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Abstract

This thesis investigates the redshift evolution of the star-forming main sequence
(SFMS) from z = 4 to z = 12 using deep field observations from JWST and HST.
Physical properties of a sample of 12 514 galaxies across seven fields were derived
through spectral energy distribution (SED) fitting with the CIGALE code, enabling
a systematic analysis of how different assumptions on star formation histories (SFHs)
affect the inferred SFMS. Four SFH models were tested, with results showing that
the choice of SFH primarily impacts the slope of the SFMS, while the intercept
and scatter remain consistent within uncertainties. The slope displays a modest
evolution, increasing slightly from z ∼ 4 to z ∼ 5 − 6, and then settles to a value
around unity. Field-by-field fits and combined-sample analyses were performed. A
preliminary investigation into the position of active galactic nuclei (AGN) within the
SFR–M⋆ relation yielded inconclusive results, highlighting the need for more robust
fitting methods and improved datasets. Overall, this work provides new constraints
on the high-redshift SFMS and demonstrates the sensitivity of its derived parameters
to SFH modeling assumptions.



Chapter 1

Introduction

The first time an object was confirmed to be extragalactic was exactly a century ago
in 1925 when Edwin Hubble published his estimates of the distance to NGC 6822
(Hubble, 1925). Those estimates were based on the newly discovered at the time
relationship between the luminosity and period of Cepheid variables discovered by
Leavitt and Pickering (1912) and refined and published by Shapley (1918).

In this fairly short period of 100 years the field of extragalactic astrophysics has
developed at an impeccable pace going hand in hand with the huge advancements
in instrumentation (e.g. the first space telescopes, adaptive optics, etc.). The latest
generation of instrumentation specifically attuned to study galaxies (e.g. HST over
the past few decades and recently JWST) has been allowing us to probe parts of
the universe that were previously unreachable.

This thesis is focused precisely on this – studying the most distant corners of the
universe with data from state-of-the-art instrumentation. I this thesis I explore
the relationship between two physical galaxy properties – the stellar mass and the
star formation rate – and how it evolves through cosmic time from JWST deep fields.

In this chapter I will present an overview of the topic at hand starting from the basics
of galaxy formation, the cosmic star formation rate density, the star-forming main
sequence, and the AGN-galaxy co-evolution. In Chapter 2 I present an overview of
the SED fitting technique, in Chapter 3 I present the dataset used and the method-
ology of this work, in Chapter 4 I present my results, and I summarize this work
and present my conclusions in Chapter Conclusions.

1.1 Basics of galaxy formation

Currently the ΛCDM model is the most widely recognized and accepted cosmolog-
ical model. In this thesis I will not go into details on it but I will go over a short
and qualitative description of galaxy formation in this framework. The following
subsection is based on the text by Mo, Bosch, and White (2010).

Currently, the most widely accepted theories of structure formation revolve around
a very intuitive idea, broadly speaking:

1. After the Big Bang there are quantum fluctuations that we observe in the
cosmic microwave background.
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2. These small fluctuations give rise to over-dense regions that start gravitation-
ally growing and eventually collapsing. Here is a good point to mention that
dark and baryonic matter collapse differently, as dark matter is not collisional
and it collapses to form a dark matter halo. Baryonic matter is however colli-
sional, meaning that as it collapses it experiences friction and shocks, heating
up to virial temperatures.

3. Hot gas cannot form galaxies yet, which is why gas cooling processes are
incredibly important for this stage. There are multiple gas cooling processes
that can be relevant here, depending on the size of the halo (different virial
temperatures) – bremsstrahlung from free electrons, different excitation and
de-excitation processes that also depend on the chemical composition, etc.
Generally speaking, the gas cooling stage leads to the segregation of the dark
and baryonic matter, as the gas accretes to the central region of the dark
matter halo.

4. Typically halos have a small angular momentum at this stage, which leads
the gas to settle in the shape of a disc. This is how the first disc galaxies are
formed.

5. The gas can now collapse under its own gravity, continue cooling, and eventu-
ally starts fragmenting and forming stars.

This is a very brief overview of how an individual, disc galaxy can form but what
about the rest? Galaxies do not evolve in a vacuum separated from one another but
indeed interact quite often. The first galaxies are assumed to have been small as
spatially smaller over-densities are observed to have higher amplitudes meaning that
small dark matter halos are easier to form in the very early universe. From then
on, however, they start merging with each other and progressively growing. This
is called the bottom-up (or hierarchal) scenario of galaxy formation and evolution
and is currently the most widely accepted one. Merger events can then explain the
formation of elliptical galaxies as well as disc galaxies with bulges.

1.2 Star Formation

Star formation is the process of turning gas into stars in galaxies and is the main
focus of this thesis. It is one of the main processes shaping galaxies and is absolutely
crucial to our understanding of galaxy evolution.

As briefly mentioned in the previous section, star formation can occur in the
presence of cold, dense gas, mainly in Giant Molecular Clouds (GMCs). The star
formation can, however, be impacted by various other processes both positively
and negatively. For example the energy released by a supernova explosion can heat
up the surrounding gas, temporarily slowing down the star formation (Supernova
feedback). Some processes can fully quench the star formation of a source such as
quasar-mode AGN feedback (Kormendy and Ho, 2013) in which galaxy is stripped
from its available gas reservoir or strangulation in which the supply of cold gas to the
galaxy is halted (Peng, Maiolino, and Cochrane, 2015). Some processes can also have
positive impact of the SFR, for example merger events can onset star burst episodes.
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Since stars form in GMCs, that contain gas but also dust, one issue in observing the
star formation of galaxies arises. Star formation is often obscured by the dust in a
galaxy since dust grains absorb more in the UV light, obscuring mostly the young,
bright stellar populations.

1.2.1 Star formation tracers

There are multiple, often complimentary, ways to measure the ongoing star forma-
tion rate (SFR) of a galaxy and here I will discuss some of them with their main
features.

• Rest-frame ultraviolet light – The UV continuum of a galaxy is a very
direct measure of the ongoing star formation as it is dominated by the emission
from O and B type stars. Those types of stars have very short main-sequence
lifetimes (∼ tens of Myrs) meaning that probing their population is a direct
probe of the recent star formation of a galaxy. Converting the UV luminosity
of a source to a star formation rate is usually done through conversion factors
that depend on the assumed initial mass function stellar, population model
and metallicity (Madau and Dickinson, 2014).

• Rest-frame infrared light – One concern about using only UV tracers is
the problem of dust obscuration. Stars form in GMCs of gas and dust and
dust has a property of absorbing UV light and re-emitting it in the IR part of
the spectrum. This poses an issue as star formation can be heavily obscured
depending on the dust content of a galaxy but it also means that measuring the
rest-frame IR emission can probe ongoing star formation. A conversion factor
can be estimated as for the UV (Madau and Dickinson, 2014). Some issues
with this tracer are the complexity of IR measurements and that it overlooks
the unobscured SFR, providing an underestimate for it. For this reason often
both UV and IR tracers are used in a composite manner to estimate the total
SFR of a source.

• Hα – This indicator, much like the previous two, probes the population of
very massive, luminous stars that have short main-sequence lives. It is an
important estimator as it works on a shorter timescale compared to the UV
and IR tracers (∼ 10 Myrs) (Clarke et al., 2024). An issue in this case is the
required observational time for spectroscopic measurements.

• Spectral Energy Distribution (SED) fitting – SED fitting is not a direct
SFR indicator but rather a technique to estimate various physical properties
from the given data, including the SFR. This is the method used to infer SFRs
in this thesis and is described in detail in Chapter 2.

1.3 The cosmic Star Formation Rate Density

The star formation rate per unit volume (Star Formation Rate Density, or SFRD)
and its evolution through cosmic time has been extensively studied as it provides
important information for galaxy evolution models and describes the evolution
of galaxies through cosmic times. It is a key component in constraining models
describing many processes related to star formation and galaxy growth – gas
cooling and accretion, merger events, black hole-galaxy co-evolution, feedback

3



Figure 1.1: The evolution of the SFRD with redshift from multiple studies and using
different SFR indicators (see Madau and Dickinson, 2014, and references therein).
The figure is the left panel from Figure 9 in Madau and Dickinson (2014)
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Figure 1.2: Rest-frame U-V vs. V-J colors for a large sample of galaxies. This is
Figure. from Williams et al. (2009)

processes, etc. One of the most influential works on the topic is the review by
Madau and Dickinson (2014). They combine data from multiple UV and IR
studies to build an extensive picture of the evolution of the SFRD and obtain
one of the lines in the plot shown in Figure 1.1. There we can clearly see that
the SFRD in the universe peaked at z ∼ 2. This period in the history of the
universe is known as ”Cosmic noon”. The figure also includes results from mul-
tiple other studies and was taken from a more recent paper by Katsianis et al. (2016).

The main contributor to the high SFRD at cosmic noon are known to be galaxies
lying on a tight SFR-M⋆ relation (Rodighiero et al., 2011; Rodighiero et al., 2015),
discussed in the next section. In Madau and Dickinson (2014) the authors conclude
that the smooth evolution of the SFRD implies that the evolution of the cosmic
SFH is mainly driven by the balance between gas accretion and feedback rather
than stochastic processes such as mergers.

1.4 The Star-Forming Main Sequence

In color-color diagrams of large samples of galaxies, two distinct groups of objects
can be seen, as shown in Figure. 1.2 (Labbe et al., 2005; Wuyts et al., 2007;
Williams et al., 2009).

After studying the physical properties of these two groups it becomes apparent
that they also occupy two distinct regions on a SFR-M⋆ diagram. The relationship
followed by the larger of the two groups (the star forming galaxies) was named
”the main sequence” by Noeske et al. (2007) and has been extensively studied (e.g.
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Figure 1.3: An illustration explaining SFR-M⋆ diagrams and the SFMS. Posted by
Harry Ferguson on the CANDELS blog.

Brinchmann et al., 2004; Elbaz et al., 2007; Daddi et al., 2007; Speagle et al.,
2014; Santini et al., 2017; Popesso et al., 2023; Clarke et al., 2024; Cole et al., 2025).

Broadly on such a diagram we can distinguish four types of objects as follows:

• Most galaxies lye around a line in log-space, called the Star Forming Main
Sequence (SFMS). These galaxies appear blue, are usually spiral, and show
moderate amounts of current star formation.

• Distinctly bellow this star-forming strip there are the red, quiescent, usually
elliptical galaxies that exhibit little to no star formation.

• In between the previous two groups there is an underpopulated region called
”The Green Valley” where interestingly enough the Milky Way and An-
dromeda are situated.

• Galaxies substantially above the SFMS are the so called Starburst (SB) galax-
ies that exhibit an episode of a very high SFR, usually merger induced.

Locally, the first two groups are the largest and most prevalent. With increasing
the redshift red and passive galaxies become rarer. An illustration with these types
of galaxies and their positions on the SFR-M⋆ diagram is shown in Figure. 1.3
and an example of the SFMS fit at different redshifts from literature is shown in
Figure 1.4.
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Figure 1.4: The SFMS with SFR inferred from SED fitting in redshift bins. Adapted
from Clarke et al. (2024). Includes the SFMS from Shivaei et al. (2015), Speagle
et al. (2014), Topping et al. (2021), and Popesso et al. (2023).

The relationship is known to evolve with redshift as well, raising the question of its
form in SFR-M⋆-z space.

The SFMS is one of the most fundamental observables in the field of galaxy evo-
lution as it directly probes the relationship between two very fundamental physical
parameters and the two sides of the same process – turning cold gas into stars. SFR
is a parameter describing the current rate at which this process is happening while
the stellar mass is the direct result of the integrated SFR throughout the history
of any given galaxy. The normalization of the SFMS is known to rise with redshift
which is related to higher accretion rates in the early universe, while the slope has
been shown to stay somewhat stable (Santini et al., 2017). The scatter of the SFMS
is another parameter that is very interesting to study as its low value (σ ∼ 0.25−0.4)
suggests that star-forming galaxies follow a similar path in their star-formation his-
tory (Santini et al., 2017, and references therein). The evolution with redshift of
the (intrinsic) scatter is a probe into the stochasticity of star-formation histories at
different redshifts.

1.4.1 Parameterizations of the SFMS

There are multiple ways to parametrize the SFMS where the most common one is a
straight line in log-log space (or a power law) as this is a straightforward and very
effective way to fit the data that still produces a tight relationship with σ ∼ 0.3.

log[SFR] = α× log [M⋆] + β, (1.1)

where α is the slope of the SFMS and β is the intercept, that is commonly evaluated
at the median stellar mass for the sample. This parametrization has been widely
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used in literature alongside variations of it that include the intrinsic scatter as
a fit parameter as well (e.g. Santini et al., 2017; Clarke et al., 2024; Cole et al., 2025).

At high stellar masses (1010 − 1011 M⊙), however, the SFMS has been observed
to have a turnover at some characteristic stellar mass. This mass increases with
redshift and the SFMS flattens to a lesser extent (Lee et al., 2015; Tomczak et al.,
2016; Whitaker et al., 2014; Schreiber et al., 2017). There are parametrization that
try to account for this using different approaches, e.g. one early approach was to
fit a broken power law to the data effectively fitting the low and high mass regions
separately (Whitaker et al., 2014). Other approaches include fitting polynomial
functions in redshift bins, fitting a function in SFR-M⋆-z space and others (Magnelli
et al., 2014; Schreiber et al., 2017; Speagle et al., 2014; Popesso et al., 2023).

One possible parametrization is that used in Equations 10 in Popesso et al. (2023):

log[SFR] = (a1t+ b1)log[M⋆] + b2 (log[M⋆])
2 + (b0 + a0t), (1.2)

where t is the cosmic time and is related to the redshift through the cosmological
parameters and a1, b1, b2, b0, a0 are free parameters of the fit.

1.5 AGN-galaxy co-evolution

Active Galactic Nuclei (AGN) originate their observed luminosity from an accreting
the super massive lack hole (SMBH) in the center of the galaxy. It has been
established that SMBHs and their host galaxies co-evolve, specifically through
observing multiple tight correlations between properties of the galaxy and the
SMBH, the tightest of which is the MBH − σ relationship (Kormendy and Ho,
2013; Mountrichas, 2023), where MBH is the black hole mass and σ is the velocity
dispersion of stars in the galaxy bulge. One piece of evidence for the co-evolution
of black holes and their host galaxies is the similarity in the growth history of black
holes and the evolution of the SFRD, discussed in Madau and Dickinson (2014).

AGN feedback is one of the main ways an AGN and its host galaxy co-evolve. AGN
feedback is specifically related to regulating star formation processes in massive
galaxies and especially at high redshifts. There are two main regimes in which AGN
feedback can quench star formation (or help maintain an already quiescent galaxy
in that same state). Quasar-mode feedback is a process in which an AGN emits a
large amount of energy, either radiatively or mechanically, that can strip the host
galaxy of its gas reservoir and rapidly quench star formation. Maintenance-mode
AGN feedback is when the energy emitted from the AGN does not strip the host of
its gas but it maintains the gas hot, preventing it from collapsing and forming stars
(Kormendy and Ho, 2013). This directly relates AGN activity to the star formation
history of a galaxy.

1.6 Little Red Dots

Little Red Dots (LRDs) are a completely new class of objects discovered in the first
JWST data (e.g. Labbé et al., 2023; Kocevski et al., 2023; Harikane et al., 2023).
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Their name was given by Matthee et al. (2024) and their properties have been
puzzling astrophysicist in the last couple of years. These objects, as their name
implies, look red in color and are quite compact. They are more common at very
high redshifts with their number density increasing at z < 8 and dropping bellow
z = 4 (Kocevski et al., 2025a).

Another key observational characteristic of these objects is their V-shaped spec-
trum, blue in the UV and red in the optical parts of the spectrum. Initially,
they were suspected to be AGN, as they exhibit broad Balmer lines. The AGN
hypothesis can also explain their optical red colors but it struggles with the lack of
X-ray emission in most LRDs. Only two of them have been identified to show X-ray
emission, confirming the presence of AGN activity (Kocevski et al., 2025b). They
have been hypothesized to be AGN in their very first stages of growth (Inayoshi,
2025).

Currently a few other hypotheses of the the nature of these objects are also being
discussed, one of them being the hypothesis that they are supermassive Population
III stars at a late stage in their evolution (Nandal and Loeb, 2025). Population III
stars are a hypothesized population of very early stellar objects with virtually no
metallicity, and potential progenitors of supermassive black holes.

Other, more extravagant, hypothesis also have been proposed such as quasi-stars –
objects having a black hole as a core and a gaseous envelope surrounding it (Begel-
man and Dexter, 2025). In any case, those objects are still quite mysterious and
hard to model and fit as their nature is still unclear.

1.7 The James Webb Space Telescope (JWST)

All data used in this thesis was obtained with the Hubble Space Telescope (HST) or
the JWST, specifically with the NIRCam instrument. In this section I will present
a summary on why the JWST data in particular is incredibly pivotal to all studies
of high redshift galaxies.

The JWST has two main advantages compared to any space based instrument seen
before – it has a much larger mirror than Spitzer (previous generation IR space
telescope that was deactivated in 2020 (Werner et al., 2004)) and it is an infrared
telescope unlike the HST. This is crucial for studying high redshift galaxies, e.g the
4000 Åbreak (a result of closely spaced metal absorption lines), is observed up to
z ∼ 10 in NIRCam. In Figure 1.5 a plot of the transmission curves of all filters used
in this work – HST and JWST– is shown. The wavelength range covered by the
NIRCam instrument is 0.6 - 6 µm (Rieke et al., 2023). On the other considerable
advantage, JWST has a 6.6 m in diameter mirror while Spitzer had a mirror with
a diameter of only 85 cm. This makes the light collecting area of JWST drastically
larger, making it much more sensitive to faint sources.

This is to say that the JWST is allowing us to probe the rest-frame optical emission
of faint sources at very high redshifts allowing us to reliably measure their stellar
masses and therefore study the star-forming main sequence at such early stages of
the universe for the first time.
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Figure 1.5: Plot of the transmission curves of all filters used in this work from both
HST and JWST. The plot was generated using CIGALE.
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Chapter 2

Spectral Energy Distribution
modeling

In this chapter I present the technique of Spectral Energy Distribution (SED) mod-
eling. First, I will go through the basic ideas behind it, then through the different
components and models that make up the full SED of a galaxy, and lastly through
the workings of the specific software I used for this work.

2.1 Basics of SED fitting

The Spectral Energy Distribution (SED) of a galaxy is shows the flux per unit
wavelength (or frequency) as a function of the wavelength. SED fitting is a
powerful method for deriving the physical properties of galaxies, especially at high
redshifts where obtaining spectroscopic data for large datasets over a broad range of
wavelength is expensive and time consuming. The basic principle SED fitting relays
on is that the different physical properties of a galaxy leave a mark in its detailed
spectrum. This means that, in principle, if we have the full SED of a galaxy we can
infer all of its physical properties. SED fitting is the an attempt to model the full
SED of a source to reproduce its observed emission based on whatever information
we have – whether it is a few photometric points or a more sophisticated spec-
trophotometric dataset. In this way multiple physical properties can be constrained.

2.2 Components

SEDs are complex and involve contributions from the various components of a
galaxy. This makes modelling them a complicated procedure. A diagram of
the SED of a typical galaxy in a broad rest-frame wavelength range is shown in
Figure 2.1. The contributions of the main components is clearly shown giving
insight into which components dominate in different wavelength ranges.

In this section I will discuss the main components - stars, gas, dust, and, in some
cases, AGN.
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Figure 2.1: Figure 2 from Iyer et al. (2025). A diagram of the pan-chromatic SED
of a galaxy and its main components.

2.2.1 Stars

Stars are the main contributors to the optical, UV and NIR SED of a galaxy. Ac-
curately modelling their combined spectra is of utmost importance and is not an
easy feat. This is done in a few different steps. First is modelling the Single Stellar
Population (SSP) that describes the contributions of a single population of stars of
the same age and metallicity. The SSP itself is dependent on a few key assumptions
such as the initial mass function (IMF), the metallicity and the age of the popu-
lation. This interplay between the various aspects of the SSP is described by the
equation:

fSSPλ (t, Z) =

∫ Mmax

Mmin
ϕ(m)fλ(m, t, Z) dm, (2.1)

where ϕ(m) is the IMF, i.e. the mass distribution of stars at birth, fλ(m, t, Z) is
the stellar spectrum of a star of a given mass, age, and metallicity.

To construct the Composite Stellar Populations (CSP) that is also weighted by the
Star Formation History (SFH) the following equation is used:

f
gal
λ

(t, Z) =

∫ t

0
fSSPλ (t− t′, Z)SFH(t′) dt′. (2.2)

In the following subsections I will discuss more in detail the building blocks of the
combined stellar SED of a galaxy.

Star formation History (SFH)

The first component that I will discuss is the Star Formation History (SFH) of a
galaxy. The SFH is simply the amount of stars formed per year as a function of
time. That is an essential component in SED modeling as stellar spectra change
with their age making understanding the age of the different stellar populations in
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a galaxy vital for its SED.

There are two main types of SFH models - parametric and non-parametric. Both
of these broad categories have a few widely used variations. The following list is a
(non exhaustive) review of the most common ones, with an emphasis on the ones
used for this work.

• Parametric models are models that describe the SFH of a galaxy by some
analytic function, easily parametrized by an equation and a few parameters.
These models are approximations and can be quite unrealistic but are straight-
forward and not computationally demanding.

– Exponentially declining (τ-models) - These models provide the sim-
plest and very widely used way to parametrize a galaxy’s SFH. They
assume that the SFR of a galaxy starts from a maximum value at some
time T0 and from then onward it exponentially declines with a timescale
τ0. These models are, however, especially unreliable at high redshifts due
to the lack of a rising SFR phase.

SFR(t) ∝

e−
t−T0
τ , t > T0

0, t < T0.
(2.3)

– Delayed exponential - These are some of the models used in this work.
They are very similar to the τ -models but in them a rising SFR stage is
introduced by multiplying the expression for SFR(t) with the time since
star formation started (in this case T0 is not the time at maximum SFR).
This simple modification creates much more realistic models where there
is a rising SFR phase in the galaxy’s SFH, followed by an exponential
decline.

SFRdelayed(t) ∝

(t− T0)e
−t−T0

τ , t > T0
0, t < T0.

(2.4)

∗ Delayed exponential + constant burst or quench (Ciesla, El-
baz, and Fensch, 2017). This is a variation on the delayed exponential
that introduces a short phase of a constant burst or quench, described
by the parameter r SFR, in the recent history of the galaxy. This
model allows for more flexibility in the SFH while still keeping the
number of parameters low.

SFR ∝

{
SFRdelayed, t < tburst
rSFR × SFR(t = tburst), t > tburst

(2.5)

∗ Delayed exponential + exponential burst. This is a modifica-
tion to the delayed exponential model that adds a second component
with recent exponentially declining burst in SFR. It is described by
the following equation

SFR(t) ∝

{
SFRdelayed, t < tburst

SFRdelayed + e−t/τburst , t > tburst
(2.6)

which is then normalized in such a way that a fraction fburst of the
total stellar mass of the galaxy is formed during the burst.
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Figure 2.2: A simple comparison of the shapes of the parametric SFHs described
in the text. The three delayed exponential SFHs are shifted in time for clarity.
Parameters used: τ -model: τ = 3 (Arbitrary units); Delayed exponential: τ = 2.5;
Delayed exponential with constant burst/quench: τ = 2.5, rSFR = 2; Delayed
exponential with exponential declining burst: τ = 2.5. τburst = 2, fburst = 0.05;
DPL: τ = 5, α = 2, β = 1.

– Double Power-Law - In these models the two phases (rising SFR and
declining SFR) are described by two different power-laws. This introduces
one additional parameter.

SFR(t) ∝

[(
t

τ

)α
+

(
t

τ

)β]−1

(2.7)

These are only a few examples of the most widely adopted forms of SFH but
other more extreme variants exist such as a constant SFH or an exponentially
rising model. A diagram showing the differences in the shapes of the different
parametric models is shown in Figure. 2.2. For a more detailed review see
Carnall et al. (2019b).

• Non-parametric models are models that do not parametrize the SFH in
some easy way but instead try to mimic the real SFH of a galaxy. These
models have been more and more common, especially in the high redshifts,
as they are more flexible and more realistic than parametric models, however,
they can be more computationally intense. In this type of model the SFR
is inferred for a number of time bins that can be spaced differently (e.g flat
binning or logarithmic binning). Then the SFR between the bin edges is either
assumed to be constant, as in the non-parametric models used in this work, or
used to reconstruct a smooth curve (e.g. using Gaussian processes as in Iyer
et al. (2019)). Another approach to non-parametric models is to bin the SFH
in mass fraction bins: the total mass of the galaxy is split in N equal mass
bins and the time for forming each one is then inferred meaning that the time
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bins of the model are now flexible. This is the approach in Iyer et al. (2019).
Another notable difference can be the choice of priors that govern how the
mass (or SFR) is distributed in each time bin (e.g, flat prior, continuity prior,
Dirichlet, etc.). For a detailed review see (Leja et al., 2019).

Initial Mass Function (IMF)

The IMF is a function that describes the initial distribution of masses of a co-eval
stellar population, and it is an important component of any stellar population model.
The IMF is especially important for the low end of the mass distribution of stars as
these sources contribute to the stellar mass and SFR of a galaxy but are not directly
seen as they are outshined by brighter sources. There are multiple variations of this
empirical result and in this subsection I will mention only the most widely used
forms.

• Salpeter IMF (Salpeter, 1955). This is the first empirically inferred form of
the IMF and it is a simple power law:

ξ(M) ∝ M−2.35, (2.8)

where ξ(M) is the number of stars per stellar mass and M is the stellar mass.
This IMF is mostly accurate at intermediate and high masses but over predicts
the number of low mass stars.

• Kroupa IMF (Kroupa, 2001). This form of the IMF solves the issue of
over predicting low mass stars as it introduces a piecewise power-law with a
different slope for different mass ranges:

ξ(M) ∝


M−0.3, 0.01 ≤ M/M⊙ < 0.08

M−1.3, 0.08 ≤ M/M⊙ < 0.5

M−2.3, M/M⊙ ≥ 0.5

(2.9)

• Chabrier IMF (Chabrier, 2003). This form of the IMF is still a power-law
above 1M⊙ but at the low end takes a lognormal form.

ξ(M) ∝

 1
M exp

[
−(logM−logMc)

2

2σ2

]
, M ≤ 1M⊙

M−2.3, M > 1M⊙
(2.10)

where Mc ≈ 0.08M⊙ is the ”characteristic mass” where the distribution peaks
and σ ≈ 0.69. The described case is for populations of individual stars but
Chabrier (2003) provided an expression for populations of binaries where the
values for Mc and σ differ.

A comparison of the three described IMFs is shown in Figure. 2.3.

Stellar Population Synthesis models

Stellar population synthesis models are used to generate the SED of a simple stellar
population (SSP) – a description of the combined spectra of all stars in a population
of a given age and metallicity, distributed in mass according to the IMF. There are
different ways to construct such models and here I will shortly present a few of the
most widely used ones.
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Figure 2.3: A plot representing the major differences between the different IMF
shapes. The three presented IMFs have a slightly different slope at high masses but
the major deviations between them occur bellow 1 M⊙.

• The Bruzual and Charlot (2003)models are often regarded as the standard
or baseline models due to their extensive usage in the literature. They provide
stellar population spectra over a wide range of ages, from 1 × 105 yr to 2 ×
1010 yr, with a high spectral resolution from 320 nm to 950 nm, and at a lower
spectral resolution over a broader wavelength range from 9.1 nm to 160 µm.
They provide models for 6 metallicities ranging from Z = 0.0001 to Z =
0.05 and for the IMF of Salpeter (1955) and Chabrier (2003). This broad
parameter space makes the models highly versatile for modeling diverse galaxy
populations across a wide range of redshifts.

• The Charlot and Bruzual (2019) stellar populations are an evolution of
the Bruzual and Charlot (2003) models (Gutkin, Charlot, and Bruzual, 2016;
Plat et al., 2019; Sánchez et al., 2022). They include updated treatments
for hot massive stars and Asymptotic Giant Branch (AGB) stars, along with
a much finer metallicity sampling of 15 values, ranging from Z = 0.0001 to
Z = 0.06.

• The Binary Population and Spectral Synthesis code (BPASS) (ver-
sion 2.2) models (Eldridge and Stanway, 2009; Eldridge et al., 2017; Stanway
and Eldridge, 2018) are a bigger departure from the other two models as they
include the effects of binary evolution. Multiple studies have shown that bi-
nary interactions play a significant role across a range of stellar types and
environments (Eldridge et al., 2017, and references therein).
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2.2.2 Nebular emission

This component is necessary to describe the emission of the ionized gas in a galaxy.
Young stars are born in cold gas clouds and are very effective at ionizing the gas in
the nebula that surrounds them leading to what we call ”nebular emission”. This
emission is the result of multiple processes – e.g. free-free, free-bound, and two-
photon processes lead to a nebular continuum, while the nebular emission lines are
a result of various Hydrogen and metal recombination lines.

2.2.3 Dust

The dust content of a galaxy affects their SED heavily as it scatters, absorbs, and
re-emits light from stars in a wavelength-dependent way. High dust content makes
galaxies redder as the absorption is related to the size of the dust grains and smaller
grains, absorbing the radiation at shorter wavelengths, are more common (Iyer et al.,
2025). This strong impact implies that improper modelling of the dust component of
a source can have serious consequences for the obtained SED, and therefore, physical
properties. In particular, the UV radiation from young stars is absorbed and re-
emitted into the IR by dust, making it necessary to consider for any SFR estimate.
The dust attenuation is commonly described by A(λ) which is the difference in
magnitudes between the intrinsic flux of a source and the observed flux as a function
of wavelength. There are many different attenuation laws describing the wavelength
dependence of the dust attenuation. Here we will briefly discuss some common ones.

• The Calzetti attenuation law (Calzetti et al., 2000). It is an empirical
relation that was developed for low-redshift starburst galaxies but has been
widely used for modelling high redshift sources.

• The Noll et al. (2009) and Salim, Boquien, and Lee (2018) curves. Of-
ten, a modification of the Calzetti attenuation curve can be used. These sorts
of curves have a lot more flexibility and most notably introduce an (optional)
UV bump (Fitzpatrick, n.d.).

• The Charlot and Fall attenuation law (Charlot and Fall, 2000). In this
model the light from younger stars are attenuated by both the birth clouds
(BC) that surround them and the diffuse ISM of the galaxy. Older stellar
populations are attenuated only by the diffuse ISM. These two different atten-

uation components are both parametrized as power laws – A(λ) ∝ λδ, where
λ is the rest-frame wavelength and δ is the slope.

A comparison of the described attenuation curves is shown in Figure. 2.4.

2.2.4 AGN

When an AGN is present in a galaxy it can have a varying impact from completely
dominating the radiation in extreme case such as quasars to being barely detectable
amongst the other emission sources in the object at some wavelengths (e.g., obscured
or low-luminosity AGN). AGN emission is governed by many different processes and
at a vast range of frequencies:

• They have a corona of hot electrons that emits X-ray radiation due to inverse
Compton scattering of UV photons from the accretion disk.
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Figure 2.4: A diagram illustrating the different shapes and slopes of the attenuation
curves described in the text.

• They emit in UV and optical due to the thermal radiation from their accretion
disk. In this regime AGN also exhibit emission lines (both broad and narrow)
from the clouds of ionized gas at varying distances from the accretion disc
(from ∼ 1 pc to hundreds of parsecs).

• In the NIR and MIR regimes the emission is due to the AGN torus. This
is a structure made of dust that absorbs and scatters the radiation from the
accretion disc.

• In the radio part of the spectrum the AGN emission is mostly the result of
synchrotron radiation due to the interaction of relativistic electrons with the
AGN’s magnetic field. This can be the result of a few different phenomena,
most notably radio jets.

For this work the concern was the rest-frame UV and optical AGN emission. It can
be modelled by different AGN models e.g. Fritz, Franceschini, and Hatziminaoglou
(2006) and Stalevski et al. (2016).

2.3 Fitting methods

One widespread technique of fitting synthetic spectra to real data makes use of
grid-based χ2 minimization. χ2 is calculated as follows:

χ2(θ) =
N∑
i=1

(
Fobs
i − aFmod

i (θ)

σi

)2
, (2.11)
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where Fobs
i is the observed flux in a given band, Fmod

i (θ) is the model flux,
given some physical parameters θ, in the same band, σi is the uncertainty on
the observation, a is a scale factor, and N is the number of bands. The way

Fmod(θ) is calculated for each band is by convolving the synthetic SED with the

transmission curves of the filter. This is done for every band and χ2 is calculated
for every possible synthetic spectra. The minimal value of χ2, in principle, gives
the synthetic SED that fits the data the best.

This approach is however overly simplistic and usually does not produce reliable
results by itself. A more robust and common option is to use the Bayesian inference
method where full probability distribution functions (PDFs) for each parameter are

constructed. This is done by still calculating the χ2 for each model but instead of
simply picking the SED where χ2 is minimized, this is used to estimate the likelihood
of this SED (or the likelihood each SED model would produce the real data).

ωi = exp

(
χ2i
2

)
, (2.12)

where wi is the weight of each model. Then a PDF is built using the weights
of each model for each separate parameter. Then, the PDF can be studied in
different ways the simplest of which is to assume it being Gaussian and taking its
mean and standard deviation as an estimate of the corresponding physical property
and its uncertainty, respectively. However, often this assumption is not good and
other values can be used, e.g the median for the properties and the 16th and 84th
percentiles for the lower and upper uncertainties.

These are the methods used by CIGALE, the code used for this work, but other
methods based in Bayesian statistics also exist. Building a grid of all models is
perhaps the most straightforward way but it and can get incredibly computation-
ally intense as the dimensionality of the parameter space increases. An example of
another very popular approach is sampling the parameter space using nested sam-
pling (Skilling, 2006), e.g. as done in the fitting code named Bagpipes (Carnall
et al., 2018; Carnall et al., 2019a). In this approach a set of samples of parameters
is drawn from a continuous parameter space using the priors defined by the user,
the SEDs corresponding to the drawn parameters are computed and compared to
the data by estimating the corresponding likelihoods and the sample with lowest
likelihood is removed. In the next iterative step the next sample is drawn from
a restricted region in the prior distribution. This process is repeated ideally until
convergence.

2.4 Code Investigating GALaxy Emission

(CIGALE)

The particular SED fitting software used in this work is the Code Investigating
GALaxy Emission, CIGALE (Boquien et al., 2019). It is a highly flexible code
for SED fitting from the FUV all the way to the radio regime and it is written in
python. It is modular meaning that it is easy to add and edit different modules
(this was useful for this work in the case for the explored non-parametric SFH
models that needed to be added and edited; see Chapter 3). CIGALE employs the
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principle of energy balance – the energy absorbed by the dust of a galaxy in the
UV to NIR is then re-emitted in the mid- and far-IR. CIGALE provides modules
to model all important components of a galaxy SED – different SFHs including
Ciesla, Elbaz, and Fensch (2017), stellar populations including Bruzual and Charlot
(2003), Plat et al. (2019), Eldridge et al. (2017), and Maraston (2005), ionized gas
(Inoue, 2011), dust attenuation (Calzetti et al., 2000; Charlot and Fall, 2000), dust
re-emission (e.g. Draine et al. (2007), Casey (2012), and Dale et al. (2014)), and
AGN (Fritz, Franceschini, and Hatziminaoglou, 2006; Dale et al., 2014; Stalevski
et al., 2016).

CIGALE computes the physical properties of the sources in the following way:

1. For every possible combination of the input parameters, the galaxy physical
properties are computed alongside the model fluxes this SED would produce.

2. All models are compared with the real data and the likelihoods for each model
are estimated

3. The likelihoods are used to construct the PDFs of the physical properties and
estimate their values and uncertainties.
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Figure 2.5: An example best SED generated with CIGALE for one of the objects
modeled for this work with all components individually plotted.

The outputs of the software can be very flexible depending on user preference.
The minimal output is a catalog with the obtained physical properties and model
fluxes both from the best fit SED and after the Bayesian analysis. The list of
physical properties to be saved can be edited by the user and minimized to save
on computational time. Another flexible feature CIGALE has is to generate upon
request different plots, most notably plots of the best fit SEDs for each source and

20



the PDFs of the physical properties but also e.g, the transmission curves of the
filters used. An example of the best SED output for one of the sources in this work
is shown in Figure 2.5. Another CIGALE feature that was of importance for this
work is to do the Bayesian analysis on the physical properties directly in log-space.
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Chapter 3

Data and Methods

In this chapter I present the dataset, the selection criteria used, the final sample, the
chosen SED fitting setup, and the different procedures used to obtain the SFMS.

3.1 Dataset

In this thesis I used the ASTRODEEP-JWST catalogues, developed by the research
group I joined. The dataset includes composite photometric catalogs based on data
from eight deep-sky JWST observational programs: CEERS, DDT2756, GLASS-
JWST, GO3990, JADES, NGDEEP, PRIMER, and UNCOVER. It includes data in
16 bands: eight from HST (ACS F435W, F606W, F775W and F814W; HST WFC3
F105W, F125W, F140W and F160W) and eight from JWST (NIRCam F090W,
F115W, F150W, F200W, F277W, F356W, F410M, and F444W). These pass-bands
span a wavelength range from 0.44 µm to 4.44 µm.

While the ASTRODEEP-JWST dataset is described in detail in Merlin et al.
(2024), I summarize here the main steps.

The catalogs contain a total of 531, 173 detected sources and covers and area of
≃ 0.2 sq. degrees. The detection criteria was a 2σ detection in a stack of the
F356W and F444W images. The software SExtractor was used for the source
extraction. For the photometric measurements, the images were point spread
function(PSF)-matched, meaning they were smoothed to the same resolution as
the detection image. After that, the fluxes are determined by doing aperture
photometry. The resulting dataset includes targets in seven different sky fields,
an overview of which is shown in Table 3.1, including the area of each field, their
depths, and the number of sources at z > 4 and in the final sample.

The AGN sample used in this work was directly taken from the ASTRODEEP-
JWST catalogs. Sources were flagged as AGN based on their spectroscopic features
according to the catalogs available in the literature, on their X-ray emission
considering all sources with 2–10 keV luminosity larger than 1042 erg/s, or
identified as AGN by the authors of the literature they used (see Merlin et al., 2024,
and references therein). The sample used in this work, after all selection criteria
described in the following sections, includes a total of 72 AGN.

A sample of 341 Little Red Dots (LRDs) was taken from Kocevski et al. (2023).
The LRDs’ SEDs were fitted but they were excluded from the main analysis of the
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SFMS due to their still unknown nature.

One of the seven fields in the catalogs (Abell 2744) is a field that captures an area
around the z ∼ 0.3 galaxy cluster of the same name. This means that all sources
that I observe behind the cluster are gravitationally lensed and that had to be taken
into account in the estimation of their physical properties. The way I achieved
this was by modelling the SEDs of those galaxies as observed and later applying a
correction to take into account the amplified light, using the amplification factors
from Bergamini et al. (2023).

3.2 Sample selection

I apply some simple selection criteria initially, namely I remove sources with less
than 3σ significance in the detection band (F356W + F444W) and bad photometry
measurements using the flags in the catalogs (I removed sources that lack more
than 4 JWST bands, sources close to the border, saturated in detection, spurious,
or having bad measurements in the two detections bands as well as sources flagged
in the catalogs as bad after visual inspection.). The flags are described in Table 5
in Merlin et al. (2024).

3.2.1 Detection completeness limits

Detection completeness is related to the fact that at faint magnitudes not every
single object with that brightness is detected. Having a good completeness of our
sample is important as to do an unbiased study, a full sampling of all kinds of objects
is necessary. The completeness curves for each of the seven fields in our sample are
shown in Fig.4 of Merlin et al. (2024). For a detection limit of our work I chose 90%.
To achieve this I used the tables, used to generate the plots in the paper. These
tables include the magnitudes for which the completeness goes from one to zero in
19 discrete steps for every field. To determine the magnitude, at which there is 90%
completeness for every field, I linearly interpolate between the values in the tables.

3.2.2 Finding reliable photometric redshifts

One fundamental problem in extragalactic studies is the correct determination of the
redshifts of a large number of sources. The ASTRODEEP-JWST catalogs include
photometric redshifts (inferred through SED fitting) for all galaxies as well as the
spectroscopic redshifts of a very limited amount of sources. In this work, in order
to obtain results for as large of a sample as possible I have to use mostly sources
that have only a photometric redshift. This strategy, however, comes with its issues
as, while overall the photometric redshifts in the catalogs are reliable (Fig. 10 in
Merlin et al., 2024), this is not always the case. One significant effect of this is the
appearance of unnatural peaks in the redshift distribution of galaxies. This issue
is the most prominent in the PRIMER-COSMOS field, likely due to lower quality
photometry. The effect is shown clearly in Fig. 3.1 where the redshift distribution
of the sample before and after our P(z) selection criteria can be clearly seen. In the
left panel there are two clear features around z = 6 and z = 8 wheres in the right
panel both of those peaks are significantly decreased.
In order to select only sources with reliable enough photometric redshifts after ex-
tensive testing I devised a selection criteria related to the probability distribution
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Figure 3.1: The redshift distribution of our sample in the PRIMER-COSMOS field.
Left: after applying all selection criteria except the P(z) criteria. Right: Final
sample with all criteria applied.

Figure 3.2: Examples of P(z) plots from the PRIMER-COSMOS field

of the photometric redshifts (i.e. the probability of the solution at each redshift).
The criteria I incorporated was an attempt to remove sources with very degenerate
photometric redshift solutions (as shown in the right panel of Fig. 3.2). In an ideal
case, the P(z) distribution I am looking for should look like the example in the left
panel of Fig. 3.2. There, a probability distribution with only one sharp peak that
contains most of the probability in a small range around the peak is shown. The
criteria used is based on two properties of the P(z) distribution:

1. Pint - the integrated probability in a range of ±0.5 around the best fit redshift

z⋆ (Pint =
∫ z⋆+0.5
z⋆−0.5

P (z)dz)

2. Ppk2/ Ppk1 - the ratio of the probability associated with the second best

solution to the probability of the best-fit solution.

I tested what values for these two parameters provide a good compromise between
retaining a good completeness of our sample while removing as many interlop-
ers as possible. To do this I took a subsample of galaxies with known spectro-
scopic redshift and checked the amount of correctly and incorrectly rejected sources
based on different values for Pint and Ppk2/ Ppk1. I considered sources with
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∣∣∣∣zspec−zphot
1+zspec

∣∣∣∣ < 0.15 as ”good” photometric redshifts. I then plot two criteria

for different values of both parameters - completeness and failure. The complete-
ness shows us the proportion of galaxies having ”good” photometric redshifts that
are selected with given Pint and Ppk2/ Ppk1. The failure category encapsulates the

proportion of galaxies that have “bad” photometric redshifts but were still selected
using the respective criteria. In Fig. 3.3 I show the completeness and failure curves
for a range of different Ppk2/ Ppk1 thresholds and for two different Pint values.

The galaxies for which I have spectroscopic confirmations largely had “good” pho-
tometric redshifts limiting the statistical weight of this test. I used the galaxies
in the PRIMER-COSMOS field as it was the most problematic field that showed
some very prominent peaks in the photometric redshifts distribution. Finally, for
the selection of my final sample I decided on the following P(z) criteria:

1. Pint > 0.7

2. Ppk2/ Ppk1 < 0.5

meaning I require the P(z) distribution to contain at least 70% of the probability
in a region within ±0.5 of the best fit photometric redshift and the second highest
peak in the distribution to have no more than half of the probability of the first
one. These criteria ensure a ∼ 80% completeness and a fraction of outliers of ∼40%.
Additionally, I impose a reduced χ2 < 10 criteria on the photometric redshift. In the
last two columns of Table 3.1 the total number of sources at z > 4 and the number
of sources in the final sample for each field are shown. The P(z) criteria imposed is
the largest contributor to the cuts that is also very strongly field dependent (e.g. in
both PRIMER fields the fraction of rejected sources to sources in the final sample
is much larger than for the JADES fields).
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Field Area [sq. arcmin] Depth [mag] Nz>4 Nfinal
JADES-GS 84.5 28.27 1780 1342
JADES-GN 83.0 28.19 2005 1216
ABELL2744 45.7 28.84 3581 1247
NGDEEP 9.5 30.01 1538 505
CEERS 94.6 29.03 9640 2474
PRIMER-COSMOS 141.8 28.78 20639 3558
PRIMER-UDS 251.2 28.33 12169 3071

Table 3.1: A summary of basic statistics about each field. Depth here corresponds
to the 90% detection completeness limit. Nfinal is the number of sources in each
field left after all selection procedures.

3.2.3 The final sample

Stars were also removed using a combined criteria of SNR > 30 in the detection
band and a stellarity index > 0.95.

I also limit this work in the redshift range 4 < z < 12. The lower limit here speaks
to the relative lack of SFMS studies in the higher redshift range. I therefore chose
to focus on the higher end of the redshift distribution of sources for this work. The
upper limit stems from the fact that after applying all of our selection criteria only
4 sources above redshift 12 are selected making any SFMS fits above this limit
unreliable.

A histogram of the redshift distribution of the final sample is shown in Fig. 3.4,
where I am left with 12 514 galaxies.
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Figure 3.4: Redshift distribution of the sources in our final sample. The total number
of galaxies is 12 514.
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3.3 SED fitting of our sample

To infer the galaxy physical properties (namely the SFR and stellar mass), I fit the
photometry with the CIGALE code.

The redshifts for the fitting were fixed, using the spectroscopic value if available,
and the photometric one otherwise. For both properties I considered the Bayesian
(likelihood weighted) value, calculated directly in log space by CIGALE (see Chap-
ter 2). For the SFR estimates I considered the value averaged over the last 100 Myrs.
Table 3.2 shows a summary of the parameter space used for the fitting, described
below.

3.3.1 Star Formation History assumptions

I test 4 different SFH assumptions on one of the 7 fields - JADES-GS and compare
how they affect the main sequence and its parameterization. The choice of field
was made due to the fact that JADES-GS represents a good compromise between
depth and area. The SFHs I chose were split in two broad categories - 2 parametric
and 2 non-parametric ones.

The 4 modules used were:

1. sfhdelayedbq - This module implements a parametric SFH that takes the
form of a delayed exponential with added flexibility for a short burst or
quench episode with constant SFR. The SFR in this case takes the form
from Equation 2.5. Here, the e-folding time (tau main (τmain)), the age
of the burst/quench episode (age bq (t0)), the burst/quench fraction (r sfr

(rSFR)), and the age of the main stellar population (age main (t)) are the
free parameters.

2. sfhdelayed - This module also uses a delayed exponential for the parametriza-
tion of the SFH. I also add a short additional bust (with the same parametriza-
tion) to it. The SFR in this case takes the form from Equation 2.6, where the
intensity of the burst is determined by the f burst parameter that provides
the fraction of stellar mass produced in the burst episode. Therefore, there are
the SFRdelayed free parameters from before (except r SFR) plus the age of

the burst episode (age burst(t0)), the e-folding time for the burst component
(tau burst(τburst)), and f burst.

3. sfhNlevels flat - This is a non-parametric SFH module. The SFH in this
case is retrieved by calculating the SFR in linearly spaced bins in time and
a flat prior. In this case the parameters to input are the age of the oldest
stellar population (age main), the age of the most recent bin (age 1st bin),
the number of bins to calculate the SFR in (N bins), and the seeds from which
to generate the SFHs that are later fitted (N SFH).

4. sfhNlevels flat log - A nonparametric model similar to sfhNlevels flat but
in this case the bins are logarithmically spaced in time.

For the age main parameter in all runs I elected to have it go from 100 Myrs to
1500 Myrs in steps of 100 Myrs. This corresponds roughly to the age of the universe
at the lowest and largest redshifts in our sample. However, I fix the age of each
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Module Parameter Value
SFH modules sfhdelayedbq tau main 100, 300, 500, 700, 900, 1100, 1300

age main from 100 Myrs to 1500 Myrs
with a 100 Myrs step

age bq 10, 25, 50, 75, 100
r sfr 0.25, 0.5, 0.75, 1.0, 1.5, 2.0,

5.0, 10.0, 100.0, 1000.0
sfhdelayed tau main 100, 300, 500, 700, 900, 1100, 1300

age main from 100 Myrs to 1500 Myrs
with a 100 Myrs step

tau burst 10, 25, 50
age burst 5, 10
f burst 0.0, 0.1, 0.2, 0.3, 0.4, 0.5

sfhNlevels flat age from 100 Myrs to 1500 Myrs
with a 100 Myrs step

age 1stbin 30
sfr max 500
N bins 10
N SFH 500 evenly spaced values from 0

to 500
Common modules bc03 imf 1 (Chabrier)

metallicity 0.0004, 0.004, 0.02
separation age 10

nebular logU -1.0, -2.0, -3.0
zgas 0.002, 0.004, 0.02

dustatt modified CF00 Av ISM 24 linearly spaced values
from 0.0 to 3.0 mag

mu 0.2, 0.3, 0.4, 0.5
slope ISM -0.7
slope BC -1.3

redshifting redshift —
AGN component skirtor2016 i 30, 70

disk type 2
delta 0, 1*
fracAGN 0.1, 0.3, 0.5, 0.7, 0.9
lambda fracAGN 0.4/0.4

Table 3.2: Parameters used for our CIGALE runs. The common modules were al-
ways kept the same, while for our SFH assumptions tests we used the three different
SFH modules shown in the table and a fourth SFH model – a modified version of
sfhNlevels flat that uses the same input parameters but spaces the bins logarith-
mically in time – sfhNlevels flat log. For our main results over all fields we used
the sfhdelayedbq module. The AGN component was used only on the confirmed
AGN sources. The parameters denoted with * correspond to our ADAF and thin
disk runs respectively. For each individual run the parameter was kept fixed (i.e.
either fitting only ADAF or only a think disc) but both of the values were used
for different runs. For the nebular and skirtor2016 components, all parameters
omited from this table were kept fixed at the default values.
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galaxy at a maximum of 100 Myrs younger than the age of the universe at its
measured redshift to avoid degeneracies in the fitting.

3.3.2 Stellar population

The stellar population Bruzual and Charlot (2003) (module bc03) was used in this
work with a Chabrier IMF(imf)(Chabrier, 2003), and a range of metallicities Z =
0.0004, 0.004, 0.02 - 2%, 20%, and 100% of the solar metallicity respectively.

3.3.3 Nebular emission

In the nebular emission module I vary only two parameters: the ionization parameter
(logU), and the metallicity (Z). For the former I use logU = −1.0,−2.0,−3.0 to
give our grid flexibility in the level of ionization. For the metallicity I choose values
similar to those for the stellar population - Z = 0.002, 0.004, 0.02.

3.3.4 Dust attenuation

I adopt the Charlot and Fall, 2000 model (module dustatt modified CF00) as
described in Chapter 2.

This module has two free parameters:

• Av ISM: the V-band attenuation in the ISM.

• mu: the ratio of the V-band attenuation in the ISM to the total V-band atten-
uation.

The parameter µ describes the distribution of the dust in the galaxy: 0 if the dust is
fully concentrated in star-forming regions, 1 if it is evenly spread across the galaxy.
The physical properties of galaxies are sensitive to the dust content, so for both
parameter I input a wide range of values.

3.3.5 Fitting the AGN component

I tested how the position of AGN on the SFR-M⋆ changes depending on the
way their SED fitting is performed. I specifically tested how their position would
potentially affect the SFMS if they are undetected and therefore modeled as regular
galaxies. In order to quantify this difference I fit our AGN in three different ways
- without an AGN component, and with an AGN component – once with ADAF
(advection dominated accretion flow) and once with a thin disk. Thin discs are
very effective at radiating away the heat generated due to viscous stress in the
accretion disc, letting them stay cool and geometrically thin. This is not the case
for ADAF where the radiative efficiency is low, meaning that the disc retains heat,
the ions reach near virial temperatures and the geometry of the gas changes to
near spherical rather then a disc. In this scenario, a large portion of the energy
from the viscous stress is advected towards the black hole rather than radiated,
making the AGN one of a lower luminosity (Narayan et al., 1998). These two ac-
cretion models are typical of luminous (thin disc) and underluminous (ADAF) AGN.

When fitting with the AGN component I provided a range of values for only two
parameters: the inclination (i) and the AGN fraction (fracAGN). The rest of the
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parameters stayed fixed. The AGN fraction is the fraction of AGN IR luminosity to
total IR luminosity at a given rest-frame wavelength (in this work – 4000 Å).

3.4 Mass completeness

To fit the SFMS I need to first acquire the mass completeness limits of the sample.
This means that I need to have an estimate down to what mass the full SFR
distribution is sampled.

At the lower mass end of the sample, only the most star forming galaxies are
detected. This is not solved by our detection completeness cut because of the
intrinsic scatter in the mass-to-light ratio, meaning that a magnitude cut cannot
uniquely be translated in a mass cut. This is an issue since in such a case only the
upper envelope of the SFMS is sampled. This would not only drive the fit, but also
affect the average obtained scatter. Therefore, it is necessary to estimate for the
mass completeness limit and consider only sources above it for deriving the SFMS
parameters. The mass completeness limits are different in each field, since they
have different depths, and in each redshift bin, as increasing the distance the ability
to sample the faintest galaxies is limited and the mass completeness limit increases.

To obtain the mass completeness limits in redshift bins in each field I used the
prescription used in Pozzetti et al. (2010). The method is straightforward and easy
to implement. It is done a a few steps:

1. I calculate a“limiting mass” - Mlim for all galaxies in the sample. This cor-
responds to scaling all masses down to the mass each galaxy would have if
its flux was at the limiting magnitude. The way that this is calculated is as
follows:

Mlim = M⋆ + 0.4 ∗ (mdet −mdetcomp), (3.1)

where M⋆ is the obtained mass of the respective galaxy, mdet is the mag-
nitude of the source in the detection band, and mdetcomp is the detection

completeness magnitude.

2. I get the 20% faintest galaxies in the sample and look at the distribution of
their Mlim. This choice is made as to select only galaxies with typical M/L
ratios near the detection limit. This is to avoid using the reddest and brightest
galaxies with highest M/L ratios as they do not contribute significantly near
the detection limit and their inclusion would make for overly conservative cuts
(Popesso et al., 2023).

3. For the mass completeness in the respective field and redshift bin I choose the
threshold below which 90% of the ”limiting masses” lie, by only considering
the 20% faintest galaxies subsample.

The results I obtain for each field and redshift bin are shown in Fig. 3.5, alongside all
“raw” stellar masses and the 20% faintest sources (in the respective redshift bin),
scaled to their “limiting mass”. In the upper panel of Fig. 3.6 I show the mass
completeness limits of all fields plotted against the redshift for the delayedbq SFH
module, used for the bulk of this work. In the lower panel the mass completeness
only for the JADES-GS field using all 4 different SFH assumptions is shown. The
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trends seen in Fig. 3.6 and 3.5 are expected: the mass completeness threshold gener-
ally increases with redshift and deeper fields have a lower mass completeness limits
overall (e.g., in NGDEEP). In some cases, these general trends are affected by small
number statistics, especially in the highest redshift bin where the number of sources
is low in most fields.
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Figure 3.5: Mass completeness limits in each of the 7 JWST fields in each redshift
bin (solid lines). The gray points are the original masses of all objects. The red
points are the limiting masses of the 20% faintest galaxies
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Figure 3.6: Top: Mass completeness for each field plotted against redshift, using
the delayedbq SFH module. Bottom: Mass completeness for the four tested SFHs
in the JADES-GS field.

3.5 Fitting the SFMS

In order to fit the SFMS I combined the data from all 7 fields and used only
sources above the mass completeness limit for each field and redshift bin. When
the data for all seven fields is combined I have 10 015 sources in total above the
mass completeness limits. For the fitting of the SFMS I also removed the 72 AGN
and the 341 LRDs (even though their SEDs are still fitted and they are presented
on the plots).

3.5.1 Fitting in redshift bins

I parametrize the SFMS as in Equation 1.1 but the intercept is evaluated at the
median stellar mass for the sample – 108.54M⊙. I weigh all points with their
respective y-axis uncertainties. I neglect the uncertainties on the derived stellar
masses so I can perform a regular least squares fitting.

To reduce the effects of outliers (e.g, quiescent galaxies, especially in the lower
redshifts) on the inferred SFMS, I introduce sigma clipping of our sample. The
procedure is as follows:
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1. Perform an initial fit over all data points above the mass completeness limits.
In this stage I weigh all points equally, irrespective of their uncertainties as to
avoid a small number of galaxies with spuriously small uncertainties driving
the fit.

2. I sigma clip the data around the initial fit, using a 3σ threshold, meaning that
all sources whose distance from the first fit is more that three times the sigma
of the sample around the fit are removed.

3. I finally fit the sigma clipped data points using the standard procedure de-
scribed above.

The uncertainties of the parameters of the fit (slope and intercept) are then de-
termined by assuming the slope and the intercept are independent and taking the
square root of the respective element of the covariance matrix that is one of the
outputs of the scipy.optimize curve procedure. The scatter is obtained by splitting
the data in narrow stellar mass bins (∆M⋆ = 100.2M⊙) and the standard deviation
of the SFR in the bin is taken. Then, the scatters in all bins are averaged to ob-
tain the average scatter around the SFMS. This method was chosen, as opposed to
calculating the scatter around the best fit line, as it is independent of the fit itself.

3.5.2 Time dependent fit

I also test another parametrization of the SFMS: Equation 1.2, as described in
Chapter 1. This corresponds to Equation 10 in Popesso et al. (2023). This form
of the SFMS lets us fit all of the data at the same time instead of splitting it into
different bins. Another important feature of this parametrization is the inclusion of
turnover of the SFMS at higher masses, an effect well observed, especially at lower
redshifts (Popesso et al., 2023). The procedure I use in this case is very similar as
before: I take all data (above the mass completeness limits) and perform a regular
least squares regression, while weighing all points with their log[SFR] uncertainties.
For the mass completeness limit estimates I still use the same redshift bins as before.
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Chapter 4

Results

In this chapter I present the various results in this thesis: the effects of the different
SFH assumption on the SFMS, the derived SFMS in each individual field in
different redshift bins, and the SFMS for the whole sample fit with two different
parameterizations.

For all of the results in this thesis, the SFR averaged over the last 100 Myrs (SFR100)
was used. This was due to our dataset not being sensitive enough to variations in the
SFR on shorter timescales (discussed in Chapter 1), making the evaluation of the
instantaneous SFR very uncertain. Using the same reasoning, the lack of starburst
galaxies in the following results can also be explained.

4.1 Impact of Star Formation History assump-

tions

The assumed functional form of the SFH is one of the key elements going into SED
fitting, as described in detail in Chapter 2. I modelled the sample of galaxies in the
JADES-GS field with the four different SFH modules described in Chapter 2 and
Chapter 3:

• sfhdelayedbq - a delayed exponential model with a short constant burst or
quench episode.

• sfhdelayed - a delayed exponential model with an additional exponentially
declining burst phase.

• sfhNlevels flat - a non-parametric model with flat priors and linear binning
in time.

• sfhNlevels flat log - a non-parametric model with flat priors and logarith-
mic binning in time.

I show the results in the following two figures: Fig. 4.1 and Fig. A.2. The results
from the two parametric SFH forms are shown in Fig. 4.1, while the results form
the two non-parametric models can be seen in Fig. A.2. In the case of this test we
limit the sample to redshift 4 < z < 9 as for an individual field there is a very low
number of sources in the highest redshift bin (9 < z < 12), insufficient to obtain
reasonable fits of the SFMS.
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Figure 4.1: SFR-M⋆ diagrams obtained from fitting the sources in the JADES-GS
field with the sfhdelayedq SFH module. The diagrams show the derived SFMS in 5
redshift bins spanning from z = 4 to z = 9. The purple points show the points used
for the SFMS fitting, while the gray points show sources that were either bellow
the mass completeness limit or were rejected during the sigma clipping procedure.
The black solid line is this work’s fit to the data. The two color solid lines are
comparisons with the literature - Cole et al. (2025) (blue) and Clarke et al. (2024)

(yellow). The intercept is evaluated at the median mass of the sample – 108.54 M⊙.

Plots, summarizing the results of this test, are shown in Fig.4.2. There I
show the comparisons between the derived SFMS properties for the different SFH
assumptions in four redshift bins up to z = 9. In the case of the intercept and the
scatter of the SFMS all SFH models are consistent with each other within the error
bars for the whole redshift range.

For the scatter, this result is somewhat in contradiction with findings from litera-
ture (Ciesla, Elbaz, and Fensch, 2017; Carnall et al., 2019b; Carvajal-Bohorquez
et al., 2025, and references therein) where authors find that the assumed SFH
shape, and specifically the burstiness of the SFH, can significantly impact the
resulting SFMS scatter. This can be explained in part by the fact that we use
the SFR100 indicator and in part by the fact that lower scatters are expected
from parametric models with no flexibility relating to recent bursts but all four
models tested in this work provide such flexibility. The scatters obtained from
all SFH models in this work are fully consistent with the scatters from Cole
et al. (2025) and inconsistent with the results from Clarke et al. (2024). These
two works are among the first SFMS results obtained with JWST data which
is why they are used as the first point of comparison for results in this thesis.
In those two papers they use a non-parametric SFH from Iyer et al. (2019) in
Cole et al. (2025) and a parametric delayed exponential model in Clarke et al. (2024).
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Figure 4.2: Evolution with redshift of the MS parameters using different SFH as-
sumptions in JADES-GS (solid symbols). Open symbols show recent results from
the literature. The points correspond to the values in the respective redshift bin
and are shifted in redshift for clarity. Bin edges are shown with dashed grey lines.
The intercept is evaluated at the median mass of the sample – 108.54 M⊙.

This is to be expected since Clarke et al. (2024) use the instantaneous SFR rather
than SFR100. This effect is also seen in the two sets of results in Cole et al. (2025)
where they obtain notably larger scatters when they average the SFR on a shorter
timescale (SFR10). In both Cole et al. (2025) and Clarke et al. (2024) they use
SED fitting as a way to infer the physical properties of the galaxies. In Clarke et al.
(2024) they compare these results with other SFR tracers as well but in this thesis
I only consider their results based on SED fitting, for consistency with our method.
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Figure 4.3: Direct comparisons for the inferred stellar masses in the JADES-GS field
with two different SFH assumptions – sfhNlevels flat and sfhdelayed.

For the slope of the main sequence, above redshift z = 5 there is a clear grouping of
the parametric and non-parametric models where the two non-parametric models
show a larger SFMS slope compared to what is obtained from parametric models.
This effect is further examined in Figure 4.3 and Figure 4.4 where the comparisons
between the stellar masses and the SFRs of two of the four models are directly
compared. When comparing the properties directly, the non-parametric model
(sfhNlevels flat) seems to produce higher masses compared to the parametric
model (sfhdelayed) mostly at the lower end of the mass distribution but the
two models are consistent at higher masses, explaining the steeper slope for the
non-parametric model. This is unsurprising as the effect has been studied before
(e.g. Leja et al., 2022). All other combinations of comparisons are shown in
Appendix B.

The slope from the sfhdelayed SFH model is marginally consistent with the
results from Cole et al. (2025) (when comparing with their results with the SFR100
indicator) at all redshifts whereas there are significant differences between Cole
et al. (2025) and the other SFH assumptions. The results from Clarke et al. (2024)
are notably inconsistent with the results in this work possibly because they use the
instantaneous SFR, rather than SFR100.

4.2 The SFMS in the seven different fields

In Figure 4.1, I show the SFR-M⋆ diagram with the fit of the SFMS. The same plots
for the other six fields are shown in Appendix C. These results were obtained after
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Figure 4.4: Same as in Figure 4.3 but for the inferred SFR.

SED fitting the whole sample, as described in Chapter 3, with the sfhdelayedbq

SFH module. The motivation behind looking into the SFMS of each field separately
is to try and gain some qualitative insight into the cosmic variance. A clearer
comparisons of the respective SFMS parameters in each field are shown in Fig. 4.5.
As before, the intercept and the scatter are found to be largely within the error
bars both for the different fields and for the full range of redshifts. This is not
the situation for the slope of the main sequence where at all redshifts there are
significant differences between fields. These differences might be the result of
multiple factors. The different fields probe different parts of the SFMS as, for
example, NGDEEP and ABELL 2477 have much lower mass completeness limits
than the other fields (NGDEEP as it is deepest field, and ABELL 2477 because
gravitational lensing allows the detection of lower mass sources, whose light is
amplified above the magnitude limit). On the opposite end, very massive galaxies
are rarer, meaning that in small fields there is a lack of statistics at the high mass
end of the SFMS. For this reason, in the main result of this thesis I combine the
sources from all fields to achieve a larger and more representative sample.

The results were also compared to the values found in Cole et al. (2025) and Clarke
et al. (2024) and I find that the intercept is consistent with these studies at all
redshifts and in all fields, however I find significantly larger slopes in all cases. The
slopes i find are however consistent with other works (e.g., Santini et al., 2017, and
references therein). In the comparison with Clarke et al. (2024) we also have to keep
in mind the difference in the SFR estimator considered (SFR vs SFR100). Both Cole
et al. (2025) and Clarke et al. (2024) use data from the CEERS program. In Clarke
et al. (2024) they also include data from the JADES program.

Overall, for the intercept and scatter estimates the statistical uncertainties play
an overwhelming role, wheres for the slope I find that the cosmic variance can
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Figure 4.5: The evolution with redshift of the slope, intercept, and scatter of the
SFMS in all 7 fields (solid symbols). Open symbols show recent results from the
literature. The points represent the values in the respective redshift bin and are
shifted in redshift for clarity. The bin edges are indicated with dashed gray lines.
The intercept is evaluated at the median mass of the sample – 108.54 M⊙.

introduce differences of up to ∼ 15 %. The results for the slope can vary significantly
between fields, especially at lower redshifts. In the high redshifts, the statistical
uncertainties grow larger and the differences between fields become less pronounced.
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4 < z ≤ 4.5 4.5 < z ≤ 5 5 < z ≤ 6 6 < z ≤ 7 7 < z ≤ 9 9 < z ≤ 12
Slope 0.89± 0.01 0.92± 0.01 0.97± 0.01 0.96± 0.01 0.97± 0.01 0.96± 0.02

Intercept 0.32± 0.06 0.35± 0.05 0.30± 0.06 0.36± 0.05 0.41± 0.06 0.38± 0.20
Scatter 0.22± 0.09 0.19± 0.07 0.19± 0.07 0.13± 0.04 0.12± 0.03 0.13± 0.06

Table 4.1: Summary of the parameters of the SFMS from the fits over the whole
sample in all seven fields in six redshift bins spanning from z = 4 to z = 12. The
intercept is evaluated at the median mass of the sample – 108.54 M⊙.

4.3 The MS for the whole sample

The main results of this thesis, however, center around fitting the SFMS over the
whole sample of galaxies in all seven fields. This way we can achieve significantly
better statistics and can even provide a somewhat meaningful fit in one more redshift
bin (9 < z ≤ 12). This was done in two ways: first I discuss fitting a line in log space
in each redshift bin separately and then fitting a time-dependent parametrization
of the SFMS using all data points at the same time (Both methods are discussed in
Section 3.5).

4.3.1 Fits in redshift bins

For this purpose I split the data in six redshift bins and combine all galaxies form
all fields, taking into account the appropriate mass completeness limits of each field
and redshift bin. These results are shown in Fig. 4.6. The AGN and LRDs in the
sample are also over plotted on this figure but were not used for the SFMS fit. All
data points were obtained by SED fitting the sources with a delayedbq SFH and
no AGN component. The parameters of the derived fits are shown in Table 4.1 and
Figure 4.7 where they are also compared with the parameters obtained by Clarke
et al. (2024) and Cole et al. (2025).

Similarly to my results in Section 4.2, the slope for the whole sample is also
significantly larger than the slopes obtained by Clarke et al. (2024) and Cole et al.
(2025) (albeit much closer to slopes from other studies (e.g, Speagle et al., 2014;
Santini et al., 2017, and references therein)). This is even more pronounced in this
case as the uncertainty on the derived parameters decrease for the fits over the
whole sample, as the statistics improve greatly when the seven fields are combined.
The slope derived in this work follows a trend of mild increase at lower redshifts
and settles to a constant value after z ∼ 5.

The obtained intercept and scatter in this thesis are both consistent with a flat
trend and are mostly consistent with literature. The notable difference in the scatter
between this work and Clarke et al. (2024) can be the result of the different timescale
over which we average the SFR, as discussed in Section 4.2.

4.3.2 Time dependent fit of the MS

A straight line in log-log space is not the only possible parametrization of the SFMS.
As described in Chapter 1, one alternative is the form used in Equation 10 in Popesso
et al. (2023). There are two separate ways in which this parametrization differs from
the one used in previous sections:
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Figure 4.6: SFMS fits in each redshift bin for the full sample of galaxies, including
AGN and LRDs. The SED fitting for the AGN and LRDs was done in the exact
same way as for the rest of the sources (no AGN component). The AGN and LRDs
were not included in the SFMS fitting procedure. The purple points represent the
sources used for the fitting while the gray points are galaxies that either fell bellow
the mass completeness limit or were excluded during the sigma clipping procedure.
The small vertical lines represent the 90% mass completeness limits for each field
and redshift bin. The black solid line is my fit to the data. The two colored solid
lines are comparisons with the literature - Cole et al. (2025) (blue) and Clarke et al.
(2024) (yellow). The intercept is evaluated at the median mass of the sample –

108.54 M⊙.

1. It fits all of the data together in SFR-M⋆-cosmic time space.

2. It allows for a turnover in the SFMS.

In Fig. 4.8, I show the time dependent fit over this dataset. The derived fit
parameters are shown in Table 4.2. In the plot, the fit at the middle point of every
redshift bin is shown. It matches near identically to the linear fits in redshift bins
(also shown in the figure).

In the intermediate masses, a good agreement between my fit and the fit derived
in Popesso et al. (2023) is present. In the low masses a possible reason for the
disagreement might be the lack of sampling in Popesso et al. (2023). This study
uses pre-JWST data meaning they do not sample the low mass end of the SFMS
and in these regions their fit is extrapolated.

In the high mass end, I find no evidence of a turn-over in this work’s data. This could
be related to the relative lack of sources at higher masses in the data since the total
area of the sky being sampled is ≃ 0.2 sq. degrees making it hard to probe the high
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Figure 4.7: Comparisons between the derived parameters of the linear fit in this
work with values from literature when the full sample of galaxies in all seven fields
is used. The intercept is evaluated at the median mass of the sample – 108.54 M⊙.

Parameter Derived value
a0 0.9± 0.1
a1 −0.11± 0.02
b0 −8.1± 0.3
b1 0.97± 0.06
b2 0.003± 0.004

Table 4.2: Parameters of the derived fit of Equation 1.2, corresponding to Equa-
tion 10 from Popesso et al. (2023) and discussed in detail in Chapter 1.
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Figure 4.8: Time dependent SFMS fits, plotted at the middle point redshift for each
bin. The fits in redshift bins from this work are also superimposed, as well as the
SFMS from Popesso et al. (2023), for comparison. The small vertical lines represent
the 90% mass completeness limits for each field and redshift bin.

mass end of the SFMS (as massive sources are in general rarer and larger observed
areas are needed to sample them). Another possible explanation would be that the
data analyzed by Popesso et al. (2023) is predominantly at lower redshifts where
the turn-over is more prevalent (as discussed in Chapter 1). Their data does not
go beyond z ∼ 6 so in the higher redshift bins in this thesis it is, again, extrapolated.

4.4 Fitting the AGN

One important thing to consider is the possible effects of AGN on the stellar mass
and SFR estimates, and therefore, on the inferred SFMS. In order to test this, the
sample of known AGN was fit using three different assumptions:

• SED fitting was performed as for any other galaxy - no AGN component

• SED fitting included an AGN component with the parameters described in
Table 3.2 and a thin disk.

• SED fitting included an AGN component with the parameters described in
Table 3.2 but with ADAF.

The differences between these different methods were then evaluated and the
comparison plots are shown in Fig. 4.9. In the figure I show the differences in the
obtained M⋆ and SFR100 with all three methods. The percentage of sources for
which the produced values for M⋆ and SFR are inconsistent between models are
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shown in Table 4.3. The low amount of inconsistent sources between the thin disc
model and the no AGN fits indicates that the fitting procedure tends to favor low
AGN fraction models even when an AGN component with a thin disc is included.
When the ADAF model is being fitted, the SED of more sources favor the inclusion
of an AGN, marginally affecting the estimates of the physical properties.

The position in comparison to the SFMS for the AGN after deriving their
properties in the described three different ways is shown in Figure 4.10. Almost
all AGN stay on the SFMS within the uncertainties no matter how their SEDs
are modelled, implying that the shape of the SFMS does not change signifi-
cantly between these three different fitting approaches. The SFR and stellar
mass of the AGN tend to differ similarly between models, as seen in Figure 4.9,
moving them mainly along the SFMS (which in this work has a slope close to unity).

M⋆ SFR
Thin disc - no AGN 25% 14%
Thin disc - ADAF 53% 40%
ADAF - no AGN 65% 40%

Table 4.3: The percentage of sources that were found to produce values inconsis-
tent between different AGN models (or no AGN model) for the respective physical
properties.

A limitation of this analysis, however, was imposed by the lack of emission lines
in the AGN module used in CIGALE. In the rest-frame wavelengths covered by
the data in this work, emission lines from a potential AGN would be expected (e.g.
Balmer lines) but at this stage CIGALE produced only continuum emission for the
AGN component. For this reason the data used in this thesis, alongside the models,
were insufficient to constrain the fits of the AGN.

Due to this limitation, no meaningful conclusions can be drawn in effects of an AGN
on the SFMS, nor can their position on an SFR-M⋆ be extensively studied. More
robust datasets or more elaborate models are required to draw stronger conclusions.
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Figure 4.9: Comparisons of the inferred physical properties (M⋆ and SFR100) be-
tween all three variations of the SED fitting for the AGN sample. The black solid
line represents the 1:1 line.
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Figure 4.10: SFR-M⋆ plots with the sample of AGN. The properties of every AGN
have been inferred by SED fitting in the three different ways described in the text.
The SFMS obtained and described in Section 4.3.1 is over-plotted for comparison.
The shaded region shows the scatter of the SFMS rather than the uncertainties on
the fit.
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Conclusions

In this thesis I set to examine the redshift evolution of the so-called Star Forming
Main Sequence from JWST deep fields. I used the SED fitting technique to infer
the physical properties of a large sample of galaxies in seven different fields from
composite data from the JWST and HST. I used the SED fitting code CIGALE and
examined a few key questions:

• How does the assumption on the form of the star formation history affect the
derived physical parameters and therefore the obtained SFMS?

• How does the SFMS and its parameters evolve from z = 4 to z = 12?

• What can (and cannot) be concluded on the position of AGN on the SFR-M⋆
diagram from the available data?

As a result, I present fits of the SFMS using four different SFH models and their
comparisons in the JADES-GS field, fits of the SFMS in each of the seven individual
fields, and fits of the SFMS of the whole combined sample of 10 015 galaxies split
in 6 redshift bins. I also present my estimates of the 90% mass completeness limits
for each field and preliminary tests on the effects of AGN on the inferred physical
properties through SED fitting.

I find that the star formation histories tested in this thesis have a significant impact
only on the slope of the SFMS, where the non-parametric models produce larger
slopes. For the two other parameters of the SFMS fit, i.e. the intercept and the
scatter, the differences between the SFH assumptions are within the uncertainties
on the fits.

The intercept and scatter of the SFMS showed consistency between the different
studied redshift bins. The slope derived in this work slightly increases from z ∼ 4
to z ∼ 5− 6, and then settles to a constant value around unity.

The study of the AGN in the sample showed inconclusive results in terms of the
position of the AGN on the SFMS and requires more elaborate fitting procedures
and robust datasets to reach meaningful conclusions.

This work can be greatly expanded and improved in the future in a few key ways:

• The fitting procedure for the SFMS can be greatly improved by implementing
a Markov Chain Monte Carlo approach. Using this method, the uncertainties
in the SFR and stellar mass can both be considered and the intrinsic scatter
of the SFMS can be included as a free parameter of the fit. This approach is
used in Santini et al. (2017), Clarke et al. (2024), and Cole et al. (2025) to
name a few.
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• The analysis can be expanded to lower redshifts to build a full and consistent
picture of the SFMS evolution through cosmic time from local galaxies to the
most distant observable sources with current technology.

• The study of the AGN and LRDs can be greatly expanded, e.g by considering
other models when fitting their SEDs.
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Appendix A

Different SFH modules in the
JADES-GS field

Plots for the SFR-M⋆ diagrams of the JADES-GS field with the other three SFH
modules, not shown directly in the main text. Plots include the respective SFMS
fits and comparisons with literature.
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Figure A.1: As Fig. 4.1 but for sfhdelayed SFH model.
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Figure A.2: As Fig. 4.1 but for sfhNlevels flat SFH (top) and
sfhNlevels flat log SFH (bottom).
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Appendix B

Direct comparisons between SFR
and M⋆ with different SFH

Plots of direct comparisons between the stellar masses and SFRs determined in the
JADES-GS field with the different SFH modules. Plots comparing all combinations
in all redshift bins considered are shown in the following Figures B.1, B.2, B.3, B.4,
and B.5.

In these plots it is shown that the sfhdelayed module produces systematically
lower SFR100 estimates, explaining the marginally lower intercept seen in the
SFMS derived with this module, shown in Section 4.1, although those differences
are not significant enough to produce differences larger than the uncertainties.

The two non-parametric models are shown to be very consistent with each other
in Figure B.5, although for the estimates of the SFR the model with logarithmic
binning in time gives slightly lower values (again, mostly within the uncertainties).

For the other comparisons between a non-parametric and a parametric model (as in
Figures B.2, B.3, and B.4), the same effect as described in Section 4.1 and shown in
Figure 4.3 is noticeable, albeit negligibly small in some cases (as in Figure B.4).
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Figure B.1: As in Figures 4.3 and 4.4 for the sfhdelayed and sfhdelayedbq SFH
modules.
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Figure B.2: As in Figures 4.3 and 4.4 for the sfhNlevels flat and sfhdelayedbq

SFH modules.
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SFH modules.
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Figure B.4: As in Figures 4.3 and 4.4 for the sfhNlevels flat log and
sfhdelayedbq SFH modules.
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Figure B.5: As in Figures 4.3 and 4.4 for the sfhNlevels flat log and
sfhNlevels flat SFH modules.
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Appendix C

The SFMS in each field

SFR-M⋆ plots for each field with the sfhdelayedbq SFH module with the respective
SFMS fits.
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Figure C.1: SFR-M⋆ diagram obtained from fitting the sources with the
sfhdelayedbq SFH in the JADES-GN field. The diagrams show the derived SFMS
in 5 redshift bins spanning from z = 4 to z = 10. The purple points show the points
used for the SFMS fitting, while the gray points show sources that were either below
the mass completeness limit or were rejected during the sigma clipping procedure.
The black solid line is my fit to the data. The two color solid lines are comparisons
with the literature - Cole et al. (2025) (blue) and Clarke et al. (2024) (yellow). The

intercept is evaluated at the median mass of the sample – 108.54 M⊙.
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Figure C.2: Same as in Figure C.1 but for the Abell 2744 field (top) and the CEERS
field (bottom).
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Figure C.3: As Figure C.1 but for Top: PRIMER-COSMOS. Bottom: PRIMER-
UDS.
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Figure C.4: As Figure C.1 but for the NGDEEP field.
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