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Abstract

Until recently, galaxies have been studied back to when the universe was
only 5-7% of its current age, yet little is known about the processes that
shape their early evolution and reionize most of the neutral gas in the
universe by that time. New observations of the James Webb Space Telescope
(JWST) and Atacama Large Millimetre Array move this timeline to only
2% and reveal that galaxies appear to be more evolved in the early universe
than previously thought. The most distant galaxies appear to produce more
light or form sooner than expected from the physics of star formation in
local galaxies or than predicted by the cosmological model. By extension,
models tuned in the later universe suggest that the early galaxies are also
more massive than expected. In addition to that, the nature of the strong
ionising radiation in some early galaxies is still unknown and can be tied to
distinct types of massive stars or active galactic nuclei. The wealth of new
information challenges our understanding of galaxies as complex systems
and suggests new alleys for modern research.

This work addresses the problems of excessive stellar light and mass by
investigating possible di�erences in the physics of star formation. The so-
called mass-to-light ratio is one of the fundamental properties of galaxies
that connects star formation and the total amount of galaxy light. Various
case studies of old and young stellar systems in the Milky Way and elliptical
galaxies in the late universe, pointed to possible over or under-production
of certain types of stars compared to the standard models. The study here
implements some of these changes in the galaxy models and tests them
using a large sample of images of distant galaxies in multiple wavelengths.
The �ndings show that active galaxies tend to form more massive stars
in the past and extrapolating this e�ect can explain most of the unusual
luminous objects observed with the JWST. Therefore, modi�cations to the
fundamental assumptions about star formation may be required. In the
future, the new galaxy models need to be tested on the observations of
chemical abundances in the earliest galaxies that can be sensitive to distinct
types of stars. Finally, this work also presents possible evidence of star
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formation in one of the most extreme environments in the universe { active
galactic nuclei, which, if con�rmed, can become one of the testing grounds
for extreme star formation conditions in the future.



Resum�e

Indtil for nylig er galakser blevet studeret tilbage til, da universet kun var
5-7% af sin nuv�rende alder, men der er stadig lidt kendt om de processer,
der former deres tidlige udvikling og reioniserer det meste af den neutrale
gas i universet p�a det tidspunkt. Nye observationer fra James Webb Spa-
ce Telescope (JWST) og Atacama Large Millimeter Array ytter denne
tidsplan til kun 2% og afsl�rer, at galakser synes at v�re mere udvikle-
de i det tidlige univers end tidligere antaget. De fjerneste galakser synes
at producere mere lys og dannes tidligere end forventet ud fra fysikken af
stjernedannelse i lokale galakser og forudsagt af den kosmologiske model.
Derudover antyder modeller justeret for det senere univers, at de tidlige
galakser ogs�a er mere massive end forventet. Derudover er naturen af den
st�rke ioniserende str�aling i nogle tidlige galakser stadig ukendt og kan
v�re knyttet til bestemte typer af massive stjerner eller aktive galaktiske
kerner. M�ngden af ny information udfordrer vores forst�aelse af galakser
som komplekse systemer og indikerer nye retninger for moderne forskning.

Dette arbejde adresserer problemerne med overdreven stjernelys og
masse ved at unders�ge mulige forskelle i fysikken af stjernedannelse.
Det s�akaldte masse-til-lys-forhold er en af de fundamentale egenskaber
ved galakser, der forbinder stjernedannelse og den samlede m�ngde af
galakselys. Forskellige casestudier af gamle og unge stjernesystemer i
M�lkevejen og elliptiske galakser i det sene univers har peget p�a mulig
over- eller underproduktion af visse typer stjerner sammenlignet med
standardmodellerne. Studiet her implementerer nogle af disse �ndringer i
galaksemodellerne og tester dem ved hj�lp af et stort udvalg af billeder af
fjerne galakser over ere b�lgel�ngder. Fundene viser, at aktive galakser
har tendens til at danne mere massive stjerner i fortiden, og ekstrapolering
af denne e�ekt kan forklare de este af de us�dvanlige lysst�rke objekter
observeret med JWST. Derfor kan der v�re behov for �ndringer i de
fundamentale antagelser om stjernedannelse. I fremtiden skal de nye
galaksemodeller testes p�a observationer af kemiske rigdomme i de tidligste
galakser, som kan v�re f�lsomme over for bestemte typer stjerner. Endelig
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pr�senterer dette arbejde ogs�a mulige beviser for stjernedannelse i et af de
mest ekstreme milj�er i universet { aktive galaktiske kerner, hvilket, hvis
bekr�ftet, kan blive en af pr�vegrund for stjernedannelse under ekstreme
forhold i fremtiden.
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Chapter 1

Introduction

1.1 History of Galactic Evolution

The current frontier of galaxy studies has reached a new challenge | the
earliest galaxies in the universe exhibit features that cannot be fully ex-
plained in the current extragalactic framework. In the past, inconsistencies
and puzzling �ndings led to theoretical and observational advancements in
extragalactic astrophysics. For example, in 1920, the \great debate" on
the extragalactic origin of galaxy-like nebulae (Shapley & Curtis, 1921)
eventually led to discovering the expansion of the universe by Edwin Hub-
ble (Hubble, 1926, 1929). Discrepancies in the amount of mass required
to reproduce velocity dispersion of galaxies in clusters (Zwicky, 1933; de
Swart et al., 2017), their mass ratio to stellar luminosity (Smith, 1936;
Holmberg, 1937) or observed rotation curves (Faber & Gallagher, 1979)
led to the concept of the missing \dark matter" and inspired alternative
gravitational theories (Milgrom, 1983). Observations of an extraordinary
variable point source 3C 273 in radio waves that exceeded the luminosity
of hundreds of galaxies (Schmidt, 1963) led to the discovery of the �rst
supermassive black hole (SMBH). Finally, recent deepest infrared observa-
tions reveal that galaxies are too bright or too numerous at the cosmological
epoch associated with their early evolution (Boylan-Kolchin, 2023), which
either prompts adjustments to the current galaxy models or challenges the
preferred cosmological theory.

One of the ultimate goals of extragalactic astrophysics is to construct
a model of galaxy evolution that is capable of predicting reliably a vari-
ety of system types and observational signatures across multiple orders of
magnitude on the spatial and temporal scales. The previous multi-decade
e�ort uncovered a diversity of galaxy environments, morphological struc-
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2 CHAPTER 1. INTRODUCTION

tures, properties of active nuclei, stellar populations and the interstellar
medium and dust. Enabled by existing distance rulers and detailed studies
of individual galaxies and their populations, it has been possible to make
largely successful phenomenological and numerical models of the growth of
galaxies to the �rst billion years. However, recent observations provided
rich data of galaxies well into the earliest epoch, which indicate that oth-
erwise minor inconsistencies in the models of galaxies tuned in the local
universe may magnify and become signi�cant during the epoch of possibly
rapid early growth.

This section provides a brief overview of the studies in the past 30 years
that have detailed the various statistical, physical and chemical properties
of galaxies at di�erent cosmological epochs and provided interpretations
of the time evolution of these properties. First, it presents \Timeline"
of galaxy evolution as seen prior to the latest infrared observations of faint
galaxies in the context of di�erent timescales. Then, it concentrates on how
this timeline has been reconstructed from the measurements of luminosity
and model-dependent stellar mass. The section \Key Galaxy Relations"
discusses the processes driving galaxy evolution and physical constraints
from various observed galaxy relations. Finally, the latest �ndings made
with the James Webb Space Telescope and other observatories and related
problems are placed in the context in \Galaxies in the First Billion Years".
This chapter closes with an overview of how some of the properties are
modelled using the integrated stellar light of galaxies and discusses some of
the associated assumptions that are tested in this work.

Timeline

Multiple processes determined galaxy evolution on di�erent timescales and
took place during 13.8 Gyr of the universe's lifetime (Planck Collaboration
et al., 2020). After the epoch of recombination atz � 1100 (at � 0:4 Myr),
the baryons cooled inside overdense regions determined by the primordial
plasma uctuations and dark matter halos that decoupled from the cosmic
expansion. On the timescale of� 100 Myr the baryon clouds cool and
start to fuse in the �rst stars. The subsequent stellar growth of galaxies
proceeds until today through regulation by radiative and hydrodynamic
processes at star formation (driven by the feedback of youngest stars on
the timescales of� 1 � 100 Myr), feedback from supermassive black holes
(thought to occur on the similar timescale of� 100 Myr) and collisions with
other galaxies (occur on a� 1 Gyr timescale). During this time, galaxies
grow into a diverse population, with a variety of morphological structures,
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Table 1.1: Timescales of galaxy evolution.

Timescale Description

� 10-100 Myr Lifetime of massive stars
� 10-100 Myr Lifetime of a super-Eddington (most active) phase of an AGN

� 100 Myr Gas free-fall or cooling timescale
� 100 Myr Crossing time of a Milky Way-like spiral galaxy

� 1 Gyr Time required for merging of two galaxies
� 10 Gyr Age of the universe (i.e., Hubble time)

physical and chemical properties inside the large-scale cosmic environment.
Various timescales are shown in Table 1.1 to aid understanding the role of
di�erent mechanisms in shaping history of galaxies throughout the rest of
this work.

This evolutionary timeline is marked with several notable periods, from
dark ages after recombination through the present day. The dark ages ended
with the cosmic dawn, when the UV emission of the �rst stars started
to spread and reionize the neutral interstellar and intergalactic medium
(ISM, IGM). According to the standard cosmological model (Peebles, 1993;
Bullock & Boylan-Kolchin, 2017), the collapse of the �rst baryon clouds
happens fromz = 30 (Klessen & Glover, 2023). After that, the rate of
star formation steadily increased until peaking at the cosmic noon epoch
at z � 2 (Madau & Dickinson, 2014; Behroozi et al., 2013a), by which
point galaxies grew most of their stellar mass and enriched the interstellar
medium with metals. The rest of the evolution until the current epoch
was responsible for developing a morphological Hubble sequence (Hubble,
1926; de Vaucouleurs, 1959; Conselice, 2014) disc-like structure around the
central stellar bulges and producing spiral Milky Way-type galaxies with
highly-ordered multi-scale stellar and ISM structure, and elliptical galaxies
with passive star formation (Faber et al., 2007).

The key to understanding the evolutionary sequence of galaxies is track-
ing changes in their properties over time. As it is practically impossible to
do so for individual galaxies on any relevant timescale, the approach is
to take snapshots of galaxies at di�erent epochs and complete the picture
by cross-matching their population-level properties. This task would be
straightforward if galaxies formed di�erent unique populations that would
be tractable over di�erent epochs. However, in reality galaxies represent
unimodal or non-linearly separable distributions when viewed in terms of
most simple properties. Therefore, it is important to establish the most im-



4 CHAPTER 1. INTRODUCTION

portant galaxy properties to form basic relations in the order of increasing
complexity.

Finally, time-stamp studies of the universe rely on determining distances
to galaxies which primarily come from estimation of cosmological redshift1.
This became possible with the help of the multi-wavelength imaging cam-
paigns that can be used to constrain SED models of galaxies. Alternatively,
the images can be used to estimate redshift of the Lyman-break galaxies by
constraining the position of the Lyman series limit at 912�A between two
adjacent wavelength channels. The redshift of older galaxies can also be es-
timated using the positions of the Balmer break at 3645�A. Finally, narrow
photometric bands or spectroscopic observations can be used to constrain
positions of emission lines to determine redshift with higher precision.

Assembly of Stellar Light

Before it is possible to invoke complicated models of galaxy evolution, it is
important to study basic observable properties of galaxies and their pop-
ulation statistics, such as stellar luminosity and its relative distribution
referred to as the luminosity function (LF). The characteristic shape of the
LF is surprisingly similar at most times: up to the normalisation constant
� ?, it is best described as a power law at the faint end with the exponent
� , and after some characteristic luminosityL? the bright end drops o�
exponentially { the traditional parametrisation of the Schechter function
(Schechter, 1976):

dn=dL = � (L) =
� � ?

L ?

� �
L
L ?

� �
e� L=L ?

: (1.1)

Over the past 30 years luminosity function has been studied in multi-
ple deep imaging surveys made from the ground and space. These studies
bene�ted greatly from observing in blank �elds with little foreground con-
tamination: Hubble Ultra-Deep Field (HUDF, Beckwith et al., 2006), The
Great Observatories Origins Deep Survey (GOODS, Grogin et al., 2011;
Koekemoer et al., 2011), the Cosmological Evolution Survey (COSMOS,

1Other methods exist to measure distances to the most distant galaxies, such as
the cosmic gravitational wave sirens (Abbott et al., 2017) or light travel delays due to
gravitational lensing (Treu et al., 2022). However, their applicability is limited by the
statistical rates of the associated phenomena and therefore are not as widely available
as cosmological redshift measurements, which often require constraining at least one or
two well-de�ned spectroscopic features using spectra or images.
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Capak et al., 2007; Scoville et al., 2007; Ilbert et al., 2009, 2013; Laigle
et al., 2016), Hubble Frontier Fields (HFF, Lotz et al., 2017). Ground-
based observations have been �tted into the transmission windows in the
optical, radio and a few infrared wavelength ranges, outside of the atmo-
spheric absorption bands.

Figure 1.1: Panel (a): UV LF from multiple surveys ( z � 0 from Wyder et al., 2005;
z � 1 from Moutard et al., 2020; z � 2� 9 from Bouwens et al., 2021;z � 10 from Oesch
et al., 2018). These distribution functions trace the evolution in recent star formation, as
well as amount of UV dust attenuation. Panel (b): the evolution of the UV LF Schechter
function parameters: faint-end slope� , characteristic absolute magnitudeM ? and the
normalisation factor � ?, for a sample at 2< z < 9 (red dots; Bouwens et al., 2021), at
0:3 < z < 1:8 (magenta dots; Moutard et al., 2020), at z � 0:3 (green dots; Arnouts
et al., 2005) and at z = 0 :055 (blue dots; Wyder et al., 2005). Figures (a) and (b)
and data compilation have been produced in Laursen (2023) and Bouwens et al. (2021),
respectively.

Panchromatic observations allowed to study the evolution of LF with
redshift. Optical campaigns probed luminosity functions in the UV at red-
shift z � 1. Lower-redshift galaxies were observed in wide-�eld sky cam-
paigns that sampled su�ciently large cosmic volume. On the other end, the
observational range expanded to near UV wavelengths (NUV) at 2< z < 10
and IR at lower redshifts with the help of the airborne telescopes (Treyer
et al., 1998; Sullivan et al., 2000) and space-based Infrared Space Obser-
vatory (ISO), Galaxy Evolution Explorer (GALEX) and the Hubble Space
Telescope (HST). Finally, the combination of HST and ground-based opti-
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cal and IR e�orts allowed to �ll the gaps and photometrically sample most
the timeline up to the �rst billion years (Steidel et al., 1996; Connolly et al.,
1997; Giavalisco et al., 2004; Castellano et al., 2010a,b; Hathi et al., 2010;
Oesch et al., 2010; Bowler et al., 2012; Tilvi et al., 2013; Oesch et al., 2018;
Bouwens et al., 2021).

Luminosity in a given rest-frame waveband is one of the most well-
studied and powerful properties. In the rest-frame UV (1300� 3000�A) it
traces continuum emission of massive (> 10 M� ) O and B-type stars with
the main-sequence timescales of� 10 and � 100 Myr, and extinction by
dust in the star-forming regions. The MIR and FIR luminosity traces the
emission of dust in the star-forming regions and cold ISM and has been used
to estimate the star formation rate (SFR) in galaxies where dust is heated up
by the most recent stellar populations (e.g., Sodroski et al., 1997; da Cunha
et al., 2008). Multiple early studies targeted these spectral regions to study
recent star formation at 0. z . 10 (Chary & Elbaz, 2001; Chapman et al.,
2005; Elbaz et al., 2007; P�erez-Gonz�alez et al., 2008; Elbaz et al., 2011;
Oesch et al., 2018; Bouwens et al., 2021). A compilation of some of these
functions in Figure 1.1a shows the evolution of both recent star formation
and changes in dust obscuration of galaxies. Their behaviour is consistent
with the gradual build-up in typical star formation towards z � 2� 3, as the
LF normalisation � ? and logarithmically increases and the faint-end slope
� becomes atter (Figure 1.1b). After z < 3, the UV LF turns over and
the kneeM ? decreases exponentially towardsz � 0, when the epoch of the
formation of massive stars is predominantly completed.

More detail has been added to the global picture of star formation
from IR and sub-millimetre observations about stellar mass-dominated star-
formation and dust obscuration. It is shown that most of thez � 0� 4 UV
observations are attenuated by dust to some extent. ALMA constraints on
this contribution from star-formation-heated or ambient dust help to recon-
struct the total star formation history (SFH) of the universe, as shown in
Figure 1.2. The SFH, traced by the star formation rate density (SFRD),
is estimated by integrating the luminosity functions (and converting the
luminosity to the SFR, Kennicutt, 1998):

� UV =
R1

0 � (L)LdL: (1.2)

Most recent results show characteristic agreement between the cosmic SFH
(e.g., Madau & Dickinson, 2014; Casey et al., 2018; Zavala et al., 2021).

The LF measurements tell the history of star formation that builds-up
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Figure 1.2: Bottom: dust obscured star formation rate density (orange shaded area)
computed from double power-law LF based on Mapping Obscuration to Reionization
with ALMA (MORA) in Zavala et al. (2021). Unobscured (blue shaded area; from
Finkelstein et al., 2015a) and total (grey shaded area) SFRD are also shown. The
overplotted data points are from UV surveys, IR or sub-mm surveys (orange circles; see
references in Zavala et al., 2021). Middle: fraction of dust-obscured star formation. Top:
breakdown of the fraction of galaxies by their infrared luminosity LIR as a function of
redshift. Figure is taken from in Zavala et al. (2021).

to and drops exponentially from around the epoch of the cosmic noon at
z � 2, as shown in Figure 1.2. In this context, the UV LF indicate that
while the number of blue galaxies actively forming stars does not evolve
strongly from the cosmic noon, the red population grows and exhibits el-
liptical morphology more frequently towards the present day (Faber et al.,
2007). Such changes suggest evolutionary connections between the two
types, where the end of star formation is associated with ageing stellar
populations and where possible mergers drive the morphological changes.
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The story holds consistently between the measurements made from young
stellar emission in the UV and dust heated by massive stars in the mid-
IR to sub-millimetre wavelengths. From IR observations, it is also found
that dust obscuration of the star-forming sites in galaxies becomes becomes
typical than unobscured after the �rst 1-2 Gyr.

Assembly of Stellar Mass

To study the physics that governs galaxy growth, it is useful to compare
galaxy stellar mass functions (SMF) to their underlying dark matter halos.
The SMF, � (M ), represents the number of galaxies per unit mass and
cosmic volume at a given redshift and, like the luminosity function, is best
represented by the Schechter function at most times. In the context of the
halo mass function (HMF), the SMF is a powerful tool that traces gas and
physical processes responsible for galaxy formation, growth and suppression
of star formation in galaxy populations and can be used as a cosmological
observable (Davidzon et al., 2017; Weaver et al., 2023). Therefore, the SMF
can be used to constrain models of the more detailed physical processes on
scales varying from individual stars to whole galaxies in semi-analytical
(Kau�mann et al., 1994; Hopkins et al., 2008; Peng et al., 2010; Kelson,
2014; Somerville & Dav�e, 2015; Lagos et al., 2018) models and numerical
simulations (Furlong et al., 2015; Pillepich et al., 2018; Dav�e et al., 2019;
Lovell et al., 2021).

The SMF approach has progressed signi�cantly since the �rst studies
started to use near-infrared observations in the local universe (e.g., Cole
et al., 2001; Bell et al., 2003; Baldry et al., 2008). The �rst SMF studies have
become possible by using the light of evolved stellar populations in the near-
infrared which constitute the bulk of the stellar mass budget of galaxies.
First such observations came from the wide-�eld catalogs ofJ; H; K S band
uxes in the surveys 2dF-GRS (Colless et al., 2001), SDSS (York et al.,
2000) and GAMA (Driver et al., 2011). Later studies improved the accuracy
of measurements by probing wider SEDs in COSMOS (Scoville et al., 2007)
surveys, which had large enough sky coverage for dealing with the cosmic
variance (Moster et al., 2011; Steinhardt et al., 2021), and included galaxies
at redshifts up to z = 7:5 in the HST and Spitzer images (Fontana et al.,
2006; Ilbert et al., 2010; Pozzetti et al., 2010; Ilbert et al., 2013; Muzzin
et al., 2013; Grazian et al., 2015; Song et al., 2016; Davidzon et al., 2017;
Stefanon et al., 2021; Adams et al., 2021; McLeod et al., 2021; Weaver
et al., 2023). In addition, robust statistical approaches were developed over
time (Pozzetti et al., 2010; Davidzon et al., 2017; Leja et al., 2019; Adams
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Figure 1.3: Stellar mass functions (magenta lines) overplotted on top of the SMF
predicted from halo mass functions (cyan lines) using the stellar-to-halo mass conversion
and assuming a typical e�ciency of star formation. The gray shaded area denotes the
region with excessive baryon fraction density than assumed in the cosmological model.
The magenta arrows indicate mass completeness levels. Figure is taken from in Davidzon
et al. (2017).

et al., 2021) for dealing with the observational biases including Malmquist
(Malmquist, 1922) and Eddington bias (Eddington, 1913) and general mass
completeness of a survey, as well as SED �tting.

The result of the extensive previous work has led to a coherent picture
of ordered stellar mass assembly. Most notably, the stellar mass growth
of galaxies proceeds according to mass downsizing (Cowie et al., 1996;
Fontanot et al., 2009) which indicates that the massive end of the SMF
forms earlier than the rest. However, more speci�cally, the studies found
that the fastest growth happens for galaxies with the mass close to the
SMF Schechter kneeM ? from z < 3 (Moster et al., 2013; Behroozi et al.,
2013b; Ilbert et al., 2013; Davidzon et al., 2017; Wechsler & Tinker, 2018)2.
However, the most recent formulations of the SMF appear to be rid of
this characteristic mass scale (Weaver et al., 2023) suggesting that it may
be an artefact of comparing high-mass ends of active and passive popula-
tion Schechter functions based on low-number statistics (Steinhardt et al.,

2Any scale-dependence is counter-intuitive in galaxy growth which is fundamentally
driven by the scale-independent gravitational force and therefore points to physical e�ects
responsible for the characteristic mass of quenching galaxies.
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2022a). Finally, most of massive galaxies quench byz = 1. The small qui-
escent galaxies grow in numbers rapidly fromz � 2, becoming progressively
less massive towardsz = 0. As it appears, there are multiple pathways to
galaxy formation and this may be indicative of the importance of various
internal and external processes in producing such ordering.

More insight comes from studying galaxy growth in their respective DM
halos (Wechsler & Tinker, 2018), especially where the low and high-mass
ends of the SMF diverge from the halo mass function (HMF). Tradition-
ally, these deviations are interpreted as the signature of stellar and AGN
feedback, respectively. Figure 1.3 clearly demonstrates these two e�ects in
galaxies observed atz < 3. Interestingly, that higher-redshift SMF takes
the shape of the smoother power law in this �gure and in more recent studies
(Stefanon et al., 2021; McLeod et al., 2021; Weaver et al., 2023) and some
simulations (Long et al., 2023) atz > 5� 6, which may indicate diminishing
e�ciency of AGN feedback for quenching the most massive galaxies in the
�rst � 1 Gyr (as found in simulations in Kaviraj et al., 2017; Laigle et al.,
2019). Besides, it is also useful to compare SMF with the theoretical SMF
predicted by assuming a halo-to-stellar mass conversion. This may point to
di�erences in the physics of star formation, such as e�ciency, if more stellar
mass is found to form per halo (the last panel of Figure 1.3 has indications
of that). Finally, hydordynamical and semianalytical simulations (e.g., Fur-
long et al., 2015; Pillepich et al., 2018; Dav�e et al., 2019; Lovell et al., 2021)
are tuned to reproduce the local SMF provide overall good agreement with
the observed SMF, albeit with some di�culties in predicting the merger
rates (Conselice et al., 2022), and signi�cantly miss the low and high-mass
ends at the higher redshift (Weaver et al., 2023).

As the estimates of stellar masses of galaxies and their redshift are typ-
ically obtained from SED �tting (e.g., Conroy, 2013a), the SMF is prone
to the biases in the SED models, such as the IMF, SFH, dust extinction
curves and the history of metallicity evolution. It is the goal of the study in
Chapter 2 to quantify the bias related to the IMF. In fact, this work shows
that if star-forming conditions favour a top-heavy IMF at high redshift, this
may provide another explanation of the excessively massive high-end of the
SMF at z > 5 in Figure 1.3 (Davidzon et al., 2017; Weaver et al., 2023).

Key Galaxy Relations

Until this point in the review, the evidence suggests that galaxies appear to
follow evolutionary paths determined broadly by their stellar mass and the
DM halos they inhabit and therefore their environment and gas availability.



1.1. HISTORY OF GALACTIC EVOLUTION 11

Once the main episode of star formation takes place in a galaxy of a given
stellar mass and redshift, the growth is likely set by the stellar and AGN
feedback in most cases.

To study the exact mechanisms driving star formation and its cessation,
as well as providing the star-forming gas, it is necessary to make further
cross-sections between the most important properties to determine possible
relations and their physical or statistical nature. Below is a description
of some of the key relations that are relevant for the studies presented
afterwards { namely, the star-forming main sequence and some of the fun-
damental metallicity relations. The �rst may relation may help to constrain
the diversity of mechanisms or conditions driving star formation, while the
latter can help to link this to the balance between supplied and removed
gas.

Star-forming main sequence

A meaningful picture of galaxy growth emerges from the combined informa-
tion about star formation from luminosity density and mass growth from
stellar mass functions. The star formation rate (SFR) is intuitively corre-
lated with the total stellar mass of galaxies at a given redshift forming a
main sequence of star formation (SFMS), where the scatter in this corre-
lation reects the diversity of underlying processes such as galaxy mergers,
stellar and AGN feedback and the availability of gas (Brinchmann et al.,
2004; Noeske et al., 2007a; Elbaz et al., 2007; Daddi et al., 2007; Salim
et al., 2007; Whitaker et al., 2012, 2014). Various studies probing redshift
0:2 < z < 7:0 concluded that the SFMS is tightly correlated (� 0:2 � 0:4
dex one-sigma scatter) and thus most galaxies tend to be in a stable state,
except starbursts (above the MS) or low to intermediate-mass quiescent
galaxies (below the MS) (Noeske et al., 2007a). Figure 1.4 shows an exam-
ple of the \concensus" SFMS which di�erent studies are found to reproduce
when placed on the common assumption basis (Speagle et al., 2014). The
slope of the total SFMS is shallower than 1 in many studies, but is shown to
be unity at low redshift when separating the contribution from active and
passive regions to the total ux of galaxies (Abramson et al., 2014). In this
scenario, the fact that the slope of the main sequence is found to decrease
with the age of the universe possibly points to a progressively larger frac-
tion of older stellar populations in the integrated uxes. These indicators
show that star formation is regulated by the same physics in all galaxies
and deviations from the sequence suggest changes in gas supply or total
e�ciency of star formation.
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Figure 1.4: Star-forming main sequence from the best-�t models of multiple observa-
tional sets at di�erent redshifts considered at the time in Speagle et al. (2014). Figure
is taken from in Speagle et al. (2014).

The uniformity of star formation across the main sequence in terms of its
dispersion and slope indicates that despite all apparent complexity of stellar
and gas-phase properties, morphological structures and sizes, star formation
is a unifying process across most of the active population. The deterministic
nature of SFMS has been expressed using various models with regulated star
formation, where the evolving SFMS is used to infer stellar mass assembly
and its cessation (Noeske et al., 2007b; Peng et al., 2010). For example,
Noeske et al. (2007b) proposed a \staged" model where the mass of the
galaxies entering the main sequence decreases with time for an increasing
fraction of a galaxy population (consistent with mass downsizing). The
shape of the stellar mass functions motivated the model of Peng et al. (2010)
in which star formation quenching is associated with the environmental
or mass e�ects, depending on the mass and redshift of a galaxy. Other,
probably less popular approaches showed that the SFMS and its scatter
can be described by a diverse set of initial conditions followed by stochastic
events in the SFHs of galaxies, instead of a regulated growth (Kelson, 2014;
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Abramson et al., 2016). In the end, these relations form a phenomenological
basis for tuning models of galaxy evolution using more detailed numerical
approaches that may help to further pin point the exact mechanisms of
galaxy growth.

Some of the work presented in this thesis attempts to further dissect
the SFMS relation in search for more fundamental properties and clues
about the star-formation mechanisms { in particular, the IMF is used as
the key property that may indicate di�erent modes of growth on the same
star-forming main sequence at a given epoch and point to di�erences in the
overall e�ciency of star formation in galaxies of di�erent stellar masses.

Mass-metallicity Relation

At a given epoch, the mass-metallicity relation (MZR) traces the history of
star formation and gas mixing of galaxies with di�erent stellar mass through
the mass and luminosity distribution functions. Overall, the long-term en-
richment appears to be gradual and monotonic, although likely sensitive to
short-term e�ects of galaxy mergers, gas inows in large galaxies or outows
in the smaller ones, as for example typically inferred from the analyses of
resolved stellar populations in small galaxies of the local universe (Gallart
et al., 1996a, 2019). For galaxy populations in large cosmic volumes, the
stellar mass and metallicity exhibit clear correlation, with the less massive
galaxies being more pristine. This picture is consistent with the mass down-
sizing seen from the mass and light distribution functions (Sections 1.1,2.4).
It is also clear that passive galaxies of all masses are more enriched than
the active (Mannucci et al., 2010) (as seen in Figure 1.5a), which can be
explained by \gas starvation" of the passive population and the lack of gas
inows that can dilute metal-rich star-forming galaxies from phenomenolog-
ical (Peng et al., 2015; Spitoni et al., 2017) or hydrodynamical modelling
(De Rossi et al., 2018). Fundamentally, the e�ect of inows may be de-
termined by the environment of galaxies (Peng et al., 2015; Trussler et al.,
2021): cluster galaxies show little di�erence in their MZR, while �eld galax-
ies have \exclusive" access to the intergalactic gas reservoir and become
diluted over time. Similar conclusions were reached in simulations (Engler
et al., 2018). Finally, MZR also shows a steady decline fromz = 0 to
z = 3:5, as traced the by the gas-phase metallicity (Faisst et al., 2016), and
is expected to decline further until the Population II and III stars started
the process of chemical enrichment.

Later, it was found that the MZR is a projection of the more fun-
damental metallicity relation (FMR) that includes the SFR and has the
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Figure 1.5: Panel (a): mass-metallicity relation. Panel (b): fundamental metallicity
relation. Figures (a) and (b) are taken from Peng et al. (2015) and Mannucci et al.
(2010), respectively.

relation scatter reduced to the level of measurement errors (� 0:1 � 0:2
dex) (Mannucci et al., 2010; Andrews & Martini, 2013; Curti et al., 2020).
The fundamental nature of the dependence of metallicity on the other two
parameters is found using the principal component analysis (Hunt et al.,
2012, 2016a). The key result shows that the metallicity decreases with SFR
and increases with stellar mass. In this context, it was argued that the
downturn of the MZR at high stellar mass is reected through the similar
downturn in the SFMS (Hunt et al., 2016a). Physically, a model by Lilly
et al. (2013) parametrised FMR as a function of speci�c SFR, gas consump-
tion and the balance between outows and SFR (i.e. mass loading factor).
Numerical approach in Hunt et al. (2016b) reproduces the FMR from Hunt
et al. (2016a) with the following conclusions: accretion rates and total gas
amount in galaxies increases at high redshift, while the gas regulation via
star formation and outows is approximately the same in proportion; star
formation is the driver of galaxy mass growth with only minor contribution
from galaxy mergers. There has been inconclusive evidence on whether the
FMR changes with redshift from stellar and gas-phase metallicities, vari-
ous samples and methods for deriving the relation (e.g., Salim et al., 2015;
Hunt et al., 2016a; Cresci & Maiolino, 2018; and a more detailed review in
Maiolino & Mannucci, 2019).

As it turns out, the FMR brings the modelling e�orts a step closer to
�xing the exact system of physical processes responsible for star formation
and galaxy growth. Therefore, it is important to that this relationship holds
regardless of possible biases introduced in deriving the relevant physical
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properties, such as stellar mass and star formation rate. The next chapter
investigates the e�ect of the IMF on these physical properties.

Galaxies in the First Billion Years

Prior to the JWST, considerable e�ort led to reconstructing the history of
star formation across 13 billion years (Madau & Dickinson, 2014; Scoville
et al., 2017; Casey et al., 2018; Zavala et al., 2021), producing physical and
statistical models of the luminosity functions and stellar mass functions,
semi-analytical and numerical simulations of galaxies as complex systems.
However, the projections to the earliest stage of galaxy evolution often
have been contradictory. It is now possible to test various predictions and
investigate the early growth of the �rst galaxies.

Since the launch of the JWST it has become possible to �ll at least
some of the remaining observational gaps in the �rst billion years of galaxy
evolution and test the existing models based on studies at lower redshift.
Previous sections provided a brief review of how the work done with the
HST, Spitzer and other optical and IR facilities pushed the cosmological
frontier to z < 7 where galaxies would start to drop out in most photometric
bands or where the ux sensitivity would limit further probes. The next
chapter of extragalactic astronomy is driven by the JWST observations in
the 0:6 � 5 � m range with high sensitivity and spatial resolution which
allow studying rest-frame optical continuum and spectroscopic lines atz .
15 � 20. These characteristics can be utilised e�ciently with the multi-
object observational modes of the camera (NIRCam; Rieke et al., 2023)
and spectrograph (NIRSpec; Jakobsen et al., 2022) and a relatively large
�eld of view to observe multiple galaxies in NIR down to 30 AB magnitudes
in deep �elds, which can be complemented by valuable data from its mid-
infrared instrument (MIRI) and by the sub-mm coverage of the Atacama
Large Millimetre Array (ALMA).

Soon after the �rst observations in July 2022, multiple studies have re-
ported �nding bright galaxies well into the �rst few hundred Myr, which
outnumber expectations of how rapidly they can grow in the early uni-
verse. In particular, the number of bright objects is consistent with little
evolution of the bright end of the UV LF (Castellano et al., 2022; Naidu
et al., 2022). Based on more sizeable samples atz > 9 with MV < � 20
galaxies appear to be� 2 � 10 times more frequent than expected from
simulations (Adams et al., 2023a; Atek et al., 2023a; Donnan et al., 2023;
Yan et al., 2023; Finkelstein et al., 2023; Whitler et al., 2023a; Harikane
et al., 2023) and from extrapolations of some lower redshift models (Mason
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et al., 2015; Bouwens et al., 2021). Contrary to predictions of Oesch et al.
(2018), the bright end of the UV LF at z > 9 does not drop o� rapidly,
but continues to decline exponentially and is best described as a double
power law rather than the Schechter function (e.g., as discussed in Bowler
et al., 2020. Interestingly, the bright end of the UV LF and high end of
the SFRD may become shallower abovez � 11� 12 as found by Harikane
et al. (2023); Finkelstein et al. (2023). Although lacking high statistical
signi�cance, these �ndings can suggest extremely blue UV slopes of these
galaxies and therefore possibly lack of dust and distinct stellar populations
at z > 10.

Later work showed that the large UV luminosities during the cosmic
dawn are likely not caused by extremely blue UV continuum slopes� which
leaves uncertainty about the types of stars ionizing the HII regions and the
ISM. According to photometric SED models, the typical slopes of galaxies
at z & 9 vary in the range � 1:6 . � . � 2:5 and are on average slightly
bluer than their z > 5 descendants (e.g. in Finkelstein et al., 2012) by
� � = � 0:38� 0:09 (Dunlop et al., 2013; Bhatawdekar & Conselice, 2021;
Tacchella et al., 2022; Cullen et al., 2023; Whitler et al., 2023b). Only a
small number of very blue slopes have been identi�ed recently (� � � 3
in Topping et al., 2022), with most other cases (e.g., in Bouwens et al.,
2010) being uncertain (e.g., Dunlop et al., 2012; Bouwens et al., 2012). On
one hand, this may suggest that a typical bright galaxy shows recent star
formation with little dust extinction and likely a low stellar metallicity.
On the contrary, if some of these galaxies have unusually strong nebular
emission, the same intermediate� may be consistent with rare massive
stars forming from a low-metallicity gas (Nussbaumer & Schmutz, 1984;
Bottor� et al., 2006). In this option, the continuum can redden due to the
two-photon excitation in H II regions, which likely results in small escape
fractions of ionising radiation. Although the escape fraction of galaxies
during reionisation has been hard to constrain (Robertson, 2022), a recent
study argues that some galaxies can be uniquely modelled with such nebular
continuum model (Cameron et al., 2023b).

Following the initial census of the numbers and luminosities of the early
galaxies, there has been extensive evidence that many SED models \cali-
brated" for galaxies atz . 6 do not accurately explain the observed SEDs
towards the cosmic dawn. Stellar masses inferred from the SED models
of some candidates reported by Harikane et al. (2023); Labb�e et al. (2023)
appear to grow above the local ratioMBH =M? � 0:01 (H•aring & Rix, 2004)
and sometimes exceed it (Boylan-Kolchin, 2023). The \impossibly-massive"
candidates are now ruled out with the updated photometric calibrations
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(Boyer et al., 2022), accurate spectroscopic redshift estimates (Arrabal Haro
et al., 2023; Harikane et al., 2024), and improved constraints of the rest-
frame optical continuum and nebular emission lines. As shown in the early
science release spectra in Curtis-Lake et al. (2023); Carnall et al. (2023a);
Atek et al. (2023b), early galaxies are much more likely to have strong nebu-
lar emission than a Balmer break, which can be indiscernible in photometric
bands (Adams et al., 2023b; Steinhardt et al., 2023a).3

Any remaining tension between the inferred stellar mass and the masses
of dark matter halos likely points to either an elevated star formation e�-
ciency (SFE) or a top-heavy IMF. Initially motivated by large UV luminosi-
ties, the model of feedback-free starbursts by Dekel et al. (2023) can also
explain how star formation proceeds in the early galactic stage. Possible
indications of increased SFE come from abundance matching (e.g., Finkel-
stein et al., 2015b) or from the possibly \overpopulated" high-end of the
stellar mass functions (Davidzon et al., 2017; Weaver et al., 2023), however
it remains to be tested. An orthogonal hypothesis is that the IMF is distinct
at high redshift and produces more intermediate mass or massive stars that
can solve the problem of luminosities and masses by decreasing the mass-
to-light ratio of galaxies. This assumption produces a better match to the
bright end of the luminosity functions in numerical simulations (Yung et al.,
2023) and in theory can fully explain the excessive stellar mass (Harikane
et al., 2023) if the IMF is driven by, for example the cosmic microwave back-
ground (Steinhardt et al., 2023a). At this time neither solution is ruled out
and some combination of two processes is possible.

However, by this time, several other pieces of evidence have been pub-
lished that can point in the direction of the top-heavy IMF idea. As de-
scribed in more detail in Section 2.3, several observational results suggest
that the distribution of stellar masses varies with redshift: In the present
epoch, kinematics and metallicities of stars in the early-type galaxies, which
are believed to be the latest stage of galaxy evolution, suggest a bottom-
heavy IMF in their most recent stage of star formation (Conroy & van
Dokkum, 2012); at the cosmic noon, delay-time distributions of Type Ia

3In fact, the Balmer break, which is indicative of late B and AF-type stars, has been
suggested as an observable to test predictions of the �CDM: assuming that galaxies in
the �rst billion years do not stop forming stars for as long as 100 Myr, Steinhardt et al.
(2023c) predicted that the earliest breaks can be expected atz < 7. So far, quiescent
candidates have been discovered only as early asz = 4 :68 (Carnall et al., 2023b) and
z = 5 :2 (Strait et al., 2023). This both supports the cosmological predictions, as well
as shows that even if star formation is regulated by feedback processes in the galaxies
detected at higher redshift, it is resilient on su�ciently long timescales, in agreement
with simulations (McCa�rey et al., 2023).
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supernovae in early-types galaxies highlight an excess of white dwarfs that
is consistent with an intermediate-heavy IMF atz > 3 (Freundlich & Maoz,
2021); during the cosmic dawn, [N/O] and [C/O] exceed solar abundances
by � 10 times in a galaxy atz = 10:6 (Bunker et al., 2023; Cameron et al.,
2023a) which among several existing hypotheses could be caused an inter-
mediate or a top-heavy IMF (Bekki & Tsujimoto, 2023); �nally, sub-mm
observations with ALMA reveal extremely high-ionization sources atz > 6
which appear to be common (Harikane et al., 2020) and their origin may
be linked either to the properties of massive stellar populations or active
galactic nuclei. Di�erent ideas exist how to explain the IMF with physical
conditions of the star-forming gas and some form of variation of the stellar
mass distribution is likely due to some combination of changes in metallic-
ity, temperature and density of the gas (Bromm & Larson, 2004; Jermyn
et al., 2018).

Chapter 2 sets the goal to investigate potential variations in the as-
sumption of the stellar IMF by using population-level properties of galaxies
across the previous 10 billion years of evolution. After there has been sub-
stantive evidence of IMF-driven variations in mass-to-light from case studies
(more examples are discussed in Section 2.3), this work takes a statistical
approach to constraining IMF in a large photometric sample of galaxies.
As it is shown later, there is a possibility that the IMF varies systemati-
cally with redshift by becoming increasingly top-heavy with lookback time
in star-forming galaxies, with starburst galaxies exhibiting the most similar
properties to the galaxies at high redshift. This work also demonstrates that
the mass-to-light changes play an important role in reevaluating the physical
properties of galaxies and making sharper the interpretation of the stellar
mass assembly in terms of mass downsizing. Future work that follows-up
on the spectroscopic properties of the photometrically-constrained stellar
populations can test these results and help to understand more accurately
the physical connections between the gas-phase and stellar populations.

1.2 Modelling Stellar Light of Galaxies

Models of spectral energy distributions of galaxies are extremely valuable
for estimating cosmological redshift from photometry and reconstructing
physical properties of a galaxy, but they are complicated and include a wide
range of assumptions about the typical stellar populations in the galaxy,
the interstellar and intergalactic medium, presence of an AGN and dust
and the cosmic history of star formation. As most of these assumptions
are not directly testable and the available data often allows just a few
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statistical degrees of freedom, it is important to carefully select the models.
Generally, the simplest models can be constructed by using templates of
pre-selected well-measured galaxies that can be representative of a larger
population. A more detailed and common approach involves modelling
an SED from the �rst principles, which involves assuming an initial mass
function, modelling a simple stellar population using stellar spectra and
isochrones (through stellar population synthesis, SPS, models Bruzual A. &
Charlot, 1993; Leitherer et al., 1999; Anders & Fritze-v. Alvensleben, 2003;
Bruzual & Charlot, 2003; Maraston, 2005), evolving the system over a star
formation and chemical evolution history and applying the remaining dust
and AGN components. These steps will be reviewed briey in the sections
below (a detailed review of various ingredients and their limitations is given
in Conroy, 2013a).

Galaxy-wide Stellar Population

One of the key processes determining to the shape of an SED continuum
and various emission and absorption features is star formation. On the
scale of giant molecular clouds (� 10� 100 pc) star formation starts from
the collapse of dynamically cool gas on a free-fall timescale (� 30 Myr
in the Milky Way in Murray, 2011). During this process, gas fragments
and subsequently collapses into multiple stellar cores which form a stellar
population. As the e�ciency of converting gas into stars ranges between
0:2 � 20 % in the Milky Way (Murray, 2011) and � 5 � 15%, as estimated
in extragalactic studies of the ISM or from abundance matching (Stefanon
et al., 2017; Finkelstein et al., 2015b), most of the gas remains unused
and some returns to the ISM after most massive stars explode. Therefore,
this process can last until most of the gas is depleted or until interrupted by
various feedback processes, including active galactic nuclei or star formation
itself.

Star formation can be quanti�ed by starting with a simple stellar pop-
ulation (SSP) which is a coeval group of stars with the same metallicity
that acts as a unit stellar population. Every star is described by an ef-
fective surface temperature, surface gravity and stellar mass that result in
a unique stellar spectrum that can be either produced from observations
of stars in the Milky Way or using models with atomic and molecular line
tables scaled by chemical abundances. An SED of the whole population can
be produced by integrating over the distribution of stellar masses assumed
at birth, called the stellar initial mass function (IMF). It is commonly as-
sumed that the IMF is universal and usually one of its common empirical
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forms is used in local or extragalactic studies.

The exact SED of every galaxy is a composite of the SEDs of individual
star-forming clouds that can form in multiple locations at di�erent times
in a galaxy. As it is impossible to resolve individual stellar groups in most
extragalactic studies, it is necessary to assume that stars forming in a range
of gas-phase conditions across an individual galaxy can be represented by
an average stellar population with one age, metallicity and IMF (Weidner &
Kroupa, 2005). The total stellar emission in the UV and optical is usually
attenuated by dust grains (an example is shown in Figure 1.6). After being
heated by the young stars, dust in the stellar birth clouds produces hot
emission in the NIR, while dust component in the ISM being heated by the
ambient radiation �eld produces a cooler component.

Figure 1.6: An example model of a starburst galaxy with a dust component. The
�gure shows: stellar population component (blue), dust emission from stellar birth clouds
(green), dust emission from the ambient ISM (red), total SED model which includes the
attenuated stellar population (black). Adapted from da Cunha et al. (2008).

Accurately inferring physical properties from total galaxy SED depends
on the ability to constrain the SFH and the IMF of a galaxy, as they de-
temine colour and brightness of galaxies (Conroy, 2013b). For example,
a decreasing SFR can be misinterpreted as an IMF with a steeper (i.e.
top-lighter) high-mass slope. Even with a �xed IMF, studies of resolved
observations (Sorba & Sawicki, 2015, 2018; Gim�enez-Arteaga et al., 2023)
and numerical simulations (Narayanan et al., 2024) of galaxies �nd that the
model constraints based on the integrated photometry are dominated by the
stellar light of the most recent star formation event. To a large extent this
e�ect can be mitigated by sampling NIR tail of the old and intermediate-
age stellar populations (Song et al., 2023). Furthermore, recent work by
Sneppen et al. (2022) argues that in addition to the NIR and overall dense
wavelength coverage, deepest observations (signal-to-noiseS=N > 10� 100
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per integrated ux of a galaxy) allow to alleviate the degeneracy between
the SFH and IMF.

Stellar Initial Mass Function

Extragalactic studies make a common assumption about the integrated stel-
lar light of distant galaxies: stars are born with the same distribution of
mass in all galaxies as in the Milky Way (MW). It is postulated as the
universal stellar initial mass function (IMF; e.g., Kroupa, 2001). The low-
mass end of the IMF determines most of the stellar mass in a galaxy, the
intermediate-mass stars strongly contribute to the metallicity of the inter-
stellar medium, while the massive end dominates the stellar energy output.
Therefore, the relative abundance of stars of di�erent types in the spectrum
of stellar mass is a fundamental property that connects stellar populations
to galaxy evolution. It underlies the properties inferred from stellar light:
stellar mass, star formation rate, stellar metallicity and the amount and
strength of the ionizing radiation.

Is the IMF indeed universal given possible di�erences in the environ-
ments of star formation across gas clouds, galaxy populations and cosmic
times? Theoretical considerations show that the IMF may be set by a range
of physical conditions: the Jeans mass (Larson, 1998); stochastic processes
(Elmegreen, 2006); feedback of the �rst most massive stars (Silk, 1995); or
physics of turbulent interstellar medium (Hopkins, 2012). Whether the IMF
is determined by any or all of the processes, strong di�erences in molecular
gas conditions likely may a�ect a�ect the �nal distribution function. The
MW IMF is canonically represented as a single (Salpeter, 1955) or multi-
component power law (Kroupa, 2001) with the massm segment of the linear
form with the exponent � :

� (m) = dN=dm / m� � : (1.3)

Alternatively, it has been approximated as a log-normal distribution func-
tion by the central limit theorem assuming that star formation results from
a combination of many independently distributed variables (Miller & Scalo,
1979; Adams & Fatuzzo, 1996; Chabrier, 2003), as demonstrated in Fig-
ure 1.7.

Various studies �nd evidence pointing to IMF-driven variations in the
mass-to-light ratio increasing towards high redshift. Chemical abundances
of stars in the early-type galaxies suggest a bottom-heavy IMF in their
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Figure 1.7: The log-normal shape of the IMF assuming it results from many inde-
pendent physical and statistical processes by the central limit theorem. This shape is
used in several formulations, such as in Miller & Scalo (1979); Adams & Fatuzzo (1996);
Chabrier (2003). Figure is taken from Bastian et al. (2010).

most recent stage of star formation (Conroy & van Dokkum, 2012). On the
other hand, based on delay-time distributions of Type Ia supernovae, the
early-type galaxies are found to have an excess of white dwarfs indicative of
an intermediate-heavy IMF at z > 3 (Freundlich & Maoz, 2021). Finally,
super-solar abundance [N=O] in a galaxy at z = 10:6 points to possible
excess in the number of intermediate-mass (Pettini et al., 2008) or massive
stars (Bekki & Tsujimoto, 2023; Nandal et al., 2024), which may soon
motivate searches of similar traces in other galaxies at high redshift. These
hints from case studies of galaxies at di�erent times in the universe may
provide a pivoted framework for systematic changes in the process of star
formation.

In addition to the possible evolution with redshift, hints of IMF vari-
ations come from di�erent evolutionary types of galaxies. Studies of old
regions in the MW and local dwarf galaxies �nd evidence of a more bottom-
heavy IMF compared to the canonical MW versions (Hallakoun & Maoz,
2021). These �ndings are similar to mass-to-light ratio constraints in early-
type galaxies from absorption features speci�c to low or high-mass stars
(van Dokkum & Conroy, 2012; Conroy & van Dokkum, 2012; Zhang et al.,
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2018). Moreover, the dynamical mass measurements of the early-type galax-
ies from gravitational lensing indicate a similarly bottom-heavy IMF even
as far back asz = 2 (van Dokkum et al., 2024).

On the other hand, a lot of mixed evidence is found regarding the stel-
lar mass function in various environments locally and extraglactically. For
example, in young (a few Myr) star clusters with large stellar density in
the Milky Way (Figer et al., 1999; Stolte et al., 2002; Kim et al., 2006) and
Magellanic Clouds (Mackey & Gilmore, 2003), the mass function above� 1
M � is found to be atter than the Salpeter IMF. Although, some young
stellar systems (e.g., NGC3603 in N•urnberger & Petr-Gotzens, 2002; Sung
& Bessell, 2004; Stolte et al., 2006) and the dense Galactic centre (Bartko
et al., 2010) are consistent with the canonical mass functions at the high-
mass end. In addition, it is possible that the sub-solar mass function in
these systems may be suppressed due to the feedback from the younger
stars (McKee & Ostriker, 2007), although there have been only uncertain
indications about the lack of the small stars from indirect methods (Nayak-
shin & Sunyaev, 2005) and the exact physical timescales for low-to-high
mass stellar formation remain unknown. In turn, the high mass function
end has been found consistent with the MW IMF in the studies of chemical
abundances sensitive to stars of di�erent mass in extragalactic HII regions
and damped Ly-alpha galaxies (DLA) at around the cosmic noon (Pettini
et al., 2000; Molaro et al., 2001; Pettini et al., 2008).

Although the tests of IMF variations have proven to be extremely chal-
lenging, most opposing arguments do not appear in direct contradiction.
So far, there appears to be consensus regarding the older and more metal-
rich systems (MW thick disc, early-type galaxies locally and up toz � 2)
producing more low-mass stars canonically in the MW. Such e�ect could
be explained by high gas metallicity and the lack of gas in the star clusters
which can decrease an upper limit on the IMF (at least in the statistical
sense) (Bruzual & Charlot, 2003; Larsen, 2006). Regarding the studies of
young star-forming systems, di�erences in the upper end of the IMF are
inconclusive, which may be either due to a large scatter in star-forming
conditions in the local universe or that conditions of star formation in the
local universe do not appear to be su�ciently extreme where the average
cosmic star-formation rate density declines (e.g., lower rate of gas inows
and higher gas metallicity). At higher redshift (z � 2 � 3), the stellar
type-speci�c relative abundances of C and O isotopes \locked" in the ISM
of the sub-millimetre galaxies are solved for with a top-heavy IMF and no
meaningful star formation history-MW IMF combinations (Zhang et al.,
2018), while the [N/O] chemical abundances in DLAs at 2< z < 4 (Pettini
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et al., 2000, 2008) can be reproduced by varying star formation histories
alone, making this approach less useful for IMF measurements.

The goal of the work presented in Chapter 2 is to expand the work on
testing the IMF universality from predominantly small-sample case studies
to a large sample which includes representative populations of active and
passive galaxies across several billion years of the cosmic history.
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1.3 Thesis Outline

This work investigates several directions within the topic of galaxy evo-
lution that include composite stellar populations in normal star-forming
environments of galaxies at di�erent epochs and the possibility of star for-
mation inside energetic active galactic nuclei. It also shows that the average
star-forming conditions in a galaxy may be related to the morphological
properties of galaxies. The common theme that runs through all of the
chapters is the fundamental process of star formation which acts as a life-
line connecting small-scale physics and chemistry with the global evolution
of galaxies and matter in the universe. The focus of the following chapters
can be outlined by the following research questions:

ˆ Do spectral energy distributions of galaxies hold information about
the stellar IMF?

ˆ Does the IMF vary systematically across cosmic epochs and galaxy
populations?

ˆ Do analogues of active galaxies at cosmic dawn exist in the local
universe and at the cosmic noon?

ˆ Can the potential IMF constraints from the cosmic noon explain the
unusual properties of the galaxies in the �rst billion years?

ˆ What are the missing physical processes describing the physics of the
gas surrounding supermassive black holes? Can they shed more light
on the extreme star-forming conditions in the early galaxies at high
redshift?

This work addresses the questions, presents possible answers and sug-
gests the next steps. Although it may make some of the right steps in that
direction, these questions have been explored by the astrophysical commu-
nity for decades and deserve a much more detailed approach than could
be achieved in the course of this PhD. There is no doubt that exciting
prospects await to either disprove or validate the ideas and results and to
resolve existing extragalactic problems in the future.

Chapter 2 reiterates the motivation for including the IMF in the mod-
elling framework of galaxies, describes the simple framework adopted here
and the results of the experiment as well as their implications for some of
the key galaxy observables and relations presented in Chapter 1. Chapter 3
reports extraordinary observations of one quasar, describes it in the context
of existing phenomenological and theoretical models of quasars and provides
a new interpretation for the nature of the observed spectroscopic features.
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Finally, Chapter 4 briey return to the broad picture and describes the
results of this work in that context. It also mentions other ongoing work
and outlines possible future directions for the work presented here before
providing the �nal conclusion.



Chapter 2
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Mass Function
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Abstract

This work presents and releases a catalog of new photometrically derived
physical properties for the� 105 most well-measured galaxies in the COS-
MOS �eld on the sky. Using a recently developed technique, spectral energy
distributions are modeled assuming a stellar initial mass function (IMF)
that depends on the temperature of gas in star-forming regions. The method
is applied to the largest current sample of high-quality panchromatic pho-
tometry, the COSMOS2020 catalog, that allows for testing this assumption.
It is found that the galaxies exhibit a continuum of IMF and gas tempera-
tures, most of which are bottom-lighter than measured in the Milky Way.
As a consequence, the stellar masses and star formation rates of most galax-
ies here are found to be lower than those measured by traditional techniques
in the COSMOS2020 catalog by factors of� 1:6 � 3:5 and 2:5 � 70:0, re-
spectively, with the change being the strongest for the most active galaxies.
The resulting physical properties provide new insights into variation of the
IMF-derived gas temperature along the star-forming main sequence and at
quiescence, produce a sharp and coherent picture of downsizing, as seen
from the stellar mass functions, and hint at a possible high-temperature
and high-density stage of early galactic evolution.

2.1 Introduction

Most galaxies outside of the Local Group are studied by �tting photometric
templates with known physical properties. These templates rely on strong
assumptions about the formation and evolution of stellar populations (Con-
roy, 2013b). The problem is complicated, as most of the starlight is inte-
grated and comes from the high-mass stars that compose a small fraction
of its total stellar mass. Typically in models, the stellar population is pro-
duced by some form of a Galactic stellar initial mass function (IMF; such as
Salpeter, 1955; Miller & Scalo, 1979; Kroupa, 2001; Chabrier, 2003) com-
bined with a speci�c star formation history and dust extinction. Although
the IMF is constrained fairly well in the locality of the Milky Way (MW),
where it is possible to resolve individual stars, the same task is impossible
for distant enough galaxies. Therefore, as this assumption �xes a certain
stellar budget for galaxies, it is crucial that it holds so that the physical
properties are estimated accurately. Otherwise, it can break the results and
the interpretation of di�erent stages of galaxy evolution.

Several observations have hinted that models of integrated starlight cal-
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ibrated against stellar populations in the local universe may sometimes fail
at increasingly high redshift. Large galaxy surveys (Hildebrandt et al., 2009;
Caputi et al., 2015; Finkelstein et al., 2015b; Steinhardt et al., 2016) have re-
ported that dark matter halos inferred from stellar masses at high redshift
become too massive to �t cosmological predictions. Furthermore, recent
observations of galaxies atz > 8 (Naidu et al., 2022; Atek et al., 2023a;
Labb�e et al., 2023, among others) have revealed that by drawing from the
same stellar budget they require more baryons than there are produced at
that time (Boylan-Kolchin, 2023). At the same time, the observed lumi-
nosity functions have been under-predicted in some of the semi-analytical
simulations at z > 13 by a factor of 301.

On the other hand, low-redshift observations sensitive to low-mass stars
hint at underestimated stellar mass in early-type galaxies. For example,
measurements of stellar kinematics, absorption lines or various line indices
�nd excess in mass-to-light ratio in local elliptical galaxies relative to the
Milky Way IMF (Cappellari et al., 2012; Conroy & van Dokkum, 2012; van
Dokkum & Conroy, 2012; Mart��n-Navarro et al., 2015; van Dokkum et al.,
2017a). Other observations of resolved stellar populations in the MW or
local dwarfs demonstrate similar IMF results in old stellar structures (Geha
et al., 2013; Hallakoun & Maoz, 2021).

Together, these pieces of evidence independently suggest that the mass-
to-light ratio in galaxy models appears to be o� in the edge cases with
drastically di�erent star-forming conditions. It is too high for active galaxies
at high redshift and too conservative for passive ones at low redshift. At
the same time the galaxy populations with intermediate properties likely
represent the bulk of the distribution.

In the high redshift cases where the tension with the cosmology arises,
Steinhardt et al. (2023a) and Harikane et al. (2023) suggested that a
bottom-lighter (or top-heavier) IMF can account for the over-estimation
of stellar mass inferred from observations. Jermyn et al. (2018) and
Steinhardt et al. (2023a) proposed that the bottom-light IMF at high
redshift is likely driven by the cosmic microwave background (CMB)
temperature. Similarly, Yung et al. (2023) proposed that the simulations
can match the higher galaxy number densities with a top-heavier IMF. It
was also possible to resolve the tension by more properly accounting for

1It is worth mentioning that other studies have not reported the tension with in-
terpreted or simulated galaxy properties (Adams et al., 2023b; McCa�rey et al., 2023).
Others have indicated that it can be resolved by changing assumptions in galaxy models
(Yung et al., 2023). Therefore, the apparent nature of the tension reinforces the fact
that it is likely a test of the galaxy models and not the cosmology.
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cosmic variance, uncertainty in the stellar mass and accounting for possible
additional gas for star formation (Chen et al., 2023).

Consequently, one could also argue for a more bottom-heavy IMF to
solve the tension on the other redshift end (in the local universe) to account
for the reported under-estimation of stellar mass in the early-type galaxies.
This would be in agreement with the IMF measurements of Cappellari
et al. (2012); Conroy & van Dokkum (2012); van Dokkum & Conroy (2012);
Mart��n-Navarro et al. (2015); van Dokkum et al. (2017a). Therefore, if the
shape of the IMF varies with average conditions of star formation in di�erent
galaxies, there is likely to be a continuum of stellar mass functions.

In theory, changes in temperature, density or metallicity of the star-
forming material must lead to a corresponding change in the relevant mass
scales of the stellar population (Jeans, 1902; Low & Lynden-Bell, 1976;
Larson, 1998, 2005) and modify the shape of the IMF (Bate & Bonnell, 2005;
Jappsen et al., 2005; Krumholz, 2011; Hopkins, 2012; Jermyn et al., 2018).
Although, the star-forming gas conditions have been di�cult to determine
from line ratios at high redshift, the temperature of cold dust serves as a
strong indicator of conditions of the interstellar medium (ISM). A possible
link between the thermal state of the gas and dust in the main-sequence
galaxies has been shown by comparing mass and luminosity-weighted dust
temperatures with excitation temperature from [CI] line ratio (Valentino
et al., 2020).

Empirically, measurements of dust temperature hint that the state of
the ISM (and possibly the star-forming gas) changes with redshift and posi-
tion with respect to the star-forming main sequence (SFMS; Magnelli et al.,
2014; Lamperti et al., 2019). The latter studies show that the temperature
of the cold component of dust measured from the far-IR (FIR) continuum
increases from� 20 to 40 K for galaxies depending on the o�set from
the SFMS. In addition, the average dust temperature increases with red-
shift (Schreiber et al., 2018; Cortzen et al., 2020), which is similar to the
reported increase in the intensity of the radiation �eld at higher redshift
(B�ethermin et al., 2015; Magdis et al., 2017). If the molecular clouds ex-
hibit similar behavior, this evidence builds to suggest that the IMF should
change accordingly (Kroupa, 2001; Bastian et al., 2010).

Moreover, Gunawardhana et al. (2011) and Nanayakkara et al. (2017)
show that the excessive equivalent widths of theH� line are likely due to
a top-heavier IMF at z � 0:35 and z � 2. As this excess correlates with
the star formation rate (SFR), they suggest that the e�ect increases with
redshift for star-forming galaxies. In addition, a more direct probe of the
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IMF in Zhang et al. (2018) { 13C=18O transitions { reveals a top-heavier
IMF in several starbursts at 2< z < 3.

The recently introduced technique in Sneppen et al. (2022) was used to
constrain the IMF in some of the most well-measured galaxies. However, it
has been challenging to test the idea due to rare photometric band cover-
age and relatively low quality of available measurements. Therefore, most
samples are prone to the strong covariances between various model param-
eters. As such, the lack of emission from the bulk of stellar mass leads
to degeneracies between the IMF, the law of dust attenuation or the star
formation history. However, Sneppen et al. (2022) showed that improved
measurements in the recent data sets (such as COSMOS2015; Laigle et al.,
2016) can provide more statistical power to relax the assumption of the
local IMF and break the existing degeneracies to some extent.

This work employs the �tting technique to produce a catalog of new
physical properties for galaxies in the COSMOS �eld, available for use by
the community. It is expected that new higher quality observations released
in the COSMOS2020 catalog (Weaver et al., 2022) can reveal fainter galaxies
across a range of redshifts, as well as re�ne the observations of the previous
catalogs. With these data, it is possible to improve on the estimates of
stellar mass (M ?) and SFR, by starting with the, possibly, more physically
plausible set of assumptions for the stellar IMF. In addition, this update
provides the IMF property theoretically related to the temperature of the
star-forming gas (Jermyn et al., 2018) and argues for its importance for
galaxy evolution. The work here shows that the measured change in stellar
mass and star formation rate and the associated increase in the inferred gas
temperature at lower redshifts (0< z < 2) reinforces the importance of the
proper treatment of stellar populations particularly at high redshift, where
the cosmological predictions can be tested in the most direct way.

The data used in this work are described in§ 2.2. Next, § 2.3 out-
lines the procedure of SED �tting, which includes the description of the
temperature-dependent IMF and the associated templates. Then,§ 2.4
details the quality choices made to produce the �nal data set and demon-
strates the best-�t physical properties. The following subsections demon-
strate some well-known relationships with the new properties and describe
new insights driven by the best-�t IMF. Finally, the discussion in§ 2.7 re-
iterates some of the most critical approximations made when interpreting
observations in application to galaxy evolution. This work assumes a Flat
Lambda Cold Dark Matter cosmology (H0 = 70 km s� 1 Mpc� 1, 
 m = 0:3,

 � = 0:7).
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2.2 Data catalog

Previously, work to constrain the IMF using this technique was done with
the COSMOS2015 catalog (Laigle et al., 2016) in Sneppen et al. (2022),
which when published was the largest existing multi-band photometric data
set. COSMOS2020 (Weaver et al., 2022) is an updated catalog with more
detections and deeper and more precise photometry than the previous ver-
sions in the COSMOS �eld (Capak et al., 2007; Scoville et al., 2007; Ilbert
et al., 2009, 2013; Laigle et al., 2016). The most signi�cant advantages
arise from deeper infrared bands and from including bluer bands in its de-
tection image. The latter is expected to result in a higher number of small
blue galaxies, which is particularly useful for this work, where compact blue
galaxies are of special interest, as discussed in§ 2.4.

There are two primary versions of the COSMOS2020 catalog,CLASSIC
and FARMER. This work makes use of theCLASSICversion, which is preferred
for the brightest galaxies. In contrast to the modeled uxes in theFARMER
version, it derives aperture-based photometry from PSF-homogenized im-
ages similarly to the previous catalogs. Despite the di�erences in approach,
the precision of measurements and the fraction of outliers in terms of pho-
tometric redshifts are similar between them on average. For the brightest
galaxiesCLASSICperforms marginally better both in precision and number
of redshift outliers using the standard photometric �tting procedure.

The photometric bands were selected as per the suggestions in Weaver
et al. (2022). Several �lters were discarded as too shallow and thus
not providing additional constraints: Spitzer/IRAC Channels 3 and 4;
Subaru Suprime-Cam (SC) broad bands,NB 711, NB 816, NB 118; and
GALEX FUV and NUV. The �nal list of photometric bands included 25
�lters: Canada France Hawaii Telescope (CFHT)u, u� ; �ve Subaru/Hyper
Suprime-Cam (HSC) bandsgrizy; four UltraVISTA DR4 bands Y JHK S;
twelve Subaru/Suprime-Cam (SC) bandsIB 427, IB 464, IA 484, IB 505,
IA 527, IB 574, IA 624, IA 679, IB 709, IA 738, IA 767, IB 827; and
Spitzer/IRAC channels 1, 2. The work makes use of the deeper uxes
derived with the 2-arcsecond apertures. The photometry was corrected for
aperture sizes and the Milky Way extinction based on the o�sets provided
in the catalog.

To obtain the most accurate and well-measured objects in the COS-
MOS2020 catalog, several selections were made. Of the 1,720,700 sources,
approximately 437,000 were kept by removing the objects that were agged
by SExtractor , including sources biased by the bright neighbors, at the
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boundaries of the images, saturated detections or instances that failed at
execution. These sources were selected in \ultradeep" stripes of the Ul-
traVISTA photometry, which reduced the survey area from� 3:4 to 0.9
deg2 and decreases the volume completeness of the �nal catalog. Further
selections of objects were made after solving for SED templates with the
best-�t IMF, as some of the poor measurements were found to be most
prone to degeneracies in the solutions and ended up at the edges of the
IMF temperature range. This quality cut is described in§ 2.4.

2.3 SED Fitting with EAZY

The algorithm for �tting photometric SEDs with EAZY(Brammer et al.,
2008; Brammer, 2021) is based on a linear combination of SED templates
from a model set. This procedure signi�cantly reduces the computation
time, as the best-�t linear combination can be determined via matrix in-
version rather than via extended grid sampling.

However, if the set of basis templates is not carefully constructed, the
best-�t linear combination may produce an nonphysical shortcut solution.
This is possible as almost all of the resulting solutions are represented by a
linear mixture of young and old stellar populations with varying amounts
of dust. Even if the problem is well-determined, statistically, the ultravio-
let and infrared components of observed SEDs can be reconstructed with
di�erent combinations of dust, star formation history and the shape of the
IMF. Thus, for example, a quiescent galaxy at may be �tted with an SED
of a dusty star-forming galaxy at lower redshift, unless the strong emission
lines can be sampled by a fortunate coincidence of some narrow bands.

Therefore, it is crucial to construct a set of model templates to match
the prior expectations of physical properties of galaxies in the targeted
redshift regime. The templates are typically made to span a limited and
physically-motivated space of such parameters, e.g., stellar metallicity, age
and dust extinction. On the other hand, the spanned space is also made
substantially large to sample the properties as much as possible and avoid
forcing most of the inferred galaxy properties to look the same. The balance
between asserting a narrow physical domain of templates and still obtain-
ing a representative �t is achieved by ensuring that the template galaxies
e�ciently span the color space (Brammer et al., 2008). This work builds
on the templates provided for COSMOS2020 at the time of publication2.

2Standard COSMOS2020 templates made with a Chabrier IMF are available at:
https://github.com/gbrammer/eazy-photoz/ .
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Temperature-dependent IMF

It is likely that di�erent phases of gas in the giant molecular clouds result in
IMF variability across individual galaxies at di�erent physical locations and
at di�erent times of their evolution. Various dependencies of the IMF on the
gas phase have been proposed (Bate & Bonnell, 2005; Jappsen et al., 2005;
Hopkins, 2012; Krumholz, 2011), where some of the simplest approaches
use the scaling of the IMF mass with the temperature only (Jermyn et al.,
2018). The mass scale of cloud fragmentation in the Kroupa IMF (Kroupa,
2001) is made proportional to the square of the temperature:

dN
dm

(T) /

8
><

>:

m� 0:3; m < 0:08M � f (T)
m� 1:3; 0:08M � f (T) < m < 0:50M � f (T)
m� 2:3; 0:50M � f (T) < m

; (2.1)

wheref (T) = ( T=T0)2 is the scaling factor andT0 = 20 K is the reference
temperature set to approximately the temperature of the molecular clouds
in the Milky Way (Schnee et al., 2008). The scaling of the power-law break-
points is tied to the minimum fragmentation mass of a gas cloud, i.e. the
low-mass end of the IMF (Jermyn et al., 2018). Therefore, throughout this
paper we refer to the relative IMF changes as bottom-light or bottom-heavy,
although in practice the bottom-light(heavy) and top-heavy(light) shapes
are degenerate here, as the power-law slopes are �xed.

Although it is unclear precisely how the complex interplay of various
astrophysical mechanisms in molecular clouds sets their exact temperature,
perhaps, a minimum atz > 7 is set by the CMB, where it exceeds the local
temperature of 20 K. At lower redshifts, where the temperature exceeds
the microwave background, as for the� 20 K in star-formirng regions of
the Milky Way, it could be regulated by stellar radiation in regular main-
sequence galaxies or by cosmic rays in stellar explosions (Papadopoulos,
2010).

Although theoretically, the IMF is parameterised using the gas temper-
ature, it is unclear whether the best-�t IMF constrains this quantity or
is degenerate with other model SED inputs. For example, it was argued
by Steinhardt et al. (2022a) that the SED templates with a parametrised
IMF are likely sensitive to either the sharp decline in the star formation
history or just the IMF as the �rst order e�ect. There is less con�dence
that either of these can directly translate to the temperature of the molec-
ular gas. However, the SFMS is found to correlate with the IMF similarly
to the temperature of dust with redshift in Magnelli et al. (2014), which



2.4. RESULTS 35

lends more credence to the IMF-temperature interpretation. Moreover, the
connection of the IMF temperature to galaxy morphologies in Steinhardt
et al. (2023b) further reinforces the physical origin of this property.

Photometric templates used in this work were constructed to have as
similar properties as possible to the standard COSMOS2020 templates3,
with the sole exception of changing the IMF. The standard 17 templates
span stellar populations with ages from 0.1 to 7 Gyr, dust extinction ranging
� 0 � 2 magnitudes, a mixture of constant star formation histories (SFH)
with speci�c star formation rate sSFR� 2 � 10� 8 yr � 1 and 1� 10� 12 yr � 1

and lognormal SFH bursts at 0.1, 0.4, 1.7 and 6.7 Gyr with a width of 0.1
Gyr and the attenuation curve from Kriek & Conroy (2013) (Table 2.1).
Building upon this 17-template basis, a series of templates was made with
the varying IMF shapes that corresponded to molecular gas temperatures
ranging from 10 to 60 K in steps of 1 K. They were produced usingFlexible
Stellar Population Synthesis (FSPS) code (Conroy et al., 2009; Conroy
& Gunn, 2010) and made available publicly4.

2.4 Results

Generally, parameters inferred from large photometric surveys are analyzed
from the perspective of population statistics, rather than studying individ-
ual objects. In part, this is because the �ts for any individual galaxy are
often not well constrained, with star formation rates particularly poorly-
determined. This is even more relevant when the SED �tting is performed
with the addition of new parameters, which increases random uncertainty
and possibly causes additional degeneracies or strong covariances between
parameters. Therefore, it is necessary to consider quality cuts to maximize
the statistical con�dence of the �t results and identify potential outliers aris-
ing from the existing degeneracies. The relevant selections and validation
of photometric redshifts are described below. Additionally, the subsections
here show some of the well-known relationships, as well as the new ones
driven by the change of the IMF shape.

3The standard templates preserved the records of their parameters, except for the
star formation history. Therefore it was adjusted to produce as similar templates here
as possible.

4The templates with a range of varying IMFs are made publicly available at
https://github.com/vvrus/sed-templates.
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Table 2.1: Properties of the stellar populations in the 17-template basis of standard
templates used with COSMOS2020. The columns show the ID of a template; age of a
stellar population; fraction of a solar metallicity log(Z=Z � ); and dust extinction in the V
band, AV . The �rst 7 templates are produced using Padova isochrones withZ � = 0 :019
and for the last 10 MIST isochrones that assumeZ � = 0 :0142 were used.

ID Age (Gyr) log(Z=Z� ) AV

1 0.1 0.0 0.005
2 0.1 0.0 0.5
3 0.1 0.0 0.005
4 0.1 0.0 0.5
5 0.1 0.0 1.0
6 0.1 0.0 2.0
7 0.1 0.0 3.0
8 0.31 0.0 0.005
9 0.31 0.0 1.0
10 0.31 0.0 2.0
11 0.62 0.0 0.005
12 0.62 0.0 1.0
13 0.62 0.0 2.5
14 1.76 0.0 0.005
15 1.76 0.0 1.0
16 7.18 0.0 0.005
17 0.91 0.0 0.005

Quality Cuts

At �rst, the results of the SED �tting were used to discard poor samples.
The data here was cut based on photometric coverage to ensure that con-
straints on the IMF were as strong as possible. Then, the samples where
no solutions could be found or they were poorly de�ned were discarded.

First, it is crucial to have a sample observed over as broad of a set of
bands as possible in order to be able to constrain the solution parameters.
Thus, the redshift range was reduced to include objects in the range 0<
z < 2, as too many photometric bands drop out atz > 2.

It was demonstrated in Sneppen et al. (2022), using mock SED observa-
tions, that the IMF parameter can be safely recovered only for the objects
with the highest S/N ratios and at the IMF temperature above� 20� 25
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K. Most of the objects in the COSMOS2020 catalog lie near the detec-
tion limit and thus have relatively low-quality ux measurements, which
results in weaker constraining power for the given number of parameters
and, ultimately, inferred physical properties that cannot be trusted. For
example, some solutions were often found to be erroneously �t by the most
bottom-heavy or bottom-light IMFs or, alternatively, by the IMFs at edges
of the sampledTIMF range. As such, some faint quiescent galaxies with
high mass-to-light ratio and weak constraints in the UV can be sometimes
�tted with the most bottom-heavy IMF or a bottom-light IMF and high
dust extinction.

Therefore, Sneppen et al. (2022) and Steinhardt et al. (2022a) de�ned
the quality cut S=N > 10 in the Suprime-CamV band or UltraVISTA K
band, at which the number of such objects best �tted at the boundaries
of the temperature range dropped signi�cantly to� 10 � 15%. Here, in-
stead most of the objects at the temperature boundaries are discarded as
having poorly-de�ned solutions in their chi-squared landscapes� 2(TIMF ) at
10 < T IMF < 60 K with steps of 1 K. Speci�cally, the solutions with� 2

max �
� 2

min < 0:1, FWHM (TIMF ) < 4 K were discarded. If several solution tem-
peratures were identi�ed, the ones with the largest area

P
TIMF

� 2(TIMF )
were selected. As a result,� 250; 000 samples out of� 437; 000 (the 437,000
objects were selected as described in§ 2.2) passed with best-�t tempera-
tures, out of which only 60% of objects hadS=N < 10. The fraction of any
S=N at the margins of the temperature range did not exceed 7%. On the
other hand, the discarded sample was the noisiest, with 90% of its objects
having S=N < 10 in K S ux.

By cutting objects based on the quality of their � 2 peaks, the �nal
sample comprised 249,494 objects with 205,750 in the range 0< z < 2
where they were still covered by most of the photometric bands. The sam-
ple was reduced even further to 156,389 objects by agging the remaining
solutions as outliers. Those were identi�ed as faint objects with too low
or too high mass-to-light ratios and, thus, likely su�ering from degenerate
template parameters (more description is included in Appendix 2.9). Al-
ternatively, some objects discarded as outliers had additional local minima,
similar to objects identi�ed in Sneppen et al. (2022). They could arise due
to incorrectly �tting the highest-mass breakpoint in the Kroupa IMF in
galaxies that had recently lost their most massive stars, but still have the
intermediate-mass population. Lastly, only 72,805 objects in the catalog
have uncertainty in TIMF estimated using the minimum variance bound, as
described in§ 2.4, as the rest of them had low signi�cance of chi-square
solutions. These best objects were used to obtain the results in§ 2.4{2.4.
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Stellar Mass Completeness

Figure 2.1: Counts of all galaxies in the bins of photometric redshift and stellar mass.
The points show 95% mass completeness limits estimated by rescaling down to the de-
tection limit in IRAC Channel 1 for star-forming and quiescent. These limits log10 M (z)
were �tted with a Schechter function and shown as solid lines. The uncertainties are
taken as the median errors in bins of redshift and rescaled mass. The levels for star-
forming galaxies are below the limits of quiescent galaxies by 0:2 � 0:3 dex at 0< z < 2,
which reects the higher M =L ratio for the passive population.

The lower limit of stellar mass of a representative sample of galaxies
depends on the survey depth and the mass-to-light ratio of galaxies and
evolves with redshift. Owing to the lack of UV and optical emission per
stellar mass, quiescent galaxies are expected to be less complete than the
brighter star-forming sample at every redshift in the photometry of COS-
MOS2020. In addition, it is expected that at 0:0 < z < 2:0 the galaxy
sample is missing a population of blue dwarf galaxies, which fall outside of
the detection image, and, possibly, some galaxies at the large stellar mass
end at the lowest redshift due to a smaller volume. The separation of galax-
ies into star-forming and quiescent samples was done in the UVJ color space
(Williams et al., 2009; Arnouts et al., 2013).

By using the approach of Pozzetti et al. (2010), the limiting mass was
de�ned by taking the faint objects that are likely to have complete stellar
masses in bins of redshift and rescaling their masses to the magnitude of
the survey depth. Following the prescriptions in Weaver et al. (2023), 1%
of the photometric �ts with the largest chi-squared were removed from the
sample. Then, the stellar massesM of the 30% faintest objects in IRAC
Channel 1 magnitudesm were rescaled to the detection limitm0 = 26:4� 0:1
(Weaver et al., 2022) to obtainM 0:

log10 M 0 = log10 M + 0:4(m � m0): (2.2)
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Table 2.2: Best-�t parameters and their statistical uncertainties for the Schechter func-
tion representing the limits of mass completeness for star-forming and quiescent galaxy
samples (see Eq. 2.3).

Sample log10 M ? z? �
Star-forming 9.56� 0.53 -1.63� 0.28 -1.01� 0.01
Quiescent 9.10� 0.24 -1.89� 0.13 -1.03� 0.01

The 95% completeness level log10 M 95 was taken as the 95th percentile
of the log10 M 0 distribution and is shown with dots on Figure 2.1. The
calculation is done separately for star-forming and quiescent galaxies to ac-
count for their di�erent M =L ratios. The key assumption made here is that
galaxies withM 0 and M have the same relation to luminosity. However, as
the IMF correlations with the physical properties in§2.4{2.4 imply, M =L of
star-forming galaxies correlates with the stellar mass and the proper scaling
should account for this di�erence by using (M 0=L0)� 1 and (M =L)� 2 , where
� increases for larger stellar mass (i.e.� 1 > � 2). By assuming that � 1 = � 2,
as it is done here, the rescaled stellar massM 0 and, consequently, the mass
completeness are overestimated, albeit insigni�cantly, as the di�erence be-
tween the 30% faintest galaxies in magnitude at the same redshift should
be minor. Therefore, the completeness used here acts as conservative upper
limit. Finally, although the IRAC bands were not included in the detection
image of COSMOS2020, Weaver et al. (2023) argue that this should not
a�ect the results signi�cantly.

The completeness levels were calculated in bins of redshift at 0:1 < z <
3:4 for quiescent galaxies and 0:1 < z < 4:3 for star-forming galaxies in
steps of 0.3. Finally, the 95% mass completeness levelsM as a function
of z were �tted with a Schechter function (Schechter, 1976; shown as solid
lines in Figure 2.1; best-�t parameters are shown in Table 2.2):

log10 M (z) = (0 :4 ln 10) log10 M ?�
� [100:4(z? � z) ]� +1 exp (� 100:4(z? � z));

(2.3)

where uncertainties were taken as median� z in the bins of redshift and
bins of stellar mass� log10 M de�ned as log10 M 95 � 0:2 log10 M .

This work applies two separate 95%-completeness limits to star-forming
and quiescent galaxies estimated in Weaver et al. (2023) for all relationships,
except the redshift validation in Figure 2.2 and the change of properties due
to the IMF modi�cation in Figure 2.4.
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Cross-check of Photometric Redshifts

Spectroscopic redshifts have usually been used as a partial validation of pho-
tometric template �ts. Here, the same check is applied to the variable-IMF
�ts in the presented catalog. Figure 2.2 demonstrates the correspondence of
the sample with the spectroscopic redshifts from the latest Super-deblended
catalog (Jin et al., in prep.) and standard photometric redshifts based on
Chabrier IMF (at 20 K in the Milky Way) from the COSMOS2020 sur-
vey (Weaver et al., 2022). The outliers in the one-to-one comparison are
de�ned as points satisfying the conditionj� zj > 0:15(1 + z) (Hildebrandt
et al., 2009). The fraction of outliers� is indicated on the plot panels. It
shows that the spectroscopic sample disagreed in� 3 % of cases, similar
to the number outliers in the standard catalog, as shown in Figure 2.2 and
in Weaver et al. (2022). The precision of the photo-z is estimated by using
the normalized median absolute deviation� NMAD (Brammer et al., 2008),
which is not strongly sensitive to outliers:

� NMAD = 1:48� median
�

j � z� median (� z)j
1+ zspec

�
: (2.4)

Finally, the bias in the estimates is denoted asb= m edian(zphot � zspec).
These metrics perform similarly to the standard measurements reported in
the COSMOS2020 catalog. The agreement con�rms that even more signi�-
cant di�erences in templates have little e�ect on the redshifts reconstructed
with the same code (Sneppen et al., 2022). Finally, the outliers identi�ed
in Figure 2.2, have been discarded from the scienti�c results in the rest of
the work.

IMF Temperatures

The main result in this work is that most of the galaxies are unlike the local
analogs and have bottom-lighter IMFs, as traced by the IMF temperature
parameter (Figure 2.3). These best-�t IMFs indicate the larger relative
abundance of the most massive stellar populations at all redshifts. Theo-
retically, this change is expected to correspond to hotter (and, presumably,
denser and metal-poorer) molecular gas.

Possible relationships in the distribution of IMF temperaturesTIMF

at di�erent redshifts z are investigated by �tting an exponential function
TIMF (z) = A exp (� z=� ) (dashed lines in Figure 2.3). There is not a proper
way in the SED-�tting procedure implemented here for estimating uncer-
tainties in temperature, so the errors are calculated using the chi-square
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Figure 2.2: Density diagrams showing the validation of photometric redshifts zphot

obtained with the best-�t IMFs. Top panel: comparison of redshifts obtained with the
Chabrier IMF at 20K (Weaver et al., 2022) against the spectroscopic redshiftszspec

from (Jin et al. in prep.) (1,773 objects). Middle panel: redshifts obtained with the
Kroupa IMF at the best-�t temperature against the spectroscopic sample. Right panel:
comparison of the photometric redshifts zphot obtained with the Kroupa IMF at the
best-�t temperature and with the Chabrier IMF at 20 K (189,231 objects). The fraction
of higher than one-� outliers is indicated as� . Overall, the redshifts constrained with the
new SED templates appear to be consistent with the standard COSMOS2020 templates
and the spectroscopic sample.

� 2 statistic computed by EAZYfor best-�t models produced at each IMF
temperature in 10< T IMF < 60 K in steps of 1 K. By assuming that the
temperature estimator is unbiased (atTIMF & 20� 25 K) and using the Min-
imum Variance Bound, the uncertainty ^� T̂ was calculated as �T̂� and � T̂+

at logL(T̂ � �̂ T̂ ) = log Lmax � 1=2 with the likelihood as logL = � 2� 2. For
the solutions that did not have the su�cient signi�cance, the uncertainty
�elds in the catalog are left empty. The best-�t function in the total sample
(left panel) shows that the temperature increases from� 25 K to 35 K at
0 < z < 2, mostly driven by star-forming galaxies which were selected in
UVJ color space (Williams et al., 2009; Arnouts et al., 2013).

Although there is a large scatter in solutions for IMF temperature in
the whole sample, there is a systematic trend for increasing temperature
at higher redshift. One component of the scatter is added by the �tting
procedure and is expected to be mostly random at temperatures above
� 25 K. Based on the �ts of synthetic photometry, Sneppen et al. (2022)
showed that scatter in the recovered temperature is� � 5 � 10 K and the
estimator is only slightly biased at those temperatures for the strongest
photometric detections, while almost completely inaccurate for \cooler"
galaxies (see Figure 13 in their publication). However, it is possible that
other unaccounted systematic e�ects contribute to the obtained tempera-
ture distribution. For example, one of the critical limitations of the SED



42 CHAPTER 2. VARIABLE IMF

Figure 2.3: The number of objects in bins of IMF temperature and lookback time,
normalized in lookback-time bins � t i , for the total (left), star-forming (middle) and
quiescent sample (right). Dashed lines show best-�t exponentials �t in the space of
temperature and redshift (T; z) using individual non-normalized data. Uncertainties in
redshift are based on 1� width of p(z) solutions from EAZY(median binned errors range
between � z � 0:01 � 0:27). The errors in IMF temperature are computed using the
likelihood based on chi-squared of the SED solutions, and are very loose (see text for
details; median binned errors range between� T IMF � 3� 12 K). Most of the objects have
IMF temperature above that of the analogs in the local universe forming a continuum of
bottom-lighter IMFs. On average, the best-�t IMF temperature increases with redshift
as in Sneppen et al. (2022); Steinhardt et al. (2022b). Finally, the temperature and
corresponding IMF behaviour is distinct between active and passive galaxy populations,
where the former is almost exclusively responsible for the temperature increase in the
total sample. This result for star-forming and quiescent galaxies is consistent with the
observed trends in temperature of cold dust in similar redshift ranges (see text for refer-
ences).

templates employed here is that the temperature, density and metallicity of
the star-forming gas are not causally connected to the expected changes in
the de�nition (Eq. 2.1) of the IMF. Therefore, the resulting \temperature"
quantity is likely a combination of e�ects due to these three quantities.

The rest of the scatter appears to be due to the di�erences in the mass to
light ratio, M =L, of stellar populations in di�erent galaxies. For example,
the most common and strong distinction exists between active and quies-
cent galaxies, where the latter are expected to have bottom-heavier IMFs.
Indeed, the right panel in Figure 2.3 shows that the passive population is
consistent with the sameM =L and has relatively small scatter. Given that
the quiescent galaxies with very weak UV emission are expected to be the
least sensitive to probing the IMF, this result validates the �tting procedure.
This would be consistent with the measurements of dust temperatures in
quiescent galaxies that appear to have a lower limit atTdust � 21 � 2 K
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in a similar redshift range in Magdis et al. (2021). However, it is possible
that the temperatures of the star-forming gas and dust are set by di�er-
ent mechanisms in quiescent galaxies and therefore the former does not
have to be similarly bounded at� 20 K. This possibility cannot be tested
with the IMF estimator here, as it is completely biased in that temperature
regime. On the other hand, the active population spans the full sampled
temperature range at every epoch and is almost entirely consistent with the
temperature increase in the total sample.

By isolating the quiescent galaxies, it appears that the large scatter is
indicative of various star-forming galaxies. While most appear to be on
the main sequence the rest can represent di�erent sub-populations. Among
others, ULIRGS that are thought to result from major mergers of gas-
rich galaxies or close interactions (from observations Sanders et al., 1991;
Solomon et al., 1997; from simulations Mihos & Hernquist, 1996), have
been shown to exhibit a constant IMF temperature at� 30 K up to z = 2
(Sneppen et al., 2022), consistently with dust temperature estimates in
B�ethermin et al. (2015). Among galaxies e�ciently forming new stars are
\green peas" (Cardamone et al., 2009) that have small stellar mass and
compact morphology, little dust obscuration, and other starbursts that in-
clude galaxies with varying physical properties but appear to have similarly
high sSFR due to a recently ignited burst of star formation (Kennicutt &
Evans, 2012). Based on their properties, these types are likely to occupy
the higher temperature tail, above ULIRGS and typical SFMS galaxies.
Indeed, Zhang et al. (2018) showed that starbursts at 2< z < 3 have a
top-heavy IMF by measuring13C=18O transitions. Note, the density in Fig-
ure 2.3 reveals a grid pattern, which is likely due to �ts with degenerate
parameters, described in Appendix 2.9, that could not be removed entirely.

Finally, the large scatter in the IMF shapes here is in agreement with
the broad distribution of equivalent widths of H� at z � 2 in Nanayakkara
et al. (2017). That work shows that the most likely contribution to the
large widths is the top-heavy IMF. Moreover, the large scatter in the widths
cannot be explained entirely by the starbursts and likely indicates either
stochasticity or some underlying relationships in the shapes of the IMF.

This behavior of the IMF shape is similar to that found using galaxies
in COSMOS2015 (Sneppen et al., 2022), although it now extends to fainter
galaxies and lower temperatures at the higher redshift and includes galaxies
with higher measurement quality on average. In particular, more data �lls
the lookback time t > 8 Gyr (z > 1:1) and TIMF < 30 K in Figure 2.3. It
represents a faint red sample at the lower tail of sSFR or faint blue galaxies,
which have been observed owing to the depth of the COSMOS2020 surveys.
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Physical Properties of Galaxies

If most studied galaxies have systematically di�erent stellar populations
from what was assumed previously, their inferred stellar mass and the rate of
star formation must change correspondingly. Figure 2.4 shows the changes
in these two properties at 0:2 < z < 2:0.

Clearly, most of the objects have properties characteristic of the bottom-
lighter IMFs, or higher temperature of the star-forming gas. As can be
expected, the bias is associated predominantly with the bottom-lighter IMF
solutions for the star-forming galaxies. There, the magnitude of the change
appears to be correlated with the SFR of galaxies, or the strength of UV
emission. The largest o�set reaches� 1 dex in stellar mass and� 2 dex in
SFR, while the median changes are� 0:2 and � 0:4 dex, respectively.

The best-�t properties for the quiescent population at these redshifts
do not appear to be a�ected signi�cantly by the change. This indicates
two possibilities that: (1) their last stellar populations formed at the same
temperature as in the local universe; (2) photometric IMF variations in
the quiescent galaxies are below the sensitivity limit of our procedure of
T � 20 K. Nevertheless, the most bottom-light quiescent galaxies are still
found in the lowest redshift bins, atz < 0:8, which suggests that some
internal feedback (stellar radiation or cosmic rays) on top of the CMB may
heat the gas at the time of the last star-forming episode to above 25 K
at z > 0:8. However, it is also likely that some of coldest faint quiescent
galaxies atz > 0:2 may still be undetected.

It is also worth noting that the photometric �tting method is not capable
of recovering IMF shapes with IMF temperatureT < 20 K, as show in the
mock simulations in Sneppen et al. (2022). Therefore, the lower bound
found here is characteristic of the method. Although physically this bound
coincides with the temperature background in the MW, it disagrees with
the probes of even bottom-heavier IMFs in elliptical galaxies and other
old stellar structures at low redshift in Conroy & van Dokkum (2012); van
Dokkum & Conroy (2012); Geha et al. (2013); Mart��n-Navarro et al. (2015);
Conroy et al. (2017); van Dokkum et al. (2017a); Hallakoun & Maoz (2021).

Star-forming Main Sequence

At every redshift, most of the actively star-forming galaxies of each stel-
lar mass have been found to exhibit a narrow range of SFR, which de�nes
the star-forming main-sequence (SFMS) (Brinchmann et al., 2004; Noeske
et al., 2007a; Peng et al., 2010; Speagle et al., 2014). This relationship
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Figure 2.4: Di�erence in stellar mass and star formation rate between the \best-�t
IMF sample" ( M T ; SFRT ) and the standard properties from COSMOS2020 (M ; SFR)
at 0 < z < 2. The properties (M T ; SFRT ) are taken at the best-�t IMF temperature
T, while (M ; SFR) are based on the local IMF, analogous toT � 20 K. The standard
COSMOS2020 properties were converted from Chabrier to Kroupa IMF for a consistent
comparison, scaling properties by 1.06 (eg.,M K = 1 :06M C, using the conversion from
Zahid et al., 2012). The separation of galaxies into star-forming and quiescent was done
in the UV J color space of the best-�t IMF colors. The UV J classi�cation is consistent
between two catalogs with 98.2% agreement. The contours outline 42,545 active and
8,416 passive galaxies. Clearly, as the best-�t IMF is almost always bottom-lighter than
in the Milky Way, the masses and star formation rates shift to lower values. The median
di�erences of the total sample correspond tolog(M T =M ) � � 0:21 (1/1.6 linear change)
and log(SFRT =SFR) � � 0:40 (1/2.5 linear change). The o�set is on average higher
for star-forming galaxies with the highest SFR, while quiescent galaxies experience little
to no change in stellar mass and a similar change in SFR. The contours in both plots
are consistent and extend to the same number levels (outer contours cover 98% of the
respective total numbers).

holds in both photometrically and spectroscopically-derived SFR and de-
spite the fact that galaxies have a range of di�erent star formation histories,
supernova rates, strengths of active galactic nuclei feedback or cosmic envi-
ronment. However, it can still be expected that variability in these factors
can play role in changing the distribution of stellar masses in a galaxy.
Therefore, one of the ways of testing the properties of the variable IMF �ts
is by verifying that the main sequence still holds.

Figure 2.5 shows all galaxies, where the star-forming ones still form the
SFMS at each redshift despite the shift in stellar masses and star formation
rates due to changing the Chabrier IMF at 20 K to IMFs at the best-�t
temperatures. Similarly, the work of Steinhardt et al. (2022b) that im-
plemented the same temperature-dependent IMF, showed that there is a
correlation between SFR, stellar mass at every redshift, consistent with the
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Figure 2.5: All galaxies plotted in the space of the star-forming main sequence in red-
shift windows from z = 0 :2 to 2.0. The color corresponds to the median IMF temperature
in a bin of stellar mass and SFR (log(M ), log(SFR)). Bins with � 10 samples are �lled,
bins with 1 � 9 samples are shown as scatter. Typical star-forming galaxies are found on
the main sequence, showing a gradient of IMF temperatures correlated with the sSFR;
quiescent galaxies turn o� the sequence and extend to lower SFR at the highest stellar
masses and lowest IMF temperatures; objects with the highest IMF temperatures at the
low stellar mass end exhibit a distinct temperature relationship from the typical main
sequence (the temperature relationship is shown on Figure 2.7).

known relationship. While the SFMS appears to be the same qualitatively,
the exact o�set and gradient of the relation should be sensitive to the shape
of the best-�t IMF and should correlate with it, as suggested by the change
of the SFR and stellar mass in Figure 2.4.

The best-�t properties here indicate that there is a gradient of IMFs
along the SFMS at every redshift. The IMF temperature increases most
rapidly towards the high SFR and low stellar mass end. The gradient be-
comes steeper at the higher redshift, with more extreme cases of the high-
temperature galaxies. As shown in Figure 1 of Steinhardt et al. (2023b),
the change of IMF shape may be correlated with the gradient of the tem-
perature of dust continuum emission shown in Magnelli et al. (2014). This
suggests that the \IMF temperature" parameter may trace the temperature
of molecular clouds at star formation, as argued theoretically (Jermyn et al.,
2018). Therefore, with the evidence presented here and in the previous work
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it may be compelling to model a possible relationship or an equilibrium state
between temperature of the molecular clouds and cold dust. If calibrated at
low redshift, this relationship can be used to constrain the IMF for galaxies
at high redshift for which measuring gas temperatures from line ratios is
challenging (see§ 2.7 for further discussion).

As expected, the quiescent population is found at the highest mass bins
for a given SFR and redshift. The colors in Figure 2.5 indicate that the
quiescent galaxies are coolest at the lowest redshift, and gradually become
warmer at the higher redshift. This e�ect demonstrates that either the
star-forming gas used to form the last stellar population is hotter in ear-
lier epochs due to some feedback mechanisms or that some of the coolest
samples at the higher redshift are below the detection limit of the COS-
MOS2020 surveys. The last is more likely, as observations show that the
average temperature in massive quiescent galaxies at 0:2 < z < 2:0 is ap-
proximately constant at Td = 21 � 2 K (Magdis et al., 2021). Finally, the
quiescent galaxies are coolest among other galaxies at every epoch. Thus,
they appear to turn o� the main sequence once some critical mass is built
up5 which appears to be traced by the IMF temperature.

A population of low-mass and hot galaxies appears as indicated by the
IMF temperature in the highest redshift panels of the SFMS. These galaxies
have distinct combination of sSFR and IMF temperature, as discussed in
more detail in § 2.4. Steinhardt et al. (2023b) suggested that they also
appear to have compact morphologies. It has been hypothesized that these
galaxies may represent the early, core-forming stage of galaxy evolution. If
that is the case, this population is only cooling down onto the SFMS and
thus can be expected to have a di�erentSFR � M ? relationship or none,
similarly to quiescent galaxies.

It is unclear whether this sample is separate from the typical star-
forming galaxies on the main sequence and therefore requires investigation.
Previously, it has been argued by Abramson et al. (2014) that the SFMS can
be explained solely by the spatially-resolved evolution of the star-forming
discs which host evolved bulges. If the fundamental SFMS evolution is
driven purely by the physics of star formation, it is possible that the core-
forming galaxies form a similarly straight SFMS. On the other hand, if the
typical main sequence galaxies are driven by a combination of star forma-
tion and disc-morphology e�ects, the core-forming galaxies may exhibit a
characteristically di�erent main sequence: a power law with a di�erent ex-

5Evidence in § 2.4 from quiescent galaxy fraction appears consistent with there being
a characteristic mass for quenching at every redshift, which monotonically decreases
towards the current epoch.
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ponent, normalization or a di�erent functional form (more details follow
on this in § 2.4). Thus, morphology may present hints for the mechanisms
driving the SFMS relation and other stages of evolution.

Finally, the galaxy sample covers almost 4 orders of magnitude in SFR
with some of the fainter samples detected only in COSMOS2020 and not
the previous COSMOS catalogs (Figure 2.5). The low-mass galaxies are
cut sharply at the higher redshift due to a combination of the Malmquist
bias at the low SFR, the quality cuts here at the higher SFR (see§ 2.4)
and mass completeness cuts. At the same time, the most massive and
luminous galaxies are found in the most distant observations where the
sampled cosmic volume is largest.

Stellar Mass Function

Stellar mass function, as the comoving volume density of star-forming and
quiescent populations at di�erent redshift snapshots, is an observational
tracer of growth of stellar mass at di�erent scales over time (Fontana et al.,
2006; Drory & Alvarez, 2008; Marchesini et al., 2009; Peng et al., 2010;
Pozzetti et al., 2010; Ilbert et al., 2013; Moustakas et al., 2013; Muzzin
et al., 2013; Grazian et al., 2015; Song et al., 2016; Davidzon et al., 2017;
Stefanon et al., 2021; Weaver et al., 2023). These observations provide
constraints for theoretical models and simulations of galaxy evolution, and
eventually help to study the mechanisms regulating galaxy assembly, growth
and quenching of star formation. Here, the fraction of quiescent to total
galaxies in terms of the mass functions is used to show the growth and the
hierarchy of the quenched population.

The fraction of quiescent galaxies as a function of stellar mass obtained
with the best-�t IMFs is reproduced with the same overall characteristic
behaviour as in most studies that observe the e�ect of downsizing, reported
�rst in (Cowie et al., 1996; Juneau et al., 2005; Fontanot et al., 2009).
The mass scale of quenching on Figure 2.6 indicates that the most massive
galaxies are formed at earlier epochs and evolve faster than the less massive
populations at lower redshift.

According to the best-�t stellar masses obtained with a bottom-lighter
variable IMF (Figure 2.4), the stellar mass function for star-forming galaxies
is shifted towards the lower stellar mass with respect to the quiescent which
stays una�ected (individual mass functions are shown in Appendix 2.10).
Therefore, the passive galaxy population becomes more abundant for the
most massive galaxies at every redshift. As a result, the evolution of the
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Figure 2.6: The observed fraction of the quiescent galaxies as a function of stellar
mass de�ned aslog(	 QS =[	 SF + 	 QS ]) for a stellar masses derived with a best-�t IMF
(left) and standard stellar masses form the COSMOS2020 catalog (right). The uncer-
tainties include Poisson error in star-forming and quiescent galaxy counts. Stellar mass
log(M ) is limited according to completeness levels at di�erent redshift for star-forming
and quiescent galaxies (Weaver et al., 2023). At every redshift, most massive galaxies
complete their evolution �rst, and lowest mass galaxies take the longest time to evolve.
The evolution from high to low mass end progresses smoothly with redshift. Overall, this
picture is consistent with the e�ect of downsizing. Notably, for the properties with the
best-�t IMF this e�ect appears consistently at all redshift bins { even at z > 1 { unlike
in some of the previous studies of stellar mass functions (see text for details). These
properties (left) show a systematically higher fraction of quiescent galaxies in the most
massive tail than inferred from the standard property set (right). This di�erence comes
from the di�erential change in the stellar mass, where the star-forming functions are
shifted towards lower masses, while the quiescent ones mostly remain unchanged (this
comparison is shown in Appendix 2.10).

quiescent mass scale is even more sharply consistent with mass downsizing
in comparison to standard photometric properties, similarly to results in
Steinhardt et al. (2022a).

The change in the quiescent galaxy fraction with redshift allows plac-
ing constraints on possible mechanisms of quenching. As shown in Stein-
hardt et al. (2022a), there appears to be a characteristic mass at every
redshift, above which majority of the galaxies have stopped forming stars.
This characteristic mass monotonically increases with redshift, consistent
with downsizing. This behaviour is consistent with running out of cold
molecular gas or some universal feedback mechanism and ability to cool
it or, more broadly, with the framework of \mass quenching" (Peng et al.,
2010). Some possible quenching mechanisms include morphological quench-
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ing, AGN feedback or cosmological starvation (Man & Belli, 2018).

Galaxy Population Diagram

This section shows a relation between the sSFR, or inverse galaxy growth
timescale, and the temperature of the star-forming gas derived from the
IMF constraints. It appears that main-sequence galaxies experience a de-
cline in the e�ciency of converting their gas into stars towards lower red-
shift from molecular gas studies (Magdis et al., 2021) or, more generally,
from abundance matching (Finkelstein et al., 2015b). Similarly, there is a
monotonic decrease in sSFR of main-sequence galaxies from photometric
properties (Peng et al., 2010; Speagle et al., 2014). As seen from the SFMS
in this work (Figure 2.5), the IMF temperature is proportional to sSFR
for star-forming galaxies, but the relationship is likely di�erent or breaks
completely for quiescent galaxies. Should this behaviour break or change
characteristically for any galaxies in our sample, this may signify a di�erent
regime of star formation, as argued in Steinhardt et al. (2023b).

Figure 2.7 shows the relationship between sSFR and the IMF tempera-
ture in the sample at 0:2 < z < 2:0. As can be expected, the densest region
of the diagram is populated by galaxies on the main sequence. There IMF
temperature and sSFR appear to be coupled the strongest for these galaxies,
albeit spanning a small range of both properties. Likely, this is consistent
with the strong feedback mechanisms driving these galaxies on the SFMS.

The sSFR � TIMF coupling appears to break in two di�erent ways for
the extreme tails in temperature and mass, which suggests characteristi-
cally distinct galaxy populations. The low temperature end with the most
massive objects is represented by the quiescent population. Finally, the
population at the high temperature has the shortest growth timescales,
lowest masses and thus is likely to be in the state of rapid star formation
and cooling onto the \typical" main sequence. Perhaps these properties sig-
nify three distinct modes of star formation, connected by galaxy evolution
tracks �rst from early rapid formation, then to the strongly-regulated main
sequence and, �nally, quiescence. Possible physical processes de�ning these
modes are discussed in more detail in Steinhardt et al. (2023b).

In addition, Steinhardt et al. (2023b) suggest that the thermal evolution
on and o� the star-forming main sequence may be independently linked to
the apparent morphological development of galaxies. The connection shows
that the cooling o� the main sequence galaxies is possibly associated with
the transition from disc-like structures with a central bulge or a core to a
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more extended elliptical structure. The evolution is also apparent in the
change of photometric colors, from predominantly blue discs with red cores
to red ellipticals. Finally, the new, early stage of evolution appears to have
blue compact cores as their morphological counterparts at all redshifts,
which could be progenitors of the future disc-like galaxies with a predom-
inatly quiescent core, similarly to the morphologically-driven evolution in
Abramson et al. (2014).

Notably, sSFR = 10� 8 yr � 1 is a common upper limit set by star forma-
tion rate in SED templates in di�erent �tting codes. Greater sSFR are not
allowed to avoid degeneracy between the star formation history and dust
in solutions. Therefore, the real gradient at the high temperature tail may
be steeper than observed here. The true slope is going to constrain the po-
tential physical mechanism driving the evolution of this galaxy population.

On the other end, the quiescent population appears to be limited from
the bottom at around TIMF � 20K , which is either real or limited by
the sensitivity of the photometric procedure to the weak UV signal. The
20 K limit is in agreement with the local molecular gas measurements in
the Milky Way (Schnee et al., 2008). The Galaxy is likely on the way
down in the quiescent branch at low temperature and atsSFR � 10� 11

yr � 1 (Licquia & Newman, 2015) on Figure 2.7. Therefore, this suggests
that the sharp cut at the low temperature and at least down to the MW
sSFR is real. Nevertheless, the technique employed here cannot recover
temperatures lower than 20� 25 K, as shown using mock galaxies in Sneppen
et al. (2022). Therefore, the method here is not capable of recovering those
IMF that have bottom-heavier shapes than in the MW, as reported for
stellar systems with old stars in Conroy & van Dokkum (2012); van Dokkum
& Conroy (2012); Geha et al. (2013); Mart��n-Navarro et al. (2015); Conroy
et al. (2017); van Dokkum et al. (2017a); Hallakoun & Maoz (2021).

2.5 Interpretation as a Morphological
Sequence

This section is included in the Chapter during the writing of the thesis. It
shows relevant results of morphological analysis of theCOSMOSgalaxies from
Steinhardt et al. (2023b). It includes Section 4.1 \Core-forming Galaxies and
Blue Nuggets" and Figures 3, 4 (with minor changes) from that publication,
which were composed by the author of the thesis.
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Figure 2.7: Diagram of sSFR as a function of IMF temperature TIMF for several
redshift windows in the COSMOS2020 (top row; provided here) and COSMOS2015 sur-
veys (bottom; from Sneppen et al., 2022). The bins are colored by median stellar mass
log(M ). The black contours show the sample density for reference. Bins with� 10 sam-
ples are �lled, while the bins with 1 � 9 samples are shown as scatter. The gray-shaded
area shows the range where the temperatures cannot be recovered. The densest regions
are populated with the typical main-sequence galaxies, which appear to be driven by the
coupling of sSFR and IMF temperature. The two tails with characteristically di�erent
sSFR � TIMF relationships from the typical main sequence appear to be quiescent (low
TIMF ) and active (high TIMF ). These distinct galaxy regions show a smooth gradient of
stellar mass, which together with the declining sSFR andTIMF suggests a clear evolu-
tionary sequence. The sample shown at the top excludes outliers resulting from spurious
SED �ts (see Appendix 2.9). According to the synthetic tests performed in Sneppen
et al. (2022), the best-�t IMF properties cannot be trusted at TIMF . 20 K. Therefore,
sub-samples atTIMF � 10� 20 K that are present in most panels here cannot be trusted.

It is found here that the morphological properties of galaxies complement
the galaxy-wide physical properties from SED �tting. For example, visual
inspection of the images of the brightest candidates (in F814W and F160W
HST ACS/WFC3 bands6) selected from each of the three groups on the
sSFR � TIMF diagram at the same redshift shows distinct morphological
and colour properties (Figure 2.8). The most top-heavy IMF and high-
sSFR objects (top panel) have smaller spatial extent, irregular or disc-
like shape and are predominantly blue. On the other end, the quiescent
sample (bottom panel) has distinct elliptical morphology, large sizes and
red colours. The typical MS galaxies appear to be in between with a range
of morphologies, some of which have developed structure with spiral arms
and bulges, and a red-blue colour gradient at increasing radius.

A more detailed analysis is shown in Figure 2.9. The images of galaxies
are modelled with a single-component S�ersic pro�le in the F814W band,

6Observations are preformed and reduced as part of the COSMOS HST Treasury
project
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