in agreement with
Wuyts et al. (2009).These figures demonstrate that recovery of Ay deteriorates with increased

star-forming activity.

4.3.6 The significance of scatter

Finally, we address the issue of scatter in the plots of the residuals against both the offset proxy
values (Figures 4.9 to 4.13) and the true property values (Figures 4.14 to 4.18). We commented
in Section 4.2 that the method of determining the y2,, values, i.e. the value of y? above which a
fit would be deemed unsatisfactory, was derived by Smith et al. (2012) using MAGPHYS and that
this derivation may not be suitable for PROSPECTOR. One explanation for the scatter could be
that the 2. was set too high and so poorly fitted models were being included in our averaging.
We have found that the effect remained after reducing the value of x2,, by up to 50 per cent,
suggesting that it is unlikely the value of 2, is the cause of the scatter. Further investigation is

required to determine the cause of the scatter which we defer to a future work.
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FIGURE 4.19: The relationship between Ay and the 10 Myr averaged SFR. The upper panel

plots the true value of Ay against the true 10 Myr average SFR; the background points are the

data, the blue line shows the trend with the data averaged over equal log-spaced bins. The lower

panel plots the recovery of Ay for the Bursty SFH prior against the 10 Myr averaged SFR; the

background points are the data, the blue line shows the trend in recovery accuracy averaged

over equal log-spaced bins with the coloured area enclosing the 16th and 84th percentiles of
the recovered accuracy similarly averaged.

4.4 Discussion

4.4.1 Why does PROSPECTOR fail to fit?

Figure 4.1 demonstrates that where PROSPECTOR was unsuccessful can be categorised into two
redshift ranges, below z = 2.5 and above z & 4.5. This division highlights specific failure modes
associated with each redshift range. Table 4.4 classifies the failures into four distinct modes

which are discussed in the following sections.
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TABLE 4.4: The different fitting failure modes for PROSPECTOR. The first column shows the

galaxies, the second the total number of observations of that galaxy and the third the number

of unsuccessful fits. The subsequent columns show the number of unsuccessful fits in each
category, these are defined and discussed in the text.

Galaxy Total Total Mgy Low 7<25 z>4.5
Obs  Fails =zero Mgy /Msar  Other other
Al 1512 122 21 89 0 12
A2 1491 136 0 129 0 7
A4 1477 79 35 14 25 5
A8 1414 67 21 149 9 23
Al 5894 404 77T 246 34 47

4.4.1.1 Zero dust mass galaxies

Eleven snapshots comprising 77 views with z > 4.5 exhibit a true dust mass of zero. While
dust-free galaxies are possible at z > 10 (Nath et al., 2023), their existence at lower redshifts has
not been observed, suggesting that such galaxies may be unphysical (e.g. Santini et al., 2014;
Popping et al., 2017). Consequently, it is, perhaps, not surprising that none of the priors are able

to model zero-dust galaxies at these redshifts.

This scenario does raise an interesting point, Figure 4.20 presents the SED derived by PROSPEC-
TOR for one of these zero dust mass galaxies. As expected, the input SED and the input unat-
tenuated SED are identical as would be expected in the absence of dust. Despite not being able
to find a satisfactory match, PROSPECTOR has also derived SED and unattenuated SED that are
identical, reflecting the integrated stellar emission from a galaxy with no reddening or atten-
uation. However there is a visible discrepancy between the simulation and the PROSPECTOR
SED in the shape of this emission. This difference decreases at lower redshifts, for example see
Figure 4.21 for the input and derived SEDs of a snapshot at z = 1.14 where the input and derived
intrinsic SEDs are well fitted. This may highlight the effect of the energy-balance assumption
and its constraining effect on UV/optical fitting, however further research is needed to establish

the source of this trend.

4.4.1.2 Low dust to stellar mass ratio galaxies

We now look at the failures identified in column 5 of Table 4.4. These failures are caused by a
low dust to stellar mass ratio, resulting in a 100 per cent failure rate when the ratio falls below

~ 107. Figure 4.22 illustrates this correlation between the percentage of failed fits and the dust
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FIGURE 4.20: PROSPECTOR generated SED of a snapshot with zero true dust mass.
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FIGURE 4.21: PROSPECTOR generated SED of a snapshot at z = 1.14 showing the alignment
between the true and derived unattenuated SEDs.
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FIGURE 4.22: The percentage of PROSPECTOR failed fits against the dust to stellar mass ratio

across all snapshots of all galaxies. The x-axis shows the dust to stellar mass ratio, the blue

bars present the number of successful fits achieved using the Bursty SFH prior, read from the

left-hand y-axis, in equal log-spaced bins; the red bars show the number of unsuccessful fits.
The blue line plots the percentage of failed fits read from the right-hand y-axis.

to stellar mass ratio, suggesting a potential limitation in the PROSPECTORs ability to model low

dust content.

Figure 4.23 demonstrates the position of failed fits on a plot of dust to stellar mass ratio against
redshift; the shaded areas enclose 2.5 < z < 4.5 within which there are few failed fits. It is
evident from this figure that the mass ratio drops to critical values predominantly in the range
1 < z < 2.5 making it unlikely to be related to the zero dust mass issue described above which

is restricted to z > 4.5.

Several works have considered the problems of fitting SEDs to edge-on spiral galaxies (e.g.
Bianchi, 2007; De Looze et al., 2012; De Geyter et al., 2014; Saftly et al., 2015). To investigate
whether there is a systematic bias when recovering those views for which the apparent AV is
higher we plotted the number of failures against view; if the edge-on views of spiral galaxies
were an issue, we would expect to see a peak of failed fits around view = 3 (edge-on for spiral
galaxies). The results for MAGPHYS and PROSPECTOR using the Busty prior are shown in

Figure 4.24, all other PROSPECTOR priors returned very similar results. We see from this no
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reference; the shaded area encloses 2.5 < z < 4.5 within which there are no failed fits.

0.30

0.25 A

o

N

o
1

Proportion of failed fits
o o
= =
o u

o

o

[0}
1

L

Emm MAGPHYS
Prospector Bursty

Face-on

Edge-on

120° 150° Anti

Face-on
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PROSPECTOR using the Bursty prior, with Poisson errors.
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evidence of a bias towards view 3 and so conclude that the orientation is not the cause of the

failures to fit.

Figures 4.4 to 4.6 show that galaxies A1, A2 and A4 suffer a considerable drop in dust luminos-
ity in the latter stages of their evolution, however PROSPECTOR has satisfactorily fitted SEDs at
the start of the loss in Lgys and for some considerable time after the event and is only unable
to fit when the dust to stellar mass ratio falls below ~ 10~. This leads us to speculate that the
issue is based on this low value rather than PROSPECTOR failing to fit the complex event that led
to the loss of dust luminosity. Figure 4.25 provides an example of the input and derived SEDs
for a low dust-mass snapshot of galaxy Al, with Mays/Mstar = 6.3 X 1073, demonstrating that
PROSPECTOR has been unable to fit the FIR peak, producing an SED that underestimates the IR
emission. This is likely caused by the similar underestimation of the intrinsic UV/optical emis-
sion which will not provide the energy-balance assumption with enough energy to reach the true
IR emission levels. This conclusion correlates with Figure 4.4 which shows that PROSPECTOR

underestimates the dust luminosity at the same redshift.

Analysis of the available prior data (U, 7. and QOpay) shows no evidence that the PDFs peak
close to the bounds of the priors — indicating that the PDFs seem primarily constrained by the
data rather than by the priors. =~ While further investigation is needed to explore this issue,
our preliminary conclusion is that PROSPECTOR’s dust emission model is not well-suited to

reproduce atypically low dust mass.

4.4.1.3 Remaining unsatisfactory fits at z < 2.5

Table 4.4 column 6 indicates that galaxies A4 and A8 exhibit failed fits that are not associated
with the issues discussed above. Analysing the SEDs for these 34 failed fits we find that the
x? values are predominantly driven by discrepancies in the FIR observations around the FIR
peak. Specifically, the intrinsic SED produced by PROSPECTOR tends to underestimate the
corresponding SED produced by SKIRT in this area. The left-hand panel of Figure 4.26 presents
the SED for view 0 of a galaxy snapshot, while the right-hand panel shows the SED for the same
snapshot but from view 4. Despite the fundamental properties of the galaxy being unchanged,
the difference in the fitting of the FIR peak and the associated underestimate in the intrinsic SED

is evident.
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FIGURE 4.25: PROSPECTOR generated SED of galaxy A1 at z = 1.56, which was successfully
fitted (x> = 23.8) using the Bursty SFH prior, showing the underestimation of the intrinsic FIR
leading to the underestimation of the IR emission in the derived SED.
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FIGURE 4.26: SEDs of two views of the same galaxy snapshot - galaxy A8, snapshot 249 at
z = 1.2. The left-hand panel shows view 0 to which PROSPECTOR was unable to fit an SED,
the right-hand panel shows view 4 which PROSPECTOR was successful in fitting.

Notably, in the case of the unsuccessful fit, PROSPECTOR significantly underestimates the visual

extinction (Ay ), which is not observed in the successful fits. This pattern is consistent across the

other failed fits in this category. Analysis shows that in the case of failed fits, the derived Ay is

likely to be more underestimated when compared with successful fits. Figure 4.27 illustrates the

correlation between A}/ —Af,e”'ved and the failed fits with the failed fits occurring for snapshots

with some of the worst Ay recovery. However, it remains unclear whether this underestimation

of Ay is a symptom of the FIR mis-fit or a consequence of it. Further investigation is required

to disentangle the relationship between these variables.
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FIGURE 4.27: Plot of the difference between the true value of Ay and that derived by

PROSPECTOR for all galaxies, successful fits are shown in blue, failed fits are shown in red;

the vertical line marks z = 2.5, the upper end of the range for failed fits likely caused by Ay

underestimation. Note that failed fits due to zero dust mass or low dust to stellar mass ratio
have been removed.

4.4.1.4 Remaining unsatisfactory fits at z > 4.5

Finally, we review the failed fits quantified in column 7 of Table 4.4, namely those in the range
z > 4.5 which are not accounted for by zero dust mass or very low dust to stellar mass ratio.
Analysis has revealed no pattern to these fails, 35 of which are caused by PROSPECTOR failing
to fit any of the views of 5 snapshots. This is, perhaps, to be expected, with the x2 confidence
level set at 99 per cent we can expect approximately 1 per cent of cases to exceed the critical

threshold even if the model is correct. These failures represent ~ 0.6 per cent.

4.4.1.5 Summary of fit failure modes

Our analysis of the failed fits has identified three distinct issues representing 92 per cent of the

the unsuccessful outcomes. So our conclusions are:

1. A subset of the simulations are generating galaxies with zero dust mass which PROSPEC-

TOR has been unable to model successfully;
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2. The majority of failures are associated with galaxies exhibiting a low dust to stellar mass

ratio compared to values reported in the literature.

3. A small number of failures in the range 1 < z < 2.5 are associated with PROSPECTOR
underestimating. Ay. This underestimation either results from, or leads to, an underes-
timation of the intrinsic stellar emission, preventing PROSPECTOR reproducing accurate

FIR fluxes.

4.4.2 The effect of prior choice on the fidelity of the derived properties.

We now examine how the choice of SED fitter and SFH prior influences the recovery of galaxy
properties. As stated in Section 4.3, on average the property values are recovered well and
the choice of prior has little statistically significant impact on the results, though Haskell et al.
(2024) demonstrated that this averaging could hide significant areas of disagreement. This result
begs further investigation as it appears to contradict findings elsewhere that the choice of non-
parametric prior has an impact on the derived results, and that the flexibility of nonparametric
fitters produces better quality results than those of parametric fitters (e.g. Carnall et al. 2019,
Leja et al. 2019, Lower et al. 2020). Figures 4.28 to 4.32 present histograms comparing the
results between each pair of priors (e.g. Continuity/Bursty, MAGPHY S/Parametric, etc.). Each
histogram was constructed by taking the difference between the accuracies delivered for an ob-
servation by each prior (i.e. the difference between the residuals) and dividing by the sum of the
residual errors in quadrature to produce a z-score in ¢ units for each observation. The results are
plotted with a standard normal distribution overlaid in green for comparison. The large sample
size (=~ 5894) produces a low error on the mean and a subsequent high confidence in the value
of the sample mean pg. We see from these figures that in many cases the sample mean is within
1o of the true mean and the standard deviation is < 10 indicating a close correspondence be-
tween the different prior results. There are, however, some exceptions to this. For M, (Figure
4.28) the Dirichlet and Bursty prior results show a mean difference of 1.80 as do the Parametric
and Dirichlet priors. In this latter case, the standard deviation is also larger than average, 1.5,
and the sample distribution tail extends to at least 50 indicating that for some galaxies, these
two priors may produce significantly different results. The plots for sSFR (Figure 4.30) show
that the Dirichlet prior may also produce significantly different results when compared to the
Bursty or Parametric SFHs. Lgys (Figure 4.31) shows remarkably tight standard deviations, and

means that are between 0 and 0.50 of the standard distribution confirming that this property
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value is well recovered across all SFH priors. Finally, Figure 4.32 demonstrates that Ay is again
well recovered regardless of prior choice, though MAGPHYS may produce significantly different

results from the Dirichlet prior for some galaxies.

The statistical significance of our results between the different priors can, perhaps, be attributed
to our idealised test conditions where the true value is known, the SNR is constant in every
band, our redshifts are entirely reliable, and we have error-free observational data. In addition,
we have good spectral coverage including the FIR peak which is not the case in several studies
of SED results, the papers of Pacifici et al. (2022) and Leja et al. (2017) had NIR-FIR data in
only 27 and 20 per cent of their test samples respectively. Including FIR data enables the SED
fitter to more accurately determine dust properties (Casey, 2012), improve the derivation of SFR
(Haskell et al., 2023; Pacifici et al., 2023) and break the age/metallicity degeneracy (Walcher
et al., 2011; Hayward and Smith, 2015). Section 2.3.2.3 of this thesis demonstrates the value of

both full panchromatic sampling and the need for FIR coverage in particular.
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FIGURE 4.28: Z-score distributions of stellar mass for all pairs of priors, the z-scores were
determined by taking the difference between the residuals (i.e. the difference in the logs of
the median values) and dividing by the sum of the errors in quadrature. Each panel presents
the results of comparing the accuracy of all observations (i.e. all views, all snapshots, all
galaxies), the x-axis is labelled with the two priors compared in each panel (Cont=Continuity,
Burs=Bursty, Diri=Dirichlet, para=PROSPECTOR parametric and MAGP=MAGPHYS), the dot-
ted vertical line marks the sample mean which, together with the standard deviation, is shown
in the legend. The standard normal distribution (it =0 o = 1) is shown in green for reference

with the zero point marked by the vertical green line.
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FIGURE 4.29: Plots showing the distribution of z-scores for SFR values, see Figure 4.28 for

details.
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details.
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details.
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4.4.3 How individual filters contribute to the x> value

Table 4.2 and Figure 4.1 demonstrated that the four SFH priors exhibit similar rates of fitting
success as demonstrated by low x? values, Figure 4.33 presents the mean y? values for each
individual filter for galaxy Al. This figure shows that, on average, all priors yield similar in-
dividual filters” x? values resulting in both comparable total > and similar best-fit SEDs. The
shaded area of this figure encloses the 16th and 84th percentiles of y? values in each bin (i.e.
the scatter) for the Bursty prior, the remaining priors presenting a similar pattern. This figure
shows a small scatter (< 1) for 15 of the 18 filters demonstrating that FSPS has consistently
converged to locations in close proximity in the 18-dimensional observed-flux space and sug-
gesting that the choice of SFH prior has minimal impact on the shape of the SED. However, an
interesting feature is the contribution made by the PACS100 and PACS160 filters. The close-
ness of the mean 2 values from the different SFH priors shows it is unlikely that the choice
of SFH is the source of this feature, Figure 4.34 provides a possible explanation. This shows
the rest wavelength coverage for these filters, together with the neighbouring filters MIPS24 and
SPIRE250, for 1.2 < z < 8 together with the average 2 values returned by all of the filters.
We see from this that the > values appear to peak in the wavelength region 3um < A < 70um,
wavelengths which include the emission from PAHs and AGN in the MIR, and from warm dust
on the Wien side of the FIR. With no AGN present in the simulations, and with the AGN fea-
tures of PROSPECTOR turned off, we must conclude that modelling the PAH emission is a likely
cause of the high x> values in the MIR. SKIRT adopts the Weingartner and Draine (2001) MW
emission model which treats PAHs as small grains, whereas PROSPECTOR uses that of Draine
and Li (2007) providing a more complete model for PAH emission at specific wavelengths -
notably 3.3, 6.2, 7.7, 8.6 and 11.3 um - which correspond closely to the high x? values from
the MIPS24 and PACS100 filters. From this, we suggest that the high x? values seen in the
MIR in are likely the result of a mismatch between the SKIRT and PROSPECTOR PAH emission
modelling. In the FIR, we note a feature in the Wien slope at ~ 20 to 30um (see e.g. Figures
4.25, 4.26) which corresponds to the high x> values from the PACS100 and PACS160 filters.
Further work is needed to determine the source of this in the simulations, however the differing

dust models may again be the cause of the mismatch at these wavelengths.

Figure 4.35 presents the average x> values for each filter for the PROSPECTOR Bursty SFH prior
and for MAGPHYS for galaxy Al. It is immediately apparent that MAGPHYS is, on average, less

successful than PROSPECTOR at fitting the UV/optical fluxes but more successful in fitting the
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FIGURE 4.33: The mean x” values for each filter produced for galaxy Al by the four
PROSPECTOR SFH priors. The grey-shaded area encloses the 16th and 84th percentiles within
the Bursty prior filter 2.

IR fluxes. Figure 4.36 shows that the majority of the high x? values for MAGPHYS fall in the
wavelength range 10~ 'um < A < 3 x 10~'um. Both MAGPHYS and SKIRT use the Bruzual
and Charlot (2003) SED for stellar emission, and so it is likely that this mismatch is caused
by differing dust extinction models. MAGPHYS assumes the two component, uniform screen,
model of Charlot and Fall (2000) whereas SKIRT uses the dust geometry provided by FIRE. It
is possible, therefore, that the high x? values experienced in the UV for MAGPHYS are caused

by the effects of these different dust geometries.

The lower %2 values delivered by MAGPHYS in the MIR/FIR region, compared to PROSPECTOR,
are interesting and may be due to configurable variables in MAGPHYS which allow prior ranges
to be defined for MIR and PAH emission (da Cunha et al., 2008, and see Figure A.2). Of
equal interest is the reason for PROSPECTOR providing superior fitting to MAGPHYS in the
UV/optical region, we defer this to later work but note that MAGPHYS uses a MW dust law

whereas PROSPECTOR uses Calzetti et al. (2000).
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FIGURE 4.36: The rest wavelength coverage of the filters used for this work, together with the

x> values for the ugrizy filters, delivered by MAGPHYS, colour coded as shown in the legend
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redshift range provided by the simulations with the ugrizy filters colour coded as shown in the
legend.

4.5 Summary and Conclusion

In this work we have used four cosmological zoom-in simulations from the FIRE project, gen-
erating a total of 958 galaxy snapshots sampled at approximately 25 Myr intervals, spanning
redshifts from 1 < z < 8. Each snapshot was observed from seven different viewing angles re-
sulting in 6706 datasets. These were processed through the SKIRT radiative transfer software
to produce redshifted SEDs which where convolved with the profiles of 18 filters covering the

observed frame spectrum from UV (0.39 um) to FIR (500 pm).

Of the observation datasets, 5894 were processed through the PROSPECTOR SED fitting soft-
ware. This fitting procedure was performed four times using different SFH priors - three non-
parametric priors using the Dirichlet and Student’s t-distributions, and one parametric prior us-
ing the delayed exponentially declining SFR model. The results were compared to the true
values and to those derived using MAGPHYS on the same data to enable comparisons with pre-

vious works.
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We find that PROSPECTOR achieves a higher overall fit success rate compared to MAGPHYS
with success rates of 93 per cent and 82 per cent respectively. This discrepancy is primarily
driven by PROSPECTOR’s superior performance at high redshifts. Notably, there is no significant
difference in success rates among the four PROSPECTOR priors. A small number of observations
failed to fit where snapshots had zero dust mass at redshifts where such conditions have not been
observed. The majority of the failed fits occurred in cases where the dust/star mass ratio of a
snapshot fell below ~ 10~*. We suggest that PROSPECTOR models are not well-suited to such

atypically low ratios. Another subset of snapshots failed to fit due to an underestimation of Ay.

For the recovery of property values, we find:

* Stellar mass is recovered to within an average accuracy of 0.2 dex in line with previous
works (Hayward and Smith, 2015; Dudzeviciute et al., 2020; Haskell et al., 2023). We
find no significant difference in the accuracy of the results across the four PROSPECTOR

priors or MAGPHYS.

* SFR is recovered to within 0.3 dex on average and sSFR to within 0.1 dex on average,
though in both cases maximum differences are higher; contrary to previous works, we
find the choice of prior makes no significant difference to the average fidelity of these

derived values.

* Laust is well recovered to within 0.3 dex on average; Ay is also well recovered to within

an average accuracy of 0.3 mag.

For all derived properties we find that, while the fidelity of the results using the different
PROSPECTOR priors or MAGPHYS do not differ significantly in most cases when averaged
across all observations, some galaxy configurations may be interpreted differently by different
priors, in particular between the Dirichlet and Parametric priors, and MAGPHYS and PROSPEC-
TOR priors. This contrasts to the findings of previous studies (e.g. Leja et al., 2019; Carnall
et al., 2019; Pacifici et al., 2023) which found significant variations in derived property values
depending on the choice of SED fitting tool. We suggest that this agreement may be attributed
to the high quality of the data used in our study, as well as the comprehensive spectral coverage,
especially the inclusion of FIR data around the peak of the FIR emission. This data coverage
likely reduces the sensitivity of the results to the choice of SFH prior, leading to more consis-
tent property estimates. However, we note that there are systematic issues between priors as

demonstrated by Figures 4.28 to 4.32 possibly caused by the underestimation of uncertainties
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that has been highlighted elsewhere in this chapter. This results in the delivery of similar derived
property values when a large number of observations are averaged, however it hides significant
differences in property values for individual galaxies as priors differ in their interpretation of

similar SEDs.

We find that the fidelity with which PROSPECTOR is able to recover stellar mass, SFR, sSFR
and dust luminosity does not depend strongly on the stellar and dust spatial distribution or on
the degree of offset between the stellar and dust emission, as measured by any of the three
proxies we use. However, Ay shows sensitivity to both the galaxy geometry and to the peak-to-
peak proxy for the stellar and dust emission offset. Specifically, the accuracy of the recovered
Ay value is correlated with the increasing magnitude of this offset, indicating that Ay is more
affected by the spatial distribution of stars and dust than the other properties. However, we
note that the variation in the scatter of our data is significantly larger than the variation in the
individual data points. We interpret this as an indication that the error bars for the derived
values are too narrow, suggesting that the uncertainties reported by the fitting process may be

underestimated.

We find that PROSPECTOR’s ability to accurately recover SFR, sSFR and dust luminosity is
independent of the true values of these properties, demonstrating consistent performance at both
high and low values. However, stellar mass recovery becomes less reliable for masses below
log;o(Msar) = 9. We suggest that this is due to the PROSPECTOR model underestimating the
MIR emission, likely as a result of insufficient modelling of PAHs. For Ay, we observe that
the fidelity of the derived value decreases as the true value increases. This decline in accuracy
coincides with increased SFR and is in line with the published correlation between short-term
SFR increase and Ay (Wuyts et al., 2009). As described in the previous paragraph, the scatter
in the recovered data is significantly greater than that in the true data, suggesting that the error
bars on the recovered values are unnaturally constrained. This indicates that the uncertainties

provided by the model may not fully capture the true variability in the data.

Finally, we note that the pattern of x2 scores for individual filters (UV/optical for MAGPHYS

and MIR for PROSPECTOR) indicates a need for further investigation.
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Summary and future work

5.1 Summary

In this thesis we have investigated the accuracy of the recovered properties of high redshift
galaxies using two SED fitting tools - MAGPHYS (da Cunha et al., 2008) and PROSPECTOR (Leja
etal., 2017). We have used 4 simulated galaxies from the FIRE project (Hopkins et al., 2018) to
produce synthetic observations. We have followed the galaxies evolution from z ~ 8 to z~ 1, the
simulations producing 958 snapshots at ~ 25 Myr intervals, each including observations from
7 different viewing angles. The snapshots were processed through the SKIRT radiative transfer
package (Baes et al., 2003) to produce > 6700 SEDs of which ~ 5900 had accompanying true

property values.

We investigated how the properties of the simulations compared to those of real galaxies as
published in the literature. Specifically, we plotted the values of stellar mass and SFR to establish
the position of each snapshot on the galaxy main sequence (Tacchella et al., 2022c); we also
(2020); Cochrane et al. (2023b), the relationship between Ay and redshift against Hainline et al.
(2011); Dudzeviciuté et al. (2020), and finally the offsets between the UV and FIR emission
against Rujopakarn et al. (2016, 2019); Lang et al. (2019). We showed that the simulations
predominantly presented dusty star-forming galaxies with properties similar to those inferred
for real SMGs published in other observational works. We measured the degree of decoupling

between the UV and FIR emission of each snapshot/view using three proxies: a peak-to-peak
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proxy measuring the distance between the points of peak UV and peak FIR emission, a light-
weighted-mean proxy measuring the distance between the centres of UV and FIR emission,
and a Spearman rank coefficient (Myers and Well, 2003) comparing the degree of correlation
between the UV and FIR images. To produce mock observations, we convolved the SEDs
produced by SKIRT with the profiles of 18 filters in the wavelength range 0.4um < Aegr >
482 um.

5.1.1 MAGPHYS and energy-balance modelling

First, we used the SED fitter MAGPHYS to process the observations, investigating the fit success
rate and comparing the derived values with the known true values. We found that the proportion
of observations for which MAGPHYS was able to find a statistically accepatable match with its
template library reduced as redshift increased. This culminated to an inability to match SEDs at
7>15.9. We speculated this may be due to the fixed nature of the template library which becomes
increasingly sparse as redshift increases, and the stochastic nature of early galaxies where bursts
of star formation may dominate the spectrum. We tested this conclusion by rerunning the fitting
with all observations translated to their theoretical values at z = 2 and observed an improved

success rate.

Using only the successfully fitted observations, we compared the derived values of stellar mass,
SFR, sSFR, dust mass and dust luminosity to the true values as a function of different envi-
ronmental variables. Firstly, we compared the fidelity of results to any offset between the UV
and FIR emission. Several papers had suggested that the energy-balance assumption used by
MAGPHYS may not apply for galaxies with clumpy dust distribution (e.g. Casey et al., 2017;
Miettinen et al., 2017; Simpson et al., 2017; Buat et al., 2019). Using three proxies for the UV/-
FIR offset we reported that the performance of MAGPHYS remained similar over the range of
stellar and dust geometries presented by the simulations. We concluded that SED fitters using
this assumption remained applicable where such dust distributions are likely to be found, e.g. at

high redshifts.

We also tested the fidelity of the derived values against the range of true values and found that
this was not dependent on the values available from the simulations. To test the importance of
panchromatic data, we re-ran the fitting using only the IR observations and, again, using only
the UV/optical observations. We found that for stellar mass, SFR and dust mass the panchro-

matic data produced superior accuracy to the restricted data observations, with more constrained
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uncertainties. For sSSFR the UV/optical-only observations produced a closer average value to the
truth, but with significantly greater error bars than the panchromatic run, and for dust luminosity,
the FIR-only run produced a very high quality result with small errors broadly equivalent to the

panchromatic run.

5.1.2 Averaging results hides an SED bias in SFR recovery

In chapter 3 we investigated the relative fidelity of MAGPHYS derived SFRjgomyr using the
simulated data snapshots described in the previous chapter. We showed that MAGPHYS and

PROSPECTOR produced similar levels of precision for this property when averaged over all snap-

SFR 1oMyr
SFR; 00Myr

shots, however, the results of MAGPHYS show a strong dependency on 11 = log,, (
This resulted in MAGPHYS overestimating, or underestimating, the SFRgomyr property by up
to 1 dex for galaxies experiencing recent, short-term periods of enhanced star formation or qui-
escence. We observed a similar, but significantly weaker trend in the PROSPECTOR parametric

results.

We speculated on two possible causes for this. Firstly, the MAGPHYS parametric SFH prior in-
cludes a stochastic element to model periods of increased star formation activity which may be
unsuitable in some circumstances. Secondly, the dynamic nesting technique used by PROSPEC-
TOR provides a smoother sampling of the parameter space than is possible with MAGPHYS’s
fixed template library. We suggested that careful consideration should be given to the choice of

SED fitter when analysing galaxies with significant, recent star-forming activity

5.1.3 Using PROSPECTOR to derive galaxy properties

In Chapter 4 we investigated the fidelity of galaxy properties derived using PROSPECTOR with
three nonparametric priors and one parametric SFH prior. Several papers have reported that non-
parametric SFHs produce superior results to the parametric SFH priors (used e.g. by MAGPHYS,
Carnall et al. 2019; Leja et al. 2019; Lower et al. 2020). We used the simulations previously used

in Chapter 2 to enable direct comparison with values derived by MAGPHYS.

We reported that PROSPECTOR is able to fit successfully at higher redshifts than MAGPHYS and
that the four priors showed very similar success rates. We showed that where it had failed to fit,
the cause is likely to be local features rather than redshift per se. Specific reasons for failed fits

were:
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» Approximately 20 per cent of failures where occurred where galaxies with zero dust mass
at redshifts where such galaxies were unlikely to exist, indicating a possible issue with the

simulation or radiative transfer calculations;

* Over 60 per cent of failures occurred where galaxies exhibited Maysi/Mstar < 1072, indi-
cating a possible problem with PROSPECTOR dust model at atypically low dust masses.
These failures occur at very different redshifts to those caused by zero dust mass, leading

us to speculate a different underlying cause;

* 8 per cent of failures occurred where visual attenuation was underestimated by 2 0.75

mag, the possible causes of which remain unclear;

* Possible causes for the remaining 12 per cent of failures, all at z > 4.5 could not be

determined.

We examined the values derived using the different SFH priors for stellar mass, SFR, sSFR, dust
luminosity and visual attenuation. We found that, on average, all properties were recovered well
with uncertainties comparable to those from MAGPHYS. Contrary to other works, we found no
significant difference in the average derived values between the PROSPECTOR nonparametric,
parametric and MAGPHYS runs. We compared the difference between the derived value and the
true value (the residual) for every pair of fitters/priors using a z-test, for all successfully fitted
observations. In most cases the difference was of statistically low significance. Some combi-
nations produced long tails in the z-score distribution (e.g.Parametric/Dirichlet for stellar mass,
SFR and sSFR, and MAGPHYS/Dirichlet for SFR) indicating that for some galaxy configura-
tions different SFH priors may deliver significantly different results. This overall agreement is
perhaps a surprising result and we speculate that it may be due to our high quality, simulated data
as the real Universe is likely to provide less constrained data. Performing a similar comparison
between the derived properties and the true values we found evidence that, as reported else-
where in the literature, parametric uncertainties are under estimated resulting in large standard

deviations in the z-test distribution.

Continuing the work described above to test the accuracy of the property values derived by
MAGPHYS as a function of the UV/FIR emission offset, we performed the same tests on
PROSPECTOR which also assumes an energy balance. Using the same three proxies, we deter-
mined that all four PROSPECTOR SFH priors showed no significant deterioration in the derived

value accuracy for stellar mass, SFR, sSFR or dust luminosity. However, we reported a weak
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trend for the derived visual attenuation to become less accurate as the peak-to-peak proxy in-
creased. In related tests, we leveraged the different viewing angles provided by the simulations
to determine whether the accuracy of the recovered values was dependent on the line-of-sight
projection of the galaxy stellar/dust distribution. We found that stellar mass, SFR, sSFR and dust
luminosity derivation were all unaffected by viewing angle. However, we reported a weak trend
for visual attenuation to be affected as may be expected by the different stellar/dust distributions

likely to be experienced from different angles.

Comparing a property’s derived value against the true property value, we found that SFR, sSFR
and dust luminosity are unaffected by the true value of the property. However, we reported a
trend for the derived stellar mass to become less reliable at low values (Mr < IOSM@) and a

correlation between the derived visual attenuation and SFR jomyr.

Finally, we analysed the contributions made to a best-fit y> value by each filter. We found
that, for PROSPECTOR, the filters with 23um < A < 243um contributed significantly more
than other filters to the total. Over the redshift range provided by the simulations, these filters
sampled in the rest frame wavelength range 3um < A < 70um. We also noted a similar issue

for MAGPHYS with filters sampling in the rest frame at ~ 2 x 10~ ! um.

We noted that, in several cases, the scatter in data values within binned data was significantly
greater than the associated uncertainties. We speculated this is due to overly constrained error

bars as previously reported in the literature (Leja et al., 2019).

5.2 Extrapolating from simulation to reality

This study is based on SEDs derived from simulated galaxies and, while this methodology offers
practical advantages, it is important to recognise that the underlying assumptions and models
are subject to potential biases and limitations which must be considered when attempting to
extrapolate findings to observations of real galaxies. This section outlines several key sources

of potential bias and their implications for the robustness of the study’s conclusions.

One significant issue is the absence of nebular emission in the FIRE simulations used to con-
struct the model SEDs. For studies focused on local galaxies, the contribution of nebular emis-

sion to broadband photometry is often negligible (Battisti et al., 2019); accordingly, some SED
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fitting tools, such as the high redshift version of MAGPHYS (Battisti et al., 2019) and AGNFit-
ter (see Table 1, Pacifici et al., 2023), do not include nebular emission in their default models.
However, at high redshift a population of galaxies known as extreme emission line galaxies
(EELGs) challenges this standard treatment of emission-line contributions (van der Wel et al.,
2011; Pérez-Montero et al., 2021; Boyett et al., 2024; Llerena et al., 2024), see also Gupta et al.
(2023) for the provenance of some EELGs.

EELGs are characterised by intense star formation activity and large emission line equivalent
widths!, often sufficient to significantly affect broadband fluxes and hence the values of galaxy
properties derived from SED fitting (Pacifici et al., 2012, 2015; Smit et al., 2014; Salmon et al.,
2015). An example of such a galaxy is TN J1338-1942 (Duncan et al., 2023), which exhibits
H, and and [NII] emission lines with inferred EW of several hundred Angstrﬁm. Additional

examples can be found in, for instance, Amorin et al. (2015) and Iglesias-Paramo et al. (2022).

The impact of high-EW emission lines on photometric analysis has also been noted in the con-
text of the Herschel-ATLAS survey (Eales et al., 2010). Smith et al. (2012) demonstrated that
for dusty, star-forming galaxies the omission of nebular emission in SED models can lead to
systematic underestimation of fluxes in bands coinciding with Hy emission. This again indi-
cates the need to incorporate nebular emission in the modeling of galaxies with significant star

formation activity, particularly at high redshift.

The omission of nebular emission from the FIRE simulations thus represents a limitation of the
present analysis. While this shortcoming does not critically undermine the main conclusions
of this study, it highlights the need for future simulations, and SED modeling, to include neb-
ular emission in order to more accurately represent the observable properties of star-forming

galaxies.

Our results show that, broadly speaking, both MAGPHYS and PROSPECTOR recovered the values
of galaxy properties to within 0.5 dex. While this is impressive, it could simply be a measure
of the compatibility between the models used. However, the fact that both MAGPHYS and
PROSPECTOR delivered similar results up to the MAGPHYS limit of z = 5.9 indicates this is

unlikely to be the case given the differing SFHs and models used (see Table 1.1).

IEquivalent width (EW) is a measure of the strength of a spectral feature relative to the underlying continuum. It
corresponds to the width of the continuum, typically expressed in Angstroms or nanometres, required to produce the
same total flux as the line.
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An important question is how the modeling used by FIRE could reflect on values derived for
real galaxies. Several works have shown that FIRE simulations agree well with observations for
a variety of properties at different redshifts (e.g. Hopkins et al., 2014; Faucher-Giguere et al.,
2015; Muratov et al., 2017; Ma et al., 2018; Parsotan et al., 2021). Other simulations, such
as EAGLE and IllustrisTNG, also show good agreement with various observed galaxy prop-
erties across different redshifts, see e.g. (Lagos et al., 2015; Pillepich et al., 2019), however
FIRE’s detailed modeling of stellar feedback and the ISM provides certain advantages in repli-
cating specific aspects of high-redshift galaxy observations. As an example, FIRE simulations
resolve star formation and stellar feedback at much higher spatial and mass resolutions than
large volume simulations (Hopkins et al., 2014, 2018) enabling FIRE to model the formation
of individual star-forming regions (Muratov et al., 2015; Chan et al., 2018). Additionally, FIRE
galaxies at high redshift have been shown to exhibit realistic properties including UV lumi-
nosities, SFR variability, gas outflow rates, and morphologies that resemble observed galaxies
(Faucher-Giguere et al., 2016; Ma et al., 2018; Parsotan et al., 2021), as well as accurate mod-
eling of processes such as galactic winds and metal enrichment (Muratov et al., 2015; Hopkins

et al., 2018).

Despite these successes, it is important to exercise caution when extrapolating from simulation-
based predictions to real-world galaxies. FIRE’s limited cosmological volume and specific im-
plementation of physical models may not fully capture the diversity and statistical properties
of the observed galaxy population, and its bursty SFHs and ISM conditions may not be repre-
sentative of all high-redshift systems. Future advances in simulation technology, e.g. FIRE-3

(Hopkins et al., 2023b), can be expected to improve this situation.

Finally, we should consider the effect our treatment of the photometry may have upon our re-
sults. We have applied a uniform signal-to-noise ratio (SNR) of 5 in all photometric bands,
simulating a clean, controlled observational environment. While this approach facilitates com-
parisons across models and simplifies the interpretation of recovered physical properties, it is
not representative of real observational data. In practice, there are significant variations in SNR
across different photometric bands. For example, optical instruments such as HST 2, Euclid
(Cuillandre et al., 2024), and JWST NIRCam? can achieve SNRs exceeding 100, whereas FIR

observations, such as those from Herschel, may yield detections at < 50 (e.g. Hilton et al.,

Zhttps://hst-docs.stsci.edu/stisihb/chapter-12-special-uses-of-stis/
12-5-high-signal-to-noise-ratio-observations

Shttps://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/
nircam-sensitivity


https://hst-docs.stsci.edu/stisihb/chapter-12-special-uses-of-stis/12-5-high-signal-to-noise-ratio-observations
https://hst-docs.stsci.edu/stisihb/chapter-12-special-uses-of-stis/12-5-high-signal-to-noise-ratio-observations
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-sensitivity
https://jwst-docs.stsci.edu/jwst-near-infrared-camera/nircam-performance/nircam-sensitivity
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2012) particularly for faint or high-redshift sources (e.g. Margoniner and Wittman, 2008). This
difference in SNR can significantly affect the ability to constrain galaxy properties; we quan-
tified this effect in Chapter 2 by removing FIR data completely from the MAGPHYS SED fit,
effectively setting uncertainties to infinity and mimicking the observational scenario where FIR
detections have a very low SNR or are undetected. When the FIR information was removed,
the recovery of properties dependent on the optical/NIR SED, such as stellar mass, remained
relatively stable. However, parameters that depend more heavily on FIR fluxes, such as SFR,
dust mass and dust luminosity, exhibited a degradation in accuracy and increased uncertainties.
Given this demonstrated importance of FIR data, it is clear that including realistic photometric
uncertainty in all bands is necessary if the results of fitting synthetic SEDs are to be used to

calibrate those from real observations.

Notwithstanding these concerns, we now consider what future work could be undertaken to

further the work discussed in this study.

5.3 Future work

In this study we have used photometry between rest frame 0.4um and 482um. The inclusion
of a submillimetre band to improve fitting of the Rayleigh-Jeans tail may further constrain the

energy-balance and improve results at higher redshifts (e.g. z > 4).

We have highlighted two areas where the filters sampling specific rest-frame wavelengths con-
tribute significantly to the overall fit-)? value. Further work is needed to determine the cause of
these atypically high x? values, an investigation which will need to explore the simulations, the

radiative transfer package, SKIRT, and the models used by MAGPHYS and PROSPECTOR.

The scatter reported in a number of our studies indicates that the error bars for both parametric
and nonparametric SFH priors may be underestimated. Leja et al. (2019) reported that using
parametric SFH priors produced overly constrained uncertainties, our work extends this to in-
clude at least some results produced by nonparametric SFHs. This is an important area, affecting
the validity of results derived by SED fitting, and should be investigated to determine the cause

and scale of the underestimation.

Finally, many of the papers discussing potential issues with the energy-balance assumption and

the improved fidelity of fitting based on nonparametric SFH priors have based their work on
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real data - e.g. Leja et al. (2017); Pacifici et al. (2022). Our use of noise-free simulated pho-
tometry and precise redshifts has countered the assertions made in these and other works and
further investigation using noisy, AGN-contaminated data with photometric-level redshift pre-

cision would determine the degree of bias caused by our clean data.

5.4 Trends in SED fitting

Current trends in a number of areas are likely to shape the usage of SED fitting as we go forward.
Machine learning and Al are already starting to make an impact with the introduction of codes
such as Mirkwood (Gilda et al., 2021) and ANNz (Collister and Lahav, 2004), and several
recent works have cited the use of neural networks (e.g. Simet et al., 2021; Dobbels et al., 2020;
Kaeufer et al., 2023; Mathews et al., 2023). These are not without their own issues, including
the need for careful choice of training material, however their continued development seems

likely to have considerable impact.

The models on which SED fitting relies are also evolving. Studies continue, seeking to improve
our understanding of PAH emission (Narayanan et al., 2023b; Rigopoulou et al., 2024), dust
emission (Triani et al., 2023), the IMF (Hennebelle and Grudié, 2024; Hutter, 2024; Yan et al.,
2024) and simple stellar population modelling (Martin-Navarro and Vazdekis, 2024). In addi-
tion, work to improve the quality of simulations continues with the latest release of FIRE-2 in
2023 (Wetzel et al., 2023) and the availability of other simulations such as EAGLE (Schaye et al.,
2015), HlustrisTNG (Pillepich et al., 2018), and Cosmo-OWL (Le Brun et al., 2014). Radiative
transfer packages are also continuing to evolve with release 9 of SKIRT (Camps and Baes,
2020), and alternative packages such as DIRTY (Gordon et al., 2003) and Cloudy (Gunasekera
et al., 2023). DIRTY is of particular interest as it attempts to cater for arbitrary distributions
of radiation sources and dust (Misselt et al., 2001). These developments will (should) improve
both the theoretical basis on which SED fitting relies and the ability to test against increasingly

realistic simulations.

Many contemporary fitters are also continuing to evolve with X-ray (Yang et al., 2022) and low
luminosity AGN (Lépez et al., 2024) capability added to CIGALE, nebular emission added to
FSPS (Byler et al., 2017) and nebular emission from the narrow-line region of AGNs added to
BEAGLE (Vidal-Garcia et al., 2024). The inclusion of spectroscopic data in the fitting process

is increasingly important as higher redshift galaxies are explored by, e.g., JWST (Larson et al.,
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2023) and several studies are now including this data (e.g. Yuan et al., 2019; Tacchella et al.,
2022b; Topping et al., 2022; Endsley et al., 2023). New fitters such as Mirkwood (Gilda et al.,
2021) and Lightning (Doore et al., 2023) are also appearing and moving forward the state-of-
the-art. In parallel, studies into the sensitivity of SED results to changes in the models (e.g.
Leja et al., 2019; Pacifici et al., 2022; Tortorelli et al., 2024, and Chapter 4 of this thesis) are

providing insights into model choice and applicability

Finally, the improved availability of computing facilities removes some of the restrictions placed
on the use of SED fitters by enabling more resource-hungry algorithms to be used. SED fitting,
in general, is“embarrassingly paralle]”* and so the availability of multi-processor clusters such
as the University of Hertfordshire’s High Performance Cluster (UHPPC) 3 provides the ability

to run, e.g., nonparametric, Markov Chain Monte Carlo-based fitting methods.

5.5 Concluding remarks

With the increasing data volume expected from future facilities (e.g. the Square Kilometre
Array, the Extremely Large Telescope, the Euclid telescope, the Nancy Grace Roman Space
telescope, and the Vera C. Rubin observatory) and the higher redshifts already being probed by
JWST, the demand for reliable and fast galaxy analysis at high redshift will continue to grow.
This study has shown that, averaging over a larger number of observations, SED fitting can
produce reliable results for galaxies at high redshift — although caution is recommended for

specific measurements (e.g. Haskell et al., 2024).

‘https://www.computerhope.com/jargon/e/embarrassingly-parallel.htm
>The UHHPC was used to provide multiple processors for the work described in Appendix A of this work and
for the PROSPECTOR runs described in Chapter 4


https://www.computerhope.com/jargon/e/embarrassingly-parallel.htm

Appendix A

Using spectral energy distribution
fitting to create catalogues of galaxy

properties

A.1 Introduction

This Appendix describes the work done to generate catalogues of galaxy properties from exist-
ing panchromatic observational data for three deep fields: Bootes (Jannuzi et al., 1999; Williams
et al., 2021), Lockman Hole (Lockman et al., 1986; Mahony et al., 2016), and the European
Large Area ISO Survey field North 1 - ELAIS-NT1 (Oliver et al., 2000a,b). The work was under-
taken to provide complementary data to the radio frequency data collected by the LOFAR Two
Metre Sky Survey project (LoTSS; van Haarlem et al., 2013).

The LoTSS project aims to survey the entire Northern sky to a resolution of at least 6” and a
sensitivity of ~ 100 ]y in the range 120-180 Mhz. The project saw first light on 23 May 2014,
producing initial data in 2017 (Shimwell et al., 2017) and two major data releases two and five

years later (DR1 and DR2; Shimwell et al., 2019, 2022).

While LoTSS is primarily focused on delivery of a wide area survey, it is also taking repeat
observations of the deep fields introduced above for which high quality multi-wavelength data

are already available (Tasse et al., 2021; Sabater et al., 2021).
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The remainder of this Appendix provides details of the process necessary to create the MAG-
PHYS catalogues of galaxy properties from the raw data, with the final catalogues containing

physical properties of over 849,000 galaxies.

A.2 Method

The catalogues were created using the SED fitter MAGPHYS (da Cunha et al., 2008, 2015) to
provide the physical properties for the LOFAR-detected sources. MAGPHYS is fully described
in da Cunha et al. (2008) with extensions to operate at higher redshifts described in da Cunha

et al. (2015); the high redshift extensions were used in this work.

Details of MAGPHYS’s fitting method and model assumptions are described in Section 2.2.2,
here we describe the mechanics of running MAGPHYS and the stages it executes before SED
fitting can take place. We also describe the pre- and post- processing necessary to prepare the
data and create the catalogues. Figure A.1 shows the full program stack, the figures in brackets

are referred to in the text.

Assembling the panchromatic observation data for processing was performed by third parties
described below and is included here for information only. Observations were combined from
a variety of different sources to provide UV - FIR coverage of the three survey areas — see
Table A.1. For ELAIS-N1 and Lockman, UV to MIR data were combined using forced aperture
photometry to produce a single set of observations - see Best et al. (2023) for details - for
the Bodtes field the existing catalogue of Brown et al. (2007, 2008) was used. The FIR data
(McCheyne et al., 2022) were taken from the Herschel Extragalactic Legacy Project — HELP
(Shirley et al., 2021) - and deblended using the XID+ Bayesian deblender (Hurley et al., 2017).
Photometric redshifts were estimated using machine learning and template fitting techniques on

the existing optical data (Duncan et al., 2021).

MAGPHYS requires details of the transmission profile for each filter in a specific format !, FOR-
TRAN program P1 in Figure A.1 was written to perform this conversion while program P2
presents the output in human readable form for verification. Transmission profile information
was acquired by private communication or from the SVO Filter Profile Service? (Rodrigo and

Solano, 2020).

Isee https://www.iap.fr/magphys/ewExternalFiles/readme.pdf
Zhttp://svo2.cab.inta-csic.es/theory/fps/


https://www.iap.fr/magphys/ewExternalFiles/readme.pdf
http://svo2.cab.inta-csic.es/theory/fps/
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Telescope Instrument  Filter  Aer(uum) ELAIS-N1 Bootes Lockman

GALEX FUV  0.15 X

GALEX NUV  0.23 X

LBT LBC u 0.36 X

CFHT Megacam u 0.38 X
CFHT Megacam u 0.39 X

KPNO MOSAIC Bw 0.44 X

Subaru HSC g 0.46 X

CFHT Megacam g 0.48 X
PanSTARRS g 0.48 X

Subaru HSC r 0.60 X

PanSTARRS r 0.61 X

CFHT Megacam r 0.62 X
KPNO MOSAIC R 0.65 X
PanSTARRS i 0.75 X

Subaru HSC i 0.76 X

KPNO MOSAIC I 0.81 X
PanSTARRS z 0.87 X

Subaru HSC z 0.89 X

CFHT Megacam z 0.89 X
SDSS z 0.89 X

Subaru Suprime zZ 0.91 X

Subaru Suprime nb921 0.92 X

PanSTARRS y 0.96 X

Subaru HSC y 1.00 X

LBT LBC y 1.04 X

UKIRT WFCam J 1.24 X X X
NOAO NEWFIRM H 1.62 X

NOAO NEWFIRM Ks 2.17 X

UKIRT WFCam K 2.20 X X X
Spitzer IRAC I 3.51 X X X
Spitzer IRAC 12 4.42 X X X
Spitzer IRAC 13 5.63 X X X
Spitzer IRAC 14 7.59 X X X
Spitzer MIPS24 23.21 X X X
Herschel PACS 100 97.90 X X X
Herschel PACS 160 153.95 X X X
Herschel SPIRE 250 242.82 X X X
Herschel SPIRE 350 340.89 X X X
Herschel SPIRE 500 482.26 X X X

TABLE A.1: Telescopes, instruments and filters used for the deep fields catalogues. MAGPHYS

filter sets were built for each of the three survey fields using the instruments shown. Details

were taken from private communications or the SVO Filter Profile Service - http://svo2.
cab.inta-csic.es/svo/theory/fps3/index.php


http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php
http://svo2.cab.inta-csic.es/svo/theory/fps3/index.php
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Bespoke programs were written to convert the observation data for each field into a form suitable
for MAGPHYS (Figure A.1 program P3). Once formatted, the data were split into files of 200

observations to enable parallel processing (Figure A.1 program P4).

MAGPHYS fits SEDs by comparing observations to those in models in prebuilt libraries. Two
libraries are provided - 50,000 UV/optical models in the SFH library and 25,000 IR models in
the IR library - each model containing galaxy properties together with a corresponding SED.
The libraries need to be processed to calculate the expected model fluxes through the observer
filters, this is done in two phases. Firstly, program P5 is run to produce a list of the redshifts
appearing in the observations file. There are two options available: to compile a list of actual
redshifts or to compile a list of approximate redshifts rounded to the nearest Az = 0.01. This
latter option produces fewer library files and was chosen for this project. The second phase
comprises two programs - one for the SFH library and one for the IR - shown as P6 in Figure
A.1. These programs use the filter data and the observed fluxes to create a model library for each
entry in the redshift list. Parsing the appropriate library, they take each model younger than the
age of the Universe at the given redshift, and compute the absolute AB magnitude through each
filter. Once created, these libraries are used by the final MAGPHYS fitting phase - P7 in Figure

Al

The output of the SED fitting phase is a pair of files for each source modelled - a file tagged
.sed containing the best-fit model SED as a table, and a file tagged .fit containing details of the
best-fit fluxes, the best-fit ¥ value and the probability density functions (PDFs) of a number of
properties in table form, see - http://www.iap.fr/magphys/ewExternalFiles/readme.

pdf for details.

The MAGPHYS .fit and .sed files were processed using the MAGPY program (Figure A.1 program
P8). This Python program takes as input the MAGPHYS output files producing plots of the
SED and PDFs - Figure A.2 presents an example of these plots - and generating a File Image
Transport System (fits) file of MAGPHYS derived galaxy data. These files contain data for each
observation, including the best-fit 2 value and a flag indicating whether this lies outside x2,,.
the 99% confidence value, indicating MAGPHYS has failed to find a suitable model. x2,, is
determined by calculating the number of degrees of freedom (DoF) in the original observation,

using Equation A.1 taken from Smith et al. (2012), and using standard x tables.

Ngof ~ (—2.820 +0.745) + (0.661 £ 0.132) Noangs + (7.91 £ 5.50x10 3 )NZ, 45 (A.1)


http://www.iap.fr/magphys/ewExternalFiles/readme.pdf
http://www.iap.fr/magphys/ewExternalFiles/readme.pdf
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Where Nyof is the resulting degrees of freedom, Npyngs is the number of filters used in the obser-

vation.

Running multiple versions of MAGPHYS is ‘embarrassingly parallel’ in that no significant effort
is needed to separate the problem into a number of parallel tasks. MAGPHYS was run on the
University of Hertfordshire’s high performance cluster (UHHPC) using up to 700 parallel cores.
A typical run to fit 200 galaxies on the UHHPC took between 13 and 24 hours. Output from the

parallel runs was combined prior to the final catalogue build.

The CATALOGUER (Figure A.1 program P9) processes the output from MAGPHYS and MAGPY

to create the catalogue; a catalogue is a directory containing five elements:

1. A README.txt file containing all relevant information;

\]

. A directory containing the SED plots for each galaxy

(98]

. A directory containing the PDF plots for each galaxy

N

. A directory containing the SED tables as produced by MAGPHYS for each galaxy

91

. The catalogue fits file containing data on each galaxy, details can be found in Table A.2

Two sets of catalogues were created. The first, smaller, set took as input galaxies selected on the
basis of a 5o detection at 150 MHz (Smith et al., 2021). The second set consisted of galaxies
selected on the basis of their IRAC flux density - specifically those with flux density > 10uJy
in the 3.6um data from SWIRE and z < 1 (Smith et al., 2021). Each set consisted of separate
catalogues for the three survey fields. The smaller, radio-selected, catalogues were published
in July 2020, the larger IRAC selected catalogues were published a month later. Details of the

catalogues can be found in Table A.3.
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FIGURE A.2: Examples of the plots produced by MAGPY. The main plot in the upper panel
is an SED produced by MAGPHYS the key to the symbols is shown in the legend. The lower
part of this panel shows the residuals - log;,(model value) — log,,(observed value) - of the
observations in ¢ units for each filter. The lower panel shows the probability density functions
(PDFs) of 16 of the galaxy properties returned by MAGPHYS, the blue lines mark the median.

These plots are for galaxy ILTJ103253.60+582642.9 in the Lockman Hole field.
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TABLE A.2: Columns in the LOFAR Deepfields catalogues. The 8 values associated with the
property fmu_sth are repeated for each property marked *

Field Value Comment
galaxy _id source id
v/ redshift used for the fitting
chi2 best fit 2 value
chi2_99 flag 22 99 per cent confidence flag (1 = outside threshold) to identify
formally bad fits.
fmu_sth fraction of total luminosity arising from ISM in optical library
best best-fit value
sigma symmetrised best fit error - defined as (84th percentile-16th per-
centile)/2
bayes Bayesian estimate of parameter value; sum of value*probability
from MAGPHYS-derived pdf
03 2.5th percentile of that parameter’s PDF
16 16th percentile
50 50th percentile
84 84th percentile
98 97.5th percentile
fmu_ir * fraction of total luminosity arising from ISM in IR library
mu * fraction of tau_V arising from ISM
tau_V * effective dust absorption optical depth
sSFR * specific star formation rate averaged over last 0.1 Gyr
M, * mass of stars in M, units
Lgust * luminosity of dust in L units
TC_ISM * temperature of cold dust in ISM in K
TW BC * temperature of warm dust in BC in K
xi_C_tot * luminosity contribution of cold dust
xi_ PAH tot  * luminosity contribution of PAHs
xi MIR tot  * luminosity contribution of hot dust
xi_W_tot * luminosity contribution of warm dust
tau_V_IISM  * effective optical depth of ISM
M ust * dust mass in Mg, units
SFR * star formation rate in M, yr—! averaged over last 0.1 Gyr

TABLE A.3: Details of the six published catalogues. The first column lists the survey field, the
second the method of galaxy selection, the third the number of galaxies in the catalogue, and
the fourth the percentage of galaxies to which MAGPHYS was able to satisfactorily fit an SED.

Field Selection Galaxies Fit success
Bootes 150 Mhx 17102 72%
Bodotes IRAC 299495 78%
ELAIS-N1 150 Mhz 29870 92%
ELAIS-N1 IRAC 183417 90%
Lockman 150 Mhz 28836 86%
Lockman IRAC 290672 87%
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A.3 Contribution to science

These catalogues have contributed to the following papers:

10.

. The LOFAR Two-metre Sky Survey Deep fields: The star formation rate — radio luminos-

ity relation at low frequencies (Smith et al., 2021)

. The bright end of the infrared luminosity functions and the abundance of hyperluminous

infrared galaxies (Wang et al., 2021)

. The LOFAR Two-metre Sky Survey Deep Fields. A new analysis of low-frequency radio

luminosity as a star-formation tracer in the Lockman Hole region (Bonato et al., 2021)

The LOFAR Two-metre Sky Survey Deep fields. The mass dependence of the far-infrared
radio correlation at 150MHz using deblended Herschel fluxes (McCheyne et al., 2022)

. Cosmic evolution of low-excitation radio galaxies in the LOFAR two-metre sky survey

deep fields (Kondapally et al., 2022)

The LOFAR Two-metre Sky Survey: the radio view of the cosmic star formation history

(Cochrane et al., 2023c¢)

. The LOFAR Two-meter Sky Survey: Deep Fields Data Release 1. V. Survey description,

source classifications and host galaxy properties (Best et al., 2023)

. Radio spectral properties of star-forming galaxies between 150-5000MHz in the ELAIS-

NI field (An et al., 2024)

The LOFAR Two-metre Sky Survey: The nature of the faint source population and SFR-
radio luminosity relation using PROSPECTOR (Das et al., 2024)

Radio-AGN activity across the galaxy population: dependence on stellar mass, star-

formation rate, and redshift (Kondapally et al., 2024).
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