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A F. Esselink

Abstract

Most star-forming galaxies in the Universe host a rotationally supported disc, which is the
main site of gas accretion and star formation. The evolution of these discs is not well under-
stood, as it depends on several connected processes and varies strongly with galaxy mass and
redshift. Simple spatially resolved models are useful to interpret observed scaling relations and
to compare with the growing amount of resolved data across cosmic time.

We present a radially resolved semi-analytic model for the evolution of star-forming disc
galaxies. The model self-consistently includes gas accretion, angular momentum conservation,
radial flows, star formation, and an evolving dark matter halo. The free parameters of the
model are constrained through MCMC fitting to local scaling relations: the baryonic Tully-
Fisher relation, the relation between the specific angular momentum, baryonic mass and gas
fraction, and the stellar size-mass relation.

The model successfully reproduces the local scaling relations. The resulting evolution shows
inside-out growth, extended gas discs relative to stars, and star-formation histories peaking
near z ~ 2. Comparison with high-redshift observations reveals mixed agreement. The model
underpredicts the evolution of the Tully-Fisher relation in massive systems, likely due to un-
derestimated early halo growth, while it more closely matches the evolution of the stellar and
baryonic specific angular momentum - mass relations. Stellar sizes evolve only modestly in
comparison to empirical evolution of the stellar size-mass relation. The star formation main
sequence is reproduced qualitatively with elevated high-z SFRs. The model reproduces stellar-
to-halo mass relation at z = 0, but shows systematically high stellar-to-halo ratios at high-z
compared to the observed evolution. These tensions highlight the need for physically moti-
vated extensions, such as feedback-driven outflows, delayed stellar recycling, and faster early
halo growth. Overall, our model captures the first-order evolution of disc galaxy properties
across cosmic time and provides constraints on parameters such as accretion timescales and
angular-momentum growth.
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A F. Esselink 1. Introduction

1 Introduction

Galaxies are complex systems whose formation and evolution are governed by a combination of
cosmological, dynamical and baryonic processes. Among them, star-forming galaxies (SFGs) play
an important role in our understanding of galaxy evolution, as they show active star formation
and structure growth across cosmic time (Kennicutt, 1998; Madau & Dickinson, 2014). A signif-
icant fraction of SFGs are disc galaxies, which are rotationally supported systems with ordered
stellar motions and flattened, extended structures. Their stellar and gas components are orga-
nized into discs whose size, mass, and angular momentum reflect both the properties of the host
dark matter halo and the history of gas accretion, star formation and feedback processes (Fall &
Efstathiou, 1980; Mo et al., 1998; Posti et al., 2019).

The observable imprint of the different physical processes that regulate the evolution are re-
flected in the scaling relations of disc galaxies. Relations such as the stellar and baryonic Tully-
Fisher relations (Tully & Fisher, 1977; Lelli et al., 2016b), the Fall relation between specific angular
momentum and mass (Fall, 1983; Posti et al., 2018), the size-mass and star formation main se-
quence relations (van der Wel et al., 2014) provide crucial constraints for models of disc evolution.
These scaling relations encode information about the efficiency of star formation, angular momen-
tum retention, and the baryonic-to-dark-matter connection, offering an empirical framework to
constrain galaxy formation models across cosmic time.

In this thesis, we build a radially resolved semi-analytic model for star-forming disc galaxies.
The model is constrained using local scaling relations and tested against high-redshift observa-
tions to study the evolution of disc properties and scaling relations. With this method we aim
to improve our understanding of the processes that govern the evolution of disc galaxies across
cosmic time.

1.1 Ingredients for disc evolution

The evolution of galactic discs is driven by a set of physical processes that regulate how baryons
are accreted, redistributed, converted into stars, expelled, and recycled. This section examines
the influence of the dark matter (DM) halo, the mechanisms governing gas accretion, star forma-
tion, and feedback, the acquisition and redistribution of angular momentum, and the impact of
mergers.

Galaxies form and evolve within dark matter haloes, which provide the dominant gravita-
tional potential in which baryons reside. The halo mass and its growth therefore are an important
factor in determining the scale and dynamics of galaxies. In ACDM cosmology, DM haloes as-
semble hierarchically from small to large scales (van den Bosch et al., 2014). The rotation of the
baryonic galactic discs that are formed within the DM potential, is largely governed by the halo
mass, producing rotation curves that remain flat beyond the optical disk.

1.1.1 Gas accretion

For low-mass haloes, cold filamentary gas is thought to be able to flow directly from the cosmic
web into the circumgalactic medium (CGM) and onto the disc, without being shock-heated (Dekel
& Birnboim, 2006), also known as cold-mode accretion. In higher mass haloes, the surrounding
gas is commonly shock heated to temperatures close to the virial temperature, requiring processes
such as radiative cooling to accrete onto the disc, also known as hot-mode accretion (Tumlinson
etal., 2017). The halo virial mass threshold between cold and hot-mode accretion is around M, ~
1011512 Mg, with little evolution with redshift (Dekel & Birnboim, 2006; Keres et al., 2005).
Generally, in the early-stage of galaxy evolution, gas is expected to accrete in cold-mode accretion,
due to the lower mass of the haloes at these times. Hot mode accretion becomes more important
at lower redshifts when the haloes have grown more massive. The time at which the transition
from cold- to hot mode accretion takes place varies based on halo mass. For massive haloes
(= 10'? Mg), this happens around 2z ~ 2 — 3. In lower mass haloes (< 10'2 Mg) cold-mode
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accretion can remain dominant up to z = 0 (Dekel et al., 2009; van de Voort et al., 2011). However,
the full process of gas accretion onto the disc is very complex and remains not fully understood.
Many mechanisms, such as gravity, heating and cooling, and feedback, impact accretion.

1.1.2 Star formation and depletion time

Within a galaxy disc, star formation occurs by gravitational collapse and fragmentation. For this
to occur cold dense gas is required, e.g. molecular clouds. Inside these clouds, radiative cooling is
more efficient then in the diffuse ISM. The low temperatures lead to low pressure, which increases
the likelihood of a gravitational collapse inside molecular clouds (McKee & Ostriker, 2007). As
stars form, their mass is locked up with a fraction of their mass being returned to the interstellar
medium (ISM) through supernovae and stellar winds. The amount of gas that is returned to the
ISM is mostly dependent on the initial mass function (IMF) and the star formation rate (SFR) at the
time the stellar population was born. The IMF describes the mass distribution of stars of a stellar
population at its birth. The first formalism for the IMF was a single power law ¢(M) oc M 235
by Salpeter (1955). The main difference with other IMFs is the behaviour at the low-mass end:
the Kroupa IMF uses a broken power law, with flatter slopes at low masses (Kroupa, 2002), the
Chabrier IMF adapts a log-normal form at low masses (Chabrier, 2003).

The timescale at which star formation can take place depends on the gas reservoir. An estimate
of this can be made based on the SFR and gas supply at a given time using the depletion time 74,
Tdep ~ Mygas/SFR. For galaxies with a Milky Way (MW) like mass, 7qep ~ 2 — 4 Gyr (Whitaker
et al., 2012; Tumlinson et al., 2017). However, the timescale on which the MW has been forming
stars is much longer, indicating that accretion of fresh gas is required to sustain star formation on
longer timescales (Schonrich & Binney, 2009; Fraternali & Tomassetti, 2012).

Neutral atomic hydrogen (HI) dominates the outer regions of galaxy discs, forming a diffuse
and extended reservoir of gas that can serve as the primary fuel for future star formation once it
condenses into molecular clouds. Low-mass galaxies have a high gas fraction, where the gaseous
disc (HI gas) is much more extended than the stellar disc, as most of the star formation occurs in
the inner disc. Consequently, their depletion time is already similar to the Hubble time, requiring
little gas accretion, as long as inward radial flows can feed the central regions of the disc (Cimatti
et al., 2020).

1.1.3 Feedback

Stellar evolution processes and active galactic nuclei (AGN) are the main sources of feedback in
galaxies, and can strongly affect the star formation and general baryon cycle. Massive stars can
inject energy in the ISM via UV radiation, and expel large amounts of gias via stellar winds and
supernova explosions, while AGN can drive powerful jets and outflows. This feedback can drive
turbulence in the ISM and cause large-scale outflows that carry gas out of the disc. Outflows are
thought to regulate the star formation by heating or expelling the gas.

Gas ejected by stellar or AGN feedback can form large-scale galactic fountains, in which the
expelled material cools and falls back toward the disc on timescales of a few hundred Myr (Fra-
ternali et al., 2013; Nelson et al., 2015). On larger scales, wind recycling can occur, where outflows
driven by stellar or AGN feedback escape into the CGM or IGM and later reaccrete over timescales
of Gyrs (Oppenheimer et al., 2010). Additionally, gas heated by feedback may remain bound to
the halo and cool gradually within the CGM, later accreting onto the disc through processes such
as radiative or mixing-induced cooling (Voit et al., 2017; Hafen et al., 2022). In low mass galax-
ies, stellar feedback can remove a significant fraction of their gas and reduce their star formation
overall (Muratov et al., 2015; Christensen et al., 2016).

1.1.4 Angular momentum

The angular momentum of matter is another critical factor of a galaxy disc’s structure. In the early
Universe, DM haloes acquire angular momentum through tidal torques from neighbouring den-
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sity fluctuations (Peebles, 1969). This angular momentum is shared with the gas within the halo
and is partially transferred to the disc when the gas cools and accretes onto the disc. The specific
angular momentum of the accreting gas influences the size and rotation of the disc. Tidal-torque
theory predicts that material accreted at later times generally carries higher specific angular mo-
mentum because torques accumulate as structure grows. Gas that remains hot in the halo cools
slowly and thus experiences additional torquing and mixing before it settles into the disc. In gen-
eral high angular momentum gas tends to settle at large radii. Early cold, rapid inflows deliver
lower-angular momentum material more directly, letting gas settle in more central regions, with
the possibility of triggering starbursts or contributing to bulge growth. The net effect is an in-
crease of the accreted angular momentum with time, which naturally drives inside-out growth
and the emergence of extended, rotationally supported discs (Stewart et al., 2013; Danovich et al.,
2015). The angular momentum distribution of infalling gas can therefore regulate not only the
disc size but also its rotation curve and stability, with important consequences for the star forma-
tion efficiency and morphological evolution of the galaxy (Fox & Davé, 2017).

1.1.5 Mergers

Merger events can fundamentally alter galaxies, but the significance of their impact depends
strongly on the mass ratio and gas content of the progenitors, and the redshift of the event. In
major mergers (mass ratios <3:1), the colliding systems can lose angular momentum, triggering
starbursts and transform the morphology from a disc into a spheroid-dominated system. They
also tend to disrupt ordered rotation, increase stellar velocity dispersion, and build up promi-
nent spheroidal components (Lin et al., 2008). In the case where the progenitors are gas-rich (wet
merger), the angular momentum loss in the gas can be less significant and subsequently re-form
a rotating disc after the merger. In the local Universe, most SFGs galaxies are dominated by rota-
tionally supported stellar components, with only modest contributions from central bulges. Their
stars move predominantly in ordered circular orbits rather than in random motions, reflecting the
kinematics of a dynamically cold disc. Such structural and dynamical properties suggest that the
majority of present-day discs have not experienced recent major mergers (Somerville & Davé,
2015).

Minor mergers (typical mass ratios ~10:1 or larger) cause less disturbance to the disc but are
able to dynamically heat the stellar component or contribute to the formation of thick discs (Mar-
tin et al., 2018). Observational and theoretical estimates of both the cold gas content in present-day
satellite galaxies and their merger timescales indicate that these systems do not supply enough
gas to sustain the current star formation rates of large spiral galaxies (Di Teodoro & Fraternali,
2014). Consequently, minor mergers are unlikely to represent the dominant mode of gas accretion
for the spiral galaxy population as a whole, particularly at low redshift (Fraternali & Tomassetti,
2012).

1.2 Kinematic scaling relations and their evolution as model benchmarks

Local star forming galaxies show strong correlations between several physical properties. These
scaling relations can give useful insights into the formation of galaxies and can be used to test
galaxy formation and evolution models. The kinematic scaling relations discussed in this section
are well established in the local universe; however, their evolution is highly debated. A selection
of local scaling relations will be used to constrain the parameter of our evolution model while
others are used to check the outcome of the model and its accuracy at higher redshifts.

1.2.1 Tully-Fisher Relation

The Tully-Fisher relation (TFR) was originally presented as a linear correlation between the log-
arithm of the velocity widths of HI profiles and the absolute magnitudes of SFGs, with the pur-
pose of using it as a distance indicator (Tully & Fisher, 1977). However these parameters can be
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connected to other aspects of a galaxy. The velocity width is directly related to the rotation ve-
locity of the disc. Additionally, the absolute magnitude can be expressed in terms of luminosity,
which in turn can be related to the stellar mass. One common method is to assume a constant
stellar mass-to-light ratio T, in the near-infrared 3.6 ym band, with the ratio commonly set to
TP ~ 0.5 My /Lo.

Subsequently, the TFR is often presented as the relation between the stellar mass M, and the
rotation velocity. The flat part of the rotation curve is often used as a proxy for the rotation and
reduces the intrinsic scatter in the relation (Verheijen, 2001). The circular velocity is also a tracer of
the galaxy’s gravitational potential and can therefore be linked to the combined mass distribution
of the disc and dark matter halo.

Spatially resolved HI observations from radio interferometers can be used to establish the
kinematics of galaxies from their rotation curves. HI is also an ideal tracer of Va.:, because the
atomic gas component is more extended than other gas components or the stellar component. At
outer radii, the rotation curve is expected to be dominated by the DM halo, making Vj,; closely
related to the virial velocity. The linear relation between the stellar mass of the disc M, and Vqayis

written as: v -
* o flat
log <%> = slog (kms—l) + log(A), @)

where s is the slope and log(A) is the normalization. Their values range from s ~ 4.5 — 5.1, and
log(A) ~ —0.9 — —0.2, with an intrinsic scatter of o ~ 0.15 — 0.21 dex (McGaugh & Schombert,
2015). Figure 1a shows the TFR with data from Lelli et al. (2016a), and Di Teodoro et al. (2021) for
the massive spirals, colour coded with the gas fraction fyns = Mgas/Mpar. It can be observed that
the baryonic mass of dwarf galaxies is dominated by gas, while massive galaxies are gas poor.

1.2.2 Baryonic Tully-Fisher Relation

The Baryonic Tully-Fisher Relation (BTFR) uses the total baryonic mass My, instead of the stellar
mass, like the standard TFR. To obtain the baryonic mass, an estimate of the gas mass is required.
In local SFGs, the gas component is dominated by atomic gas (Catinella et al., 2018). Therefore,
its mass can be estimated using HI observations (Mpar = M, + Mmui).

The BTER can be similarly written as the TER (eq. (1)):

M, Via
log <]\4@> = slog (kmﬂstl) + log(A). )

Generally, more massive galaxies are dominated by their stellar component in mass, which im-
plies that their position changes minimally compared to the TFR. Dwarf galaxies, however, are
gas dominated, with their baryonic mass up to 10 times greater than their stellar mass (Cimatti
et al., 2020). As a consequence, the BTFR is less steep than the TFR, with s ~ 3.7 — 4.2, and
log(A) ~ 1.3—2.3,for T, ~ 0.5 Mg /Lg. A change in T, affects both the slope and normalisation.
The BTFR is a tighter and more fundamental relation than the TFR with an intrinsic scatter of only
~ 0.1 dex (Lelli et al., 2016b). Similarly to the TFR, the BTFR is plotted in fig. 1b.

1.2.3 Specific angular momentum vs. mass relation

A tight relation between the specific angular momentum and the mass of the stellar disc of SFGs
was first discovered by Fall (1983), and is therefore commonly referred to as the Fall relation. The
specific angular momentum j, is the angular momentum per unit mass. It is determined by the
distribution of mass within the disc and its rotation velocity, which is defined, within a radius R,
as

21 [ (¢, R )veor(t, R)R?dR!

jt,< R) =
2r [P S(t, R)R'AR’

®)

where ¥(R) is the surface density and v, the rotation velocity. The denominator defines the total
mass of the component that is being considered. Since the discovery of the Fall relation, a tight
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Figure 1: The TFR and BTFR plotted with data from Lelli et al. (2016a) and Di Teodoro et al. (2021).
The galaxy data points are coloured according to their gas fraction fgas. The black lines indicate
different (B)TFR relations from Lelli et al. (2016b), Posti et al. (2019) and McGaugh & Schombert
(2015).

relation has been found not only for the stellar component but also for the gas and baryonic mass
components of SFGs. The relation is given by:

j M
log (-t ) =D+Clog [~ 4
Og(103kpckms_1) +¢ Og(loll M@) @

where D is the normalisation, and ¢ the slope of this linear relation. For the relation between
the stellar specific angular momentum j, and M, of spiral galaxies, D = 3.34 £ 0.03 and ¢ =
0.55 £ 0.02, with an orthogonal intrinsic scatter of o, = 0.17 £ 0.01 (Posti et al., 2018). The
j — M relation for the stellar, gas, and baryonic component separately, has been established by
Mancera Pifa et al. (2021a). In this case, the gas is assumed to primarily consist of neutral atomic
hydrogen (HI). Geesink et al. (2025) found that a similar also relation is present for the molecular
gas Hj at z = 0. These relations and their intrinsic scatter are shown in fig. 2. The characterisation
of the ju, — My, shows that is more shallow than the relation of the atomic gas, and it more
closely resembles the stellar j, — M, relation.

The observed relation between specific angular momentum and baryonic mass can be directly
connected to the properties of dark matter haloes. Cosmological N-body simulations show that
haloes follow a similar scaling, with j, o M, i/ % (Bullock et al., 2001a). This parallel suggests
that galaxies inherit much of their angular momentum from their host haloes, establishing a link
between baryonic discs and the dark matter structures in which they form and evolve. In the
formation of a galactic disk, the baryons and DM are in the same gravitational potential, conse-
quently they will have a similar initial specific angular momentum j.

Joar . Jpm 5)

jb = JDM = )
Mvir

=~
where Jy,, and Jpy are the total angular momentum of the baryons and DM respectively, and it
can generally be assumed that the DM composes most of the virial mass (Mpm =~ Myir). As matter
is accreted through mergers and smooth inflows, the conservation of angular momentum implies
that eq. (5) should broadly hold. In practice, baryons can lose part of their angular momentum
to the dark matter halo or to outflows during cooling and feedback processes, such that discs
typically retain a fraction of the halo’s specific angular momentum (Fall & Efstathiou, 1980; Mo
et al., 1998).
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1.24 j-M - fy. relation

Mancera Pifia et al. (2021b) expanded on the j - M relations, with the discovery of tight correla-
tions in the j — M — fg.s space for the stellar, gas and baryonic component of disc galaxies. The
relation between the parameters is given by

log (lq)clfrlns—1> = a; log (;2;) + Bilog(fgas) + i (6)
The best fit coefficients found by Mancera Pifia et al. (2021b) are listed in table 1. The lowest
uncertainty and scatter are found for the baryonic component. The data of the galaxies in the
J — M — fgas plane for the three different mass components is shown in fig. 2. In general, it can be
observed that at fixed mass, for the stellar and baryonic component, fg.s increases with increasing
j. For the gas component, the reverse is seen, as fg.s decreases with increasing j.

o B v oL
Stars 0.67+0.03 0.51+£0.08 —3.62+£0.23 0.10+0.01
Gas 0.78+0.03 —-0.49+0.04 —-4.64+£0.25 0.08%+0.01

Baryons 0.734+0.02 046 £0.05 —4.25+£0.19 0.08+0.01

Table 1: Best fit coefficients for the j — M — fs.s plane (eq. (6)) (Mancera Pifia et al., 2021b)
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Figure 2: The j — M relation (from left to right) for the stellar, gas, and baryonic component of
the galaxies. Adapted from Mancera Pifia et al. (2021b). The data points are coloured according
to their gas fraction fg.s. The dashed line is the best fit j — M relation from Mancera Pifia et al.
(2021a), with the intrinsic scatter in grey. The jy, — Mgy, relation is similarly shown in blue
(Geesink et al., 2025).

1.2.5 Size-Mass relation

The disc size of SFGs is directly related to its mass, as described by the size-mass relation:

Ref‘f o M*

where R.g is the effective radius. However, this relation has a relatively high scatter. At z = 0,
the slope is found to be o =~ 0.22 (van der Wel et al,, 2014). Different parametrizations of the
size-mass relation and their scatter are presented in fig. 3. The relations of Shen et al. (2003) and
van der Wel et al. (2014) are based on samples containing SFGs with observation form SDSS and
HST respectively, while the relation from Posti et al. (2019) is based on a smaller sample of only
disc galaxies with regular kinematics.
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The evolution of this relation can reveal a lot about the growth of galaxies and the related
physical parameters. Using observations with JWST, the relation between the effective radius
and redshift at fixed mass has been explored up to z = 10. For a fixed stellar mass of 5 x 10'° M,
the evolution of the effective radius for SFGs is Reg oc (1 + 2)~1-21%£0-05 (Yang et al., 2025). The
growth of the effective radius over time in an indication of the inside-out growth of galactic discs.

10° 4 === Shen+2003
van der Wel+2014

——- Posti+2019

Reg [k

80 85 80 95 100 105 1L0 1.5 120

Figure 3: The stellar size-mass relations from Shen et al. (2003) (red), van der Wel et al. (2014)
(blue) and Posti et al. (2019) (green). The band around the relation represents the intrinsic scatter.

1.2.6 Star formation main sequence

For SFGs a correlation is found between their global SFR and stellar mass M,, known as the star
formation main sequence (SFMS). The relation is commonly described by a power law:

log(SFR) = a(log M, — 10.5) + S 8)

with a slope of o = 0.7, and normalization of 3 ~ 0.38 at z = 0 (Whitaker et al., 2012). Starburst
galaxies have a higher SFR and lie around 2 0.5 dex above the SFMS at equal M, while quenched
galaxies lie below the relation. However, the majority of SFGs are found on the SFMS, indicating
that their stellar mass is build up in a steady mode rather than in short-lived bursts.

The evolution of the SEMS can be describe by the empirical relation from Popesso et al. (2023):

log SFR(t,log M,) = (—0.034t 4 4.722) log M, — 0.1925log® M, + (—26.16 + 0.2t) )

where t is the cosmic time and M, the stellar mass. Figure 4 shows the relation at different red-
shifts. This parametrization flattens the slope of the SEMS at high masses. The evolution indicates
that a given stellar mass, the SFR is larger at higher redshifts.

1.2.7 Stellar-to-halo mass relation
An important parameter in the evolution of galaxies is the stellar-to-halo mass ratio:

M.
mx = 70— ) 10
fun = 31 < o (10)
where f;, is the cosmic baryon fraction, the fraction of baryonic mass in relation to the mass of
all matter (including DM). This condition always applies and commonly fy, , < fi,. This is tied
to the missing baryon problem, which is the general observation of the lack of baryonic mass in
cosmic structures (McGaugh et al., 2010).
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Figure 4: The star formation main sequence from Popesso et al. (2023), at different redshifts as
indicated by colour. The band around the relations indicates the scatter around the best fit.

The stellar-to-halo mass ratio is expected to change with virial mass and redshift. This be-
comes more evident when looking at the stellar-to-halo mass relation (SHMR) of galaxies, which
describes fr, . as a function of M;,. The SHMR can be established using the stellar mass func-
tion (SMF), and the halo mass function (HMF) from cosmological N-body simulations, using the
method of halo abundance matching (Behroozi et al., 2013). The matching in this method assumes
that more massive haloes host more massive galaxies, allowing for one-to-one mapping. With this
procedure a stellar mass M, can be connected to a specific halo mass M, by taking the value for
which the number density of the HMF at M,;, is equal to that of the SMF at M, (Cimatti et al.,
2020).

The relation itself can be modelled by a double power-law (Moster et al., 2013):

M, Miao) . (M|

Moaio 6{( M, ) +(M1 ) ] ’ ()
where ¢ is called peak efficiency (e ~ 0.035), M is the characteristic halo mass (M; =~ 10'? Mg),
and a = —0.5 and 5 = 3.0 are the slopes at low and high masses respectively. The nonlinearity of
the SHMR can be connected to the star formation efficiency since it has a direct correlation with
fm,«. At low halo masses, the star formation is less efficient due to relatively strong impact of
supernova feedback (Christensen et al., 2016). At high halo masses, the star formation efficiency
is limited by AGN feedback and virial shock heating (Dekel & Birnboim, 2006). Therefore, the
highest star formation and fy, , are found at intermediate masses (Mya1o ~ 10'2My, Milky Way
like), as can be observed in fig. 5, left.

Figure 5 shows that from z = 4, the SHMR appears to evolve relatively little, especially for
Mhalo < 10'2 M. For massive galaxies, star formation is commonly quenched, and hence their
main source of growth is mergers. The most significant change is seen to take place at z > 4
(Behroozi et al., 2013; Behroozi et al., 2019). At higher redshifts, the peak in the stellar-to-halo
mass ratio appears at lower masses, implying more efficient star formation at lower halo masses
at early times.

1.2.8 Concentration-mass relation

The concentration of DM haloes scales with virial mass and redshift. This concentration-mass re-
lation for redshifts 0 < z < 5 has been established by Dutton & Maccid (2014), using cosmological
N-body simulations.

Mvir
log(cvir) = a + blog (I()Hh—ll\/[@) ) (12)
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Figure 5: left: The stellar-to-halo mass ratio (fm «) as a function of peak halo mass Mpear for
redshifts 0.1-10. right: The stellar-to-halo mass relation for redshifts 0.1-10. Figures taken from
Behroozi et al. (2019)

Where £ is the reduced Hubble constant. The evolution of the zero-point a and slope b are given
by (for Planck cosmology (Planck Collaboration et al., 2020))

a = 0.537 + (1.025 — 0.537) exp(—0.7182"%%) (13)
b= —0.091 4 0.024z (14)

From egs. (12) to (14) we see that, in general, the concentration decreases with increasing halo
mass. The slope of the relation flattens with redshift. At redshifts z ~ 4 — 5, the concentration is
nearly constant, at log(cvir) ~ 0.5, for changing mass.

1.3 Existing evolution models and their limitations

To study the formation of galaxies, popular methods are hydrodynamical simulations and semi-
analytic models (SAM), which each come with their own advantages and disadvantages. With
SAMs, a special category is represented by radially resolved disc models. which offer a middle
ground between the high computational cost and complexity of hydrodynamical simulations and
the oversimplifications in unresolved galaxies, typical of the more standard SAMs. Resolved disc
models can track spatially dependent processes like inside-out growth, radial flows and angu-
lar momentum transport. This approach is critical for understanding the observed gradients in
metallicity, stellar populations, and gas content and it allows for direct comparison with spatially
resolved observations without the numerical noise, resolution limits and subgrid uncertainties
that come with hydrodynamical simulations. Here we highlight several radially resolved disc
models.

Among the most sophisticated implementations of radially resolved semi-analytic approaches
are the chemical evolution models of the Milky Way, which provide a detailed framework to study
the build-up of stellar populations and abundance gradients in our Galaxy. These models couple
prescriptions for gas accretion, star formation, and radial flows with the enrichment from stellar
evolution and supernovae, enabling them to reproduce the observed chemical abundance pat-
terns across the galactic disc. The classical two-infall model of Chiappini et al. (2001) was among
the first to explain the bimodality in the [a/Fe] — [Fe/H] plane through distinct episodes of gas
accretion, successfully accounting for the properties of both the thick and thin discs. Later, Schon-
rich & Binney (2009) extended this framework by including radial migration of stars, showing
that the mixing of stellar populations is essential to reproduce the observed abundance distribu-
tions and metallicity gradients. Building on this, Bilitewski & Schonrich (2012) further refined
the modelling of gas flows and stellar migration, providing an even more detailed picture of the
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interplay between chemical enrichment and dynamical processes. Extending these models to a
general framework for resolved galaxy evolution models comes with several challenges, includ-
ing much less observational constraints and an increase in the diversity of galaxy properties and
evolution paths.

Fraternali & Tomassetti (2012) presented a radially resolved inversion method based on a set
of simplifying assumptions. The disc is divided into independent annuli, each following a pre-
scribed star formation history (SFH). Using the observed Kennicutt-Schmidt relation, the star for-
mation rate density Yspr is linked to the gas surface density (Xg.5) with a power law YXgpr oc X5, ..
Assuming this relation holds in each annuli, then sustaining a given SFH requires a correspond-
ing accretion history. Their resulting radially resolved accretion rates imply significant late-time
gas accretion, migrating outward with time (inside-out growth). The model is reliant on a simple
parametrisation of an assumed SFH. The angular momentum distribution or radial flows were
not explicitly considered, while the galactic potential is assumed constant in time.

Pezzulli & Fraternali (2016) moved away from the so-called independent-annuli approach, by
allowing gas exchange between annuli. The conservation of angular momentum following gas ac-
cretion requires mass flows between annuli (Mayor & Vigroux, 1981). Following this requirement,
they provide analytic functions for the accretion profiles, radial flows and abundance gradients as
a function of the angular momentum of the accreting gas. The effective accretion is decomposed
into direct accretion from the intergalactic medium (IGM), and the internal contribution from ra-
dial flows (Pitts & Tayler, 1989). To constrain the contributions from either, assumptions on the
shape of the surface density are required, in addition to observational constraints from abundance
gradients. Additionally, a fixed galactic potential was used. From this analysis, they show that
even a small mismatch between the angular momentum of the accreting gas and that of the disc
leads to coherent radial flows. These flows are able to reproduce the observed negative metallicity
gradient in the Milky Way disc, which cannot be explained in a framework of strictly independent
annuli. The results therefore highlight the importance of angular momentum conservation and
radial gas transport in shaping the chemical structure of galactic discs.

In the model by Popping et al. (2014), radially resolved discs are placed in a cosmological semi-
analytic framework. The cold gas is partitioned into HI and Hy using pressure- or metallicity-
based recipes. Consequently star formation can be tied directly to the molecular component,
letting the model track the radial SFR and metallicity profiles, as well as global HI/H, scaling
relations across time. The model successfully reproduces the observed HI and Hy mass functions
and their evolution, and it captures the global scaling relations between gas fractions, stellar mass,
and SFR. The model is reliant on equilibrium partitioning recipes, axisymmetric independent
annuli, and parametrized feedback, outflows and re-accretion that are not dynamically coupled
to the halo, i.e. they rely on independent prescription instead of arising self-consistently from
interaction between the galaxy and its host halo.

In this thesis we build on the work by Costa (2024). In their work, a resolved disc evolves
following a set accretion rate history with a prescribed radial accretion profile (described further
in section 2.2). The accretion radius is constrained by a prescribed evolution of the specific angular
momentum of the accreting gas, for which a range of different accretion timescales were explored.
They further explore the impact of different star formation laws. In their work they aimed to
reproduce the jpar — Mpar — foas relation, they succeed and conclude inside-out growth is a crucial
component in reproducing this relation. In their model no DM halo is considered and the rotation
velocity is set to remain constant over time following the TFR, i.e. a fixed potential is assumed.
They also use the independent annuli approach. In this work we aim to remove these assumption
and constrain the free parameters of the model using local scaling relations.
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1.4 Overview of the thesis

In this thesis we build a semi-analytic model for the evolution of star forming disc galaxies and
use it to study the evolution of various scaling relations. In Chapter 2 the different components
of the model are described, including the DM halo evolution, gas accretion, star formation, disc
rotation and radial flows. The numerical details of the model and the method used to constrain
the free parameters of the model are also discussed. The high redshift data sample that we com-
piled, including the computation of the gas mass and angular momentum, are presented in Chap-
ter 3, and then compared to local scaling relations. The results of the model are shown in Chap-
ter 4, where the outcome of the parameter fitting and the resulting prediction for the evolution
of disc properties and scaling relations are presented. In Chapter 5 we discuss what impact the
assumptions in our model have on our results, and how the predicted evolution of the scaling
relations compares to our high redshift data sample and to their evolution presented in the liter-
ature. Lastly, we summarize our main findings and conclusions in Chapter 6.
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2 Evolution Model

The evolution of disc galaxies is governed by several interconnected processes, including gas
accretion, star formation, stellar feedback, and radial flows, as described in section 1.1. In simple
terms, when the gas from the CGM cools, it settles at the centre of dark-matter haloes and can be
accreted onto galaxies. This gas can fuel star formation in the galactic discs.

To capture the interplay between these processes and their impact on the properties and kine-
matics of SFGs, we have constructed a semi-analytic radially resolved evolution model. The evo-
lution is tracked in terms of the gas and stellar surface densities and their rotation velocity over
time. The model includes dark matter halo growth, gas accretion, angular momentum growth
and radial flows within the disc. This model builds on the formalism of Costa (2024), using their
treatment of gas accretion and inside-out growth, while introducing a time-evolving dark matter
halo, modified star formation law, self-consistent rotation curves and radial flows .

In our galaxy evolution model, the DM halo evolves independently of the disc. The growth of the
halo and its properties is described in section 2.1. The evolution of stars and gas in disc galaxies
can be described in terms of their surface densities ¥,,s and 3, as (Cimatti et al., 2020):

15) 20 . . .
aia = Eeff - Zout + Zre‘c - ESFR, (15)
15)) . .
8t* = Yt — ret + XSFR, (16)

where Y. is the effective accretion rate, Yo, is the outflow rate, 3, is the gas return rate from
stellar evolution, Ygrp is the star formation rate (SFR), and 2*71{ is the rate at which the surface
densities change due to radial flows. In general, the rate of change in the surface densities will
be given in Mg pc=2 Gyr~'. In the model the galactic disc is split up into concentric and copla-
nar annuli, along which these surface densities are defined. In this model, the gas component
represents the sum of the atomic HI and molecular H; gas.

A key ingredient is gas accretion Yace from the CGM, which is related to the accretion rate
history. As discussed in section 2.2, to ensure an inside-out formation of the disc, the angular
momentum of the accreted gas is set to increase over time. The effective accretion rate Yo in
eq. (15) consists of two contributions, an annulus can gain gas from outside the disc (X,c.) or from
adjacent annuli. The latter are radial flows, induced by the conservation of angular momentum.
Stars also move through disc, however their radial flows (Z*Jf, eq. 16) are not directly impacted
by the gas accretion. The radial flows and their impact on the disc is described in section 2.3.

The outflow rate Y,y in eq. (15) describes the loss of gas to the external environment of the
galaxies. The main sources of outflows are AGN and stellar feedback. For massive galaxies, the
speed of the outflowing gas does not exceed the escape velocity, and hence an assumption of no
outflows can be safely made when modelling a galaxy at a larger scale over long cosmic times. In
our evolution model, outflows are omitted for all galaxy masses. This is a limitation that we will
further discuss in section 5.1.

The return rate 3, is the rate at which gas is returned to the ISM by stars, through supernova
explosions and mass losses, hence this term is added to the gas surface density (eq. 15), and
subtracted from the stellar surface density (eq. 16). The return rate is dependent on the SFR, and
the initial mass function (IMF). Ygpg is directly related to the amount of cold gas available in
the disc. The final ingredient is the star formation law, which relates the gas surface density to
the SFR. The computation of the SFR and the corresponding return rate are further discussed in
section 2.4.

To gain insight into the kinematics of the galaxies, we require to know their rotation velocity.
Section 2.5 describes how the rotation curve can be constructed from the properties of the dark
matter halo and the surface densities of the stellar and gas components. Lastly, section 2.6 de-
scribes the numerical details of the model and section 2.7 describes the method with which the
free parameters of the model will be constrained.
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2.1 Dark matter halo

The gravitational potential of the DM halo in which a galaxy resides has a crucial impact on the
kinematics of the galactic disc. Therefore to accurately model the kinematic evolution, the growth
of the DM halo needs to be accounted for. In this evolution model, the DM evolves independently
of the baryonic disc, where its growth rate is defined solely by the halo mass at a given redshift,
adding no free parameters to the model.

2.1.1 Evolution of the dark matter halo

In ACDM cosmology, haloes grow through hierarchical merging, implying a bottom-up structure
formation in which smaller systems form first, then later merge and grow into larger systems.
If DM accretion and mass loss are ignored, the evolution of DM haloes can be described by a
merger tree, which shows the merging of progenitor haloes over cosmic time to form larger haloes
(van den Bosch et al., 2014).

The basis on which the majority of analytic models of halo are build, is the extended Press-
Schechter formalism (EPS) (Bond et al., 1991). The original Press-Schechter formalism (Press &
Schechter, 1974) is used to analytically describe the HMF by connecting the initial density pertur-
bation in the Universe to the number of collapsed DM haloes. The EPS extends upon the original
formalism by allowing one to follow the formation and evolution of a halo across cosmic time, in
contrast to knowing solely their abundances at a specific time. The EPS can model the hierarchical
formation of haloes by building merger trees, also accounting for subhaloes and the properties of
progenitors (Mo et al., 2010).

For an approximation of the average dark matter accretion rate Mj, 1, we adopt the extended
Press-Schechter formalism of Krumholz et al. (2018):

Mh,l?(z) ~ _aMh,l% (Z)1+ﬁw(z) (17)

where the masses are normalized to 10'? Mg, a and 8 are dimensionless parameters and w is the
self-similar time variable of the EPS formalism, of which the fitted time derivative is given by

W~ —0.0476[1 + z 4+ 0.093(1 + 2)~122)%5 Gyr~ ' (18)

This parametrization includes the accelerated growth of the haloes at high redshift, and their more
stable period at later cosmic times. Following ACDM cosmology, the fitted parameters are given
by a = 0.628, § = 0.14 (Krumholz et al., 2018). The resulting DM halo evolution and accretion
rate are shown in fig. 6.
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Figure 6: Evolution of the total DM halo mass (left), and the DM accretion rate (right), for a range
of different halo masses as indicated by the colours.

In our evolution model, the dark matter halo evolves independently of the galaxy disc. Start-
ing from the same cosmic time, haloes with different seed masses will evolve according to the
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accretion rate, as a function of redshift and halo mass. To obtain the halo mass at a given cosmic
time or redshift, we numerically integrate eq. (17). For a given starting time or redshift of the
evolution model, we require to know the halo seed mass to obtain a specified halo mass at z = 0.
The required halo seed mass is found by applying the bisection method, a numerical root find-
ing algorithm, allowing us to create consistent halo evolution histories for galaxies of different
masses.

2.1.2 Halo properties

Once a halo has undergone gravitational collapse and reached a dynamical equilibrium, the virial
theorem can be applied to derive its properties. The virial radius is defined as the radius within
which the average density is at a certain overdensity A, above the critical density of the universe
Peris at that redshift, i.e. p(< rvir) = Ac(2)perit(2). Assuming a spherical system, where r;, is
defined as the distance from the peak of the halo density distribution, the virial mass is given by

4
Mvir - ?Ac(z)pcrit (Z)T'\S;irv (19)

where the critical density at a redshift = is defined by

3H?(2)
8rG

Perit (Z) = (20)

where H (z) is the Hubble parameter, and G is the gravitational constant. Equations (19) and (20)
can then be used to derive the following expression of the virial radius (Cimatti et al., 2020).

2GMvir 173
z)

Tvir = |:AC(Z)I{2( (21)

Similarly, the circular velocity at the virial radius, for a given virial mass can be inferred. For a
spherical density distribution, the circular speed is simply given by

velr) = \/rdi(nr): \/GM(T)7 )

r

where ®(r) is the gravitational potential and M (r) is the enclosed mass at radius r. The virial
velocity, i.e. the circular speed at 7, is then defined similarly using egs. (21) and (22) as

vie = ) EMEE (G H () [

1/6
Ac(»ﬂ . (23)
Tvir

2

The density profile of dark matter haloes is generally well described by the Navarro-Frenk-
White (NFW) profile (Navarro et al., 1996)

4ps
p(T) - (T/TS)(1+7’/TS)27 (24)
where p; is the characteristic density, and r; is the scale radius. The NWF profile transitions from
a shallow slope p oc 7! at small radii (r < ;) to a steeper slope p « r~2 at large radii (r > ry).
For a halo with a NFW profile the circular velocity is given by

) = 2 ll In(1 + cx) — 1@] |

oV e In(1 + ex) — Tre

(25)

where x = r/ryir, and ¢ the concentration parameter (Mo et al., 2010). The concentration parame-
ter ¢, quantifies how centrally concentrated the mass distribution is, which changes as a function
of halo mass and redshift (see section 1.2.8).
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To compute the virial radius r;, and velocity v, the evolution of the Hubble parameter H (z)
and the overdensity A, need to be defined. For a flat ACDM universe, the evolution of the Hubble
parameter H(z) is given by (Mo et al., 2010)

H?(2) = H§ [Qro(1 4 2)* + Qno(1+2)% + Qa] (26)

where Q. o, Q0 and 2, o are the present-day density parameters for radiation, matter and vac-
uum energy, respectively. In this thesis, their values are taken from the Planck 2018 results (Planck
Collaboration et al., 2020) (Used values of constants in the model are given appendix A). For the
evolution of the overdensity A., we use the approximation give by Bryan & Norman (1998):

A, ~ 1872 4 82y — 3912, (27)
where y = Q,,,(z) — 1. The evolution of the matter density parameter (1,,,(z) is given by

Qm,O(l + 2)3

0 = )
m(2) Qo1 +2)3+Qro(14+2)*+Qap

(28)

Following eq. (27), the overdensity decreases over time, from A, ~ 178 at 2 5, to A, ~ 101 at
z=0.

2.2 Gas accretion

The amount of time a galaxy can continue to form stars given their current SFR and gas supply
is given by the depletion time (7gep ~ Mgas/SFR). Without accretion from the CGM, the galactic
discs are expected to quench within a few Gyr. SFGs are actively forming stars to the present day.
This is indirect evidence that they must have a continuous inflow of gas to replenish their gas
reservoir and sustain active star formation (Fraternali & Tomassetti, 2012).

In addition to continuous accretion, mergers can also have a large impact on the evolution of
galaxies. While major mergers can disrupt a disc and form an early-type galaxy (ETG) (Lin et al.,
2008), the gas expelled in such events may eventually cool and be re-accreted, potentially leading
to the regrowth of a spiral disc. However, the existence of a star formation main sequence, i.e.
a tight correlation between stellar mass and SFR, indicates a smooth evolution process for SFGs
(Speagle et al., 2014). Also, simulations show that for SFGs with stellar masses below ~ 10 M,
the majority of their stellar mass is formed in-situ (Dekel et al., 2009; Rodriguez-Gomez et al.,
2016; Qu et al., 2017). Hence, SFGs are more likely to gradually build their stellar mass through
the accretion of cold gas rather than through major mergers (Dekel et al., 2009). Therefore, in our
model, we assume that discs grow gradually through smooth gas accretion from the CGM.

2.2.1 Gas accretion history in the model

In our model, we take an exponential form for the gas accretion history, given by (Costa, 2024)
Mee(t) = Ceset, (29)

where C' is a normalisation constant in Mg Gyr~!, t is the time in Gyr, with ¢ = 0 defined as the
time at which the evolution model starts, wac. is the accretion frequency in Gyrfl, defined as the
inverse of the accretion timescale (waoc = 1/7acc). For positive values of wycc, the amount of matter
accreted decreases exponentially over time, for negative values of wyc. the opposite is true. A high
value of wacc would imply that most gas is accreted at early times, while a low value implies a
more constant accretion rate across time. We also anticipate that a higher value would typically
lead to a smaller disc, as most gas is accreted in the inner regions due to the specified inside-out
growth of the disc (see section 2.2.2).

The surface brightness profiles of the stellar discs of SFGs, particularly in late-type spirals and
low-mass systems, can typically be well approximated by an exponential profile (Freeman, 1970).
In these galaxies, the disc dominates the light distribution, especially at intermediate and large
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radii. However, in galaxies with a prominent bulge component, the profile will steeply increase in
the central regions, exceeding the exponential disc. For this reason, and to simplify the problem,
we assume that the gas accreted at each time is distributed exponentially in the radial direction.
The surface density Yo IS given by (Costa, 2024)

. Macc (t)

R
Yace(t, R) = ————+—¢ Facc(®) 30
5= ek (0 G0
C R
= Sy e v e Racc(t) (31)

acc

where R, is the radial scale length of the exponential at a given time. In the evolution model,
there is no initial mass (M, (t = 0) = 0), and outflows are neglected. Therefore, the total baryonic
mass that has been accreted, is given by the time integration over the accretion rate (eq. (29)).

t
MaCC(t) = / Cefwncat,dt/ (32)
0

wace Macc (tO)

1—e—waccto /

The normalisation constant C, is then given by C' = with ¢y corresponding to the time
at z = 0. As outflows are omitted in this evolution model, M, (t) is the total baryonic mass at
time ¢, if the maximum radius is assumed to be infinite. Both w,cc and M. (to) are free parameters
of the evolution model that will be varied and constrained.

2.2.2 Inside out growth

Galaxy discs grow inside-out, i.e. they grow in size over time (Nelson et al., 2016). Analysis of
stellar populations show that the populations in the outer regions are younger than those in the
inner regions, indicating that these inner regions formed earlier (Gonzalez Delgado et al., 2015).
Additionally, evolution of the density and star formation rate density profiles indicate that discs
grow in size over time and that gas is accreted at increasingly larger radii over time (Patel et al.,
2013; Pezzulli et al., 2015).

The inside-out growth of galactic discs can theoretically be related to the growth of angular
momentum. An increase in the specific angular momentum implies that there is a build-up of
mass at larger radii, likely coupled with an increase in the rotation velocity. Consequently, to
achieve inside-out growth, it is required that the specific angular momentum of the accreting gas
is greater than that of the disc at any time (Pezzulli et al., 2017). Additionally, the angular mo-
mentum of the accreted material is linked to that of dark matter haloes, which grow in size and
spin over time (Bullock et al., 2001a).

To induce inside-out growth in the evolution model, we let the specific angular momentum of the
accretion gas jacc grow over time according to

n
jacc(t) = jmin + (jmax - jmin) <tl;> (33)
where n is a free parameter controlling the time evolution of j... (Costa, 2024). For n = 1, jacc
increases linearly over time from jmi, att = 0 t0 jmax att = to . For n < 1, jacc grows quickly
at early times, inversely for n > 1, jac. remains relatively small to then quickly increase at late
times. The impact of different values for n on the galaxy evolution will be further investigated in
this thesis. jmax is used as an input parameter of the model, while jiiy, is set to be a fixed fraction
of jmax. For an exponentially decreasing accretion rate, the initial angular momentum will have
a significant impact on the size of the disc. In our model jmin = Jjmax/10 will be used, after ex-
perimentation showed that for significantly smaller values of jni, the early discs are compressed
too much, while for higher values the growth of j and R.s was found to be too shallow (further
discussed in section 5.1.3).
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The specific angular momentum of the accreting gas is used to infer the radial scale length
Rcc. The specific angular momentum of any disc component is determined by its surface density
profile and rotation velocity at a given time:

2 [ 5(t, R )vgor(t, R') R2dR’
2 [i > 5 (t, R')R'dR!

where Rp,ax is the maximum radius of the disc. For the accreted gas, the surface density is given
by eq. (31). The Newton-Raphson method is applied to numerically find R, for a given value of
Jace- The rotation velocity depends on the structure and angular momentum of the CGM, which
are not explicitly modelled in this evolution model. The CGM can influence the angular momen-
tum of accreting gas through mixing, torques, or misalignment with the disc. For simplicity, we
assume the infalling gas co-rotates with the disc. We will separately investigate the impact of
a local angular momentum deficit, or equivalently a rotation velocity deficit of the infalling gas
with respect to the disc (see section 2.3).

j(t7 R < Rmax) =

(34)

2.3 Radial flows

Radial flows impact the structural and dynamical evolution of galactic discs. The redistribution
of gas can affect the SFR in different regions and the distribution of angular momentum, among
others. To reproduce observed metallicity gradients in chemical evolution models, radial flows
appear to be required (Schonrich & Binney, 2009). Subsequently, metallicity gradients can also
be used to constrain radial flows in galaxies (Pezzulli & Fraternali, 2016). One of the possible
mechanisms that can drive radial flows is the local conservation of angular momentum during
gas accretion. When gas is accreted from the hot CGM, which is pressure-supported due to its
high temperature (I' ~ 10° K), it typically possesses lower specific angular momentum than the
disc at the same radius. As this low angular momentum gas settles onto the disc, it induces an
inward radial flow to conserve total angular momentum. The analytic formalism describing this
effect has been introduced by Mayor & Vigroux (1981) and extended on by Pitts & Tayler (1989).

The radial flows model of Pitts & Tayler (1989) assumes that an instantaneous centrifugal equilib-
rium is reached in the disc when gas is accreted. This assumption is only valid when the rotation
velocity dominates over the radial velocity. Due to high expected gas accretion rate and fast halo
growth at early times, and the high angular momentum and fast increase in density in the outer
regions in an inside-out growing disc, this prescription for radial flows breaks down in the very
early stages of the evolution model or in the outer regions of the galaxy. Under the conservation
of angular momentum, the radial velocity of the gas ug g5 is given by

OR _ _[Zacc(tu R) (jdisc(t7 R) - jacc (t; R)) + 2gaus (t7 R) %EER)]

ot Zg‘as (t, R) d]dig:l(%th)

UR, gas(t, ) =

where ¥, is the accretion rate from the CGM, Y., is the gas density, jqis. is the specific angular
momentum of the disc, and ja.. the specific angular momentum of the accreted gas. The term
on the Lh.s. is determined by the specific angular momentum mismatch between that of the disc
Jaisc(t, R) and that of the accreting gas jacc(t, R). The term on the rh.s. is governed by the change
in angular momentum of the disc (0jgisc/0t). The Ojgisc/Ot term is often omitted in models (e.g
Mayor & Vigroux, 1981; Pezzulli & Fraternali, 2016), however, it can dominate during the early
stages of evolution when the DM halo is still actively growing and a significant amount of gas is
accreted onto the disc. It can also become important once a galaxy has reached a low gas fraction,
and there is a minimal mismatch between jgisc and jacc. The 9jaisc/Ot term is also important for
the stellar component of the disc, which is not directly impacted by the gas accretion. However,
the change in M,;,, and subsequently v., do induce radial flows in the stellar disc. The resulting
radial drift velocity of the stars is given by

Ojaisc(t, ) /Ot

ur, (t, R) = ~ Ojdisc(t, R)/OR’

(36)
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When computing the radial flows at a given time step in the model for a given annulus at
radius R of the disc, we approximate and simplify the expression of jgisc (¢, R) as follows:

21 [FEMS (8, R Yoroy (t, R)R2dR/
or [AFM S (t, RYRIAR!
_ 3(t, R)vroq (t, R)R*dR
S(t, R)RdR
~ vt (t, R)R (37)

jdisc (t, R) =

Hence, the specific angular momentum of a single annulus is solely dependent on its rotation
velocity and radius. To implement the radial flows in the model, their effect on the stellar and gas
surface density profiles needs to be derived. The radial mass flux p of each component is given
by (Pezzulli & Fraternali, 2016)

u(t, R) = 27 RS(t, R)ur(t, R), (38)

where X (¢, R) is the surface density, and ug (¢, R) is the radial velocity of the respective component
of the mass flux. The effective accretion rate ¥.q gives the total amount of gas mass that flows in
and out of an annulus of the disc as follows

Ecﬂ - Eacc - ﬁ@ (39)
. 10
— Eacc - E@(R uREgas) (40)

where the first term is the gas that is accreted onto the disc from the CGM (eq. (31)), the second
term gives the change in net surface density as a consequence of inflows and outflows from and
to adjacent annuli.

2.4 Star formation law

The amount of star formation in a galaxy is inherently linked to the amount of cold gas that
is available to form stars. The Kennicutt-Schmidt (KS) law, links the star formation rate Ygrr
with the gas surface density Xg,s, with a power law Yspr o ¥, where n ~ 1.4 (Kennicutt,
1998). This empirical relation is important in the modelling of the SFR. However, at low surface
densities, the KS law breaks down, overestimating the SFR (Bacchini et al., 2019). The cold, dense
ISM, becomes inefficient in forming and sustaining star formation at these lower densities, which
occurs in low surface brightness systems and outer regions of galaxies. This breakdown may be
related to the increasing vertical thickness of the gas disc, which reduces the local volume density
even if the surface density remains relatively high. Bacchini et al. (2019) showed that this effect
disappears when using a volumetric star formation law instead. Nevertheless, for simplicity, we
adopt surface densities here. To account for suppressed star formation at low gas densities, we
apply a modified KS law with a low-density threshold, adapted from Schonrich & Binney (2009):

ES _ “Zgés Egas > Zcu‘cfoﬂr (41)
FR = )
K(Xeut—of) " 252 otherwise,

where n; is the standard KS slope, n; = 1.4 and n, is the cut-off slope ny = 4.0. The cut-off surface
density is set to be X¢ys—o = 0.004 % 10° M, kpc~2 and the prefactor k = 2.2 (109 My)t—m Gyr 4,
called "absolute star formation efficiency" by Kennicutt (1998).

To model how the SFR impacts the stellar and gas surface densities, stellar feedback also needs to
be considered, or specifically the rate at which gas is returned to the ISM by stars. In general this
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depends on the time delay from the star formation, the IMF and the SFR a the time the population
was born. The mass return rate is given by

Mo (1) = / " SFRIE — s (m)]6(m) [ — s (m)]dim, (42)

Mmin(t)

where Tvg is the main sequence time of a star i.e. the lifetime of a star, myem is stellar remnant
mass, and ¢(m) is the IMF (e.g. Chabrier, Kroupa or Salpeter) (Tinsley, 1980). Therefore SFR[t —
Tms(m)] describes the SFR at time the stars formed, and m — myem(m) the mass returned to the
ISM.

In this model, we will assume the instantaneous recycling approximation (IRA), which as-
sumes a fraction of the gas is instantaneously returned to the ISM when stars form. The reduced
star formation rate ¥,grr accounts for this and is given by

YisFr = (1 — R)EsFR, (43)

where R is the return factor, defined as

R = e d(m)[m — Myem (m)]dm. (44)

Mmin

Within the IRA it is assumed that the life cycle of massive stars is negligible compared to timescales
considered in the model (s = 0), while low-mass stars are assumed to live forever. The value
of R is therefore dependent on the initial mass function (IMF) of the initial stellar population.
In this thesis, we assume a Salpeter IMF, for which R = 0.3 (Fraternali & Tomassetti, 2012), this
assumption is further discussed in section 5.1.5.

2.5 Self-consistent rotation velocity

To model the kinematic evolution of our modelled galaxies, the rotation velocity as a function of
the galactocentric radius needs to be computed. For kinematically cold matter components, the
rotation velocity closely approximates the circular speed. The circular speed can be determined
directly from the gravitational potential ®(R, z) under the assumption of equilibrium and sys-
tem being axisymmetric. Therefore, the total rotation curve can be constructed by summing the
contributions from different mass components:

0P, OP g 0Ppm

2 _ T g

v (R) =f < OR z2=0 OR z=0 OR z-O) (45)
= ’Uf (R) + Ugas(R> + U]%M R (46)

where, v.(R) is the total circular speed, and v, (R), vgas(R), and vpyu (R) are the effective contribu-
tions to the rotation curve from the stellar, gas, and dark matter potentials, respectively.

The circular velocity of the DM component is given by eq. (25). Since the baryonic surface
densities are computed numerically, they lack an analytic form. Therefore, to obtain the circular
velocity contributions of these components, they need to be computed numerically directly from
the surface density profiles. To achieve this, we use a Python code adapted from vcdisk! (Posti,
2022). The method used to compute the circular velocity is based on Casertano (1983) using the

radial force in the disc Fyjsc(R):
Vdise = vV —RFqisc(R), (47)

where Fyis.(R) is defined as follows

Fiise(R) = 47G /0oc du /OOO ds 2\/RTPIC(p) 7—r E(p) apgz z)’ 48)

IDocumentation vedisk: https://vedisk.readthedocs.io/en/latest/#
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where K and € are elliptic integrals, p = 2 — V22 — 1 and x = (R? 4+ u? + 2%)/(2Ru). u and z are
elliptical coordinates used to describe the distribution of matter in the disc, given by the density
p(u, z). For an axisymmetric disc, the 3D density can be separated into a product of the radial
surface density profile and a normalized vertical profile:

E(R)p-(2)
PR, 2) = =0 (49)
where N is a normalisation factor related to p(z) by N = [ dzp(z). For the vertical density, the
profile of van der Kruit & Searle (1981) will be assumed, which is given by p.(z) = cosh™2(z/20),
with a corresponding normalisation of N = 2z,. A scale height of zy = 0.3 kpc is assumed for
the gas and stellar disc. This is an arbitrary choice, based on the scale height of the Milky Way’s
thin disc, that has little impact on the resulting rotation curve. An example of a rotation curve,

decomposed in its different contributions, is shown in fig. 7.

DM
—-— Gas disc
---- Stellar disc
—— Total

———
e ———
-

Figure 7: Decomposed rotation curve, showing the contributions from the stellar disc, gas disc
and DM halo.

2.6 Initializing the model & numerical details

The previous sections outlined the various components of our galaxy evolution model. Here, we
describe the numerical implementation and how the model is initialized. Within the model, the
surface density profile, mass and specific angular momentum of the gas, stellar, and baryonic
component are calculated for each time step. However, to quantify their radial and temporal
dependence, the disc must be divided into annuli, and a time-stepping scheme must be defined.

2.6.1 Initialize the model

To trace different parameters in the resolved model, the galactic disc is defined in terms of annuli,
spanning from R = 0 to R = Rpax, each characterised by a radius R and width AR. The number
of annuli is set to N;aqii = 200. However, the maximum radius of the disc is varied based on
galaxy mass to best resolve evolutionary processes. From the size-mass relation (section 1.2.5) we
know that the size of the disc increases over time and with increasing mass. Using the scaling of
this relation (eq. 7), a rough estimate of the required maximum radius can be made. The total
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baryonic mass of the disc at z = 0, is approximated by the total amount of accreted gas M,c.(to)
(eq. 32). However, the baryonic mass of the actual disc will always be slightly smaller than the
total accreted gas, as the gas is assumed to accrete up to an infinite radius due to the exponential
distribution of the accreted gas, while the baryonic mass is defined as the mass contained within
Rimax. The maximum radius Ruyax is subsequently given by scaling the effective radius expected
from the size-mass relation by 20:

Rmax ~ 100.4+0425(10g Mace(to)—10.3) % 20 kpC (50)

For relatively high values of jn.x and/or negative values of wac. it can occur that the accreting
radial scale length R, .. exceeds the maximum radius. Consequently, the specific angular momen-
tum of the accreted gas that is considered within the limits of the model, will be much lower than
the specified value for jac. at those time steps, leading to extreme values of R,.. as the model
attempts to compensate for the missing mass. To solve this issue, when for a set of parameters
Race(t) > Rumax, the model is halted and the maximum radius will be doubled, and the model is
re-run. If R,..(z = 0) remains too large after doubling Ry,.x twice, the output of the model for
that set of parameters will be considered invalid. In these cases, the size of the disc and R, far
exceed realistic values.

The evolution model starts at a redshift of zsart = 10, corresponding to a cosmic time of ¢ start =~
0.47 Gyr. Within the model, time is defined to run from ¢t = 0 to t = . For zgary = 10, the model
stops at typ ~ 13.32 Gyr (lifetime universe - t.rt). The galactic disc starts off with zero initial
mass at t = 0. The DM halo is established at this time, at a given halo seed mass. As the DM
halo evolves independently of the disc, following eq. (17), the initial halo mass is solely defined
by Zstart and Mpy(z = 0) (see section 2.1.1).

As explained in section 2.3, the radial flows in the initial stages of the model can become in-
finitely great in the used formalism, which assumes that instantaneous centrifugal equilibrium
can be reached at each time step. To avoid problems with this, the radial flows are omitted in the
first stage of the model. The radial flows are set to start at a redshift of zqows = 7, giving the model
time to accrete mass and form a disc from the zero initial mass it started with. After this time, the
time step becomes dynamic to account for the time needed to transport mass between different
annuli (see section 2.6.2). The initial time step size is set to be At = ¢,,/2000.

Parameter Units Value Ref.
Mpwm(to) Mg Independent eq. (17)
Mace(to) Mg Free eq. (32)

Wace Gyr* Free eq. (32)

Jmax kpckms™! Free eq. (33)

Jmin kpckms™  jinin = Jmax/10 eq. (33)
n 0.3 eq. (33)
& 0.0 o= jacc/jdiscz €eq. (35)
R 0.3 eq. (44)

Table 2: Input parameters of the model

2.6.2 Implementation radial flows & dynamical time step

The radial flows are implemented according to eqs. (35) and (36). The time derivative 9jqisc/0t
is computed using a third-order backward finite difference approximation (Landau et al., 2015).
This is appropriate because the model is causal, i.e. we only have access to the current and pre-
vious time steps, not future ones. Backward differences estimate the derivative at the current
time step t,, using function values at earlier times ¢,,t,—1,...,tn—k, Where k is the order of the
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approximation. The third-order backward difference takes the general form:

3

o N ,
ot . ~ ;az J(tn—i), (51)

where f(t) is a generic function, the coefficients a; depend on the spacing of the time steps and
are computed from polynomial interpolation—specifically, using Lagrange basis functions con-
structed over the last k£ + 1 time points, in our case k = 3. The implementation dynamically calcu-
lates these coefficients to support non-uniform spacing between time steps. The radial derivative
Ojaisc/OR (see egs. (35) and (36)) is computed using the second-order central difference (Landau
etal., 2015).

In the outer regions of the modelled galaxies, the radial velocity can reach unphysical values.
To avoid these, a limit is placed based on the surface densities of the stellar and gas components.
Where Zg,5 > 1072 Mg pe=? and ¥, > 1079 Mg pc™?, the radial velocity for each component is
fixed to the last valid value encountered before the surface density dropped below the specified
threshold (fig. 8). The placement of these limits makes a negligible difference, as very little mass is
present in these regions. A stricter threshold is used for the gas component as its radial velocities
are greater in the presence of an angular momentum mismatch.
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Figure 8: Example of the evolution of the radial velocity of the gas component, where the radial

velocity curve is set to remain constant for Xz, > 1072 Mg, pe™2.

The numerical differentiation and integration methods used in the model can create systematic
errors that blow up over time. To solve this, ur gas and ur . are smoothed using a 1D Gaussian
filter. This removes artificial dips in the radial flows of single annuli compared to adjacent annuli.
For the smoothing, a higher weight is assigned to the inner annuli, to make sure that the radial
flows in the region, where most mass is concentrated, are changed the least. The impact on the
resulting mass fluxes is minimal and it ensures that there is no build up of systematic numerical
errors.

Similarly, the log surface densities ¥4, and X, are smoothed too, however using a different
method, namely using a cubic smoothing B-spline. This method is more adept at handling data
that spans a large range of values. In early time steps, the surface densities can span more than
300 orders of magnitude, due to the steep exponential accretion profile and the relatively small
size of the disc compared to R,ax. If the surface densities reach a floating-point underflow, it can
produce a NaN in Python. To avoid this, surface densities below 1073% Mg, pc~2 are assigned the
minimum value of 1073% Mg, pc2. At these densities, the disc is essentially non-existent, hence
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this condition will have no effect on the outcome of the model and helps prevent computational
issues with NaN’s in Python.

Finally, after having applied the radial mass flows (section 2.3), the surface densities are cor-
rected for the minor change in mass as a consequence of the numerical systematic error in the
implementation of the smoothing. These processes should not impact the total mass of the disc.
The correction factor feo, is given by

foom = — M here AM =2 / (L0 sy AL RaR (52)
= M+ AM "o \Ror""" ’

where the mass M, surface density ¥ and radial velocity ur correspond to either the stellar or gas
component.

The mass transported by the radial flows needs to be able to reach the adjacent annulus within
the time step A¢. The minimum time required for this is AR/ max(ug), or following the Nyquist
theorem, the sampling time step must satisfy At < 1 - AR/ max(ug). To this aim, we update the
time step following
. 1. AR
At = min (Atmax, 0.9 x 2) (53)
max(upg)
where the maximum time step is set to Atyax = t9/500 ~ 27 Myr. This maximum time step is
greater than the initial time step of At = ¢(/2000, under the assumption that a higher temporal
resolution is needed at early times to accurately capture the fast growth of the disc and halo at
these times. The time ¢ at each iteration is saved and included as output of the model, such that
the time evolution of the different parameters can be accurately represented.

2.6.3 Stopping conditions and output parameters

The evolution model is designed to run from ¢ = 0 to ¢t = t;, where ¢y corresponds to z = 0.
This way, the outcomes of the model can be compared to galaxies in the present day universe. In
general, the model is designed to keep running until ¢ reaches ¢,. However, due to the dynamic
time step, At can become extremely small when the radial velocity blows up. Despite the condi-
tions put in place to prevent unphysical radial velocities in the early stages of evolution and in the
outer regions of the galaxies, for some combinations of parameters they can still occur. To avoid
excessive runtimes in these cases, a maximum number of iterations is imposed. The model termi-
nates when the number of iterations exceeds Niter max = 4000. This threshold is chosen based on
the typical number of steps required to reach ¢, which lies between ~ 500 — 800 for the selected
initial time step and the way the dynamic time step evolves. The chosen threshold is therefore
safely above the expected range in normal cases, while still avoiding excessive runtimes when the
model fails to progress. If ¢ fails to reach ¢, within this limit, the model output for that parameter
set is considered invalid

Our model automatically computes the following parameters: Mpa(t), (¢, R), gas(t, R), M, (1),
Meas(t), Myar, J«(t), jzas(t), jbar(t) and more. However, to compare the results of the model with
the TFR and mass-size relations, we also require knowing the rotation velocity at the "flat" part of
the rotation curve vg,, and the size of the disk R,.

We define vgy to be average circular speed within the region where 0.5 < ¥,,5 < 1.0 Mg pc2,
which approximately corresponds to typical values for the outer HI discs in observations. The
size of the stellar and gas disc is characterized by their respective effective radius R.. The ef-
fective radius is defined as the radius within which half the light of the galaxy is emitted. If a
constant mass-to-light ratio is assumed for the entire disc, the half-light radius is equivalent to
the half-mass radius. Hence, we take the effective radius to be the radius within which half of the
total gas/stellar mass is contained.
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2.7 Constraining model parameters

In this section, we describe how the free parameters of the model are constrained. Using local
scaling relations, we are able to evaluate the accuracy of a galaxy produced by the model for a
given set of free parameters based on its properties, in particular its baryonic mass, rotation ve-
locity, gas fraction, angular momentum and disc size. Once local scaling relations are satisfactory
reproduced, we investigate predictions for their evolution with time.

We constrain the free parameters of the model log M. (t0), Wace, 10g jmax for a range of DM
halo masses. We assume no angular momentum mismatch between the disc and the accreting
gas (eq. (35)). Introducing a mismatch, increases the radial velocity of the gas, subsequently
increasing the number of time steps required to model the evolution of a galaxy from z = 10
to z = 0, making it more computationally expensive. The 3 free parameters are constrained for
the halo masses log(Mpwn/Me)(to) = [10.25,13.00], with steps of 0.25 dex. Three local relations
are used to constrain the parameters: 1) the BTFR (Lelli et al., 2019), which links baryonic mass
to Viat and thereby to the DM halo; 2) the jhar — Mpar — feas relation (Mancera Pina et al., 2021b),
which constrains the gas accretion history through f,,s and the angular momentum growth; and
3) the stellar size—mass relation (van der Wel et al., 2014), which connects stellar mass to the radial
distribution of stars. Together, these relations provide complementary constraints on M,..(to),
Wacc and jmax~

The time evolution of the angular momentum growth of the accreting gas is set to follow the
powerlaw (eq. (33)) with n = 0.3. For powers n > 1.0 it was found that too much gas is being
accreted in the inner regions at early times, leading to relatively smaller sizes of the discs. We
tested to the model for n = 1 and found that to still obtain results that are in agreement with
the stellar size-mass relation at z = 0, the model compensates by accreting the gas at later times,
i.e. the model favours negative values of w,... However, a declining accretion history and cor-
responding declining SFH is expected for most LTGs (Leitner, 2012). To account for this, we set
n < 1.0, specifically n = 0.3, allowing for a fast increase in jac., and consequently 7,.., at early
times.

To explore the parameter space, we assume the following prior range for the free parameters:

* log(Mace/Me) (o) is set to vary from [log(Mpm/Mg)(to) — 3, log(Mpm/Me)(to) — 0.5]. This
broadly covers the range of values expected from the SHMR (section 1.2.7).

® 10g jmax is varied +1 dex around the local jhar — My, relation, where log(Mac./ Mg )(to) is
assumed to correspond to log(Mpa, /Ma)(to).

® W, is varied between [—0.5,1.0] Gyr~!. For lower halo masses (log(Mpn/Me) < 11.25),
the lower limit on the w,.. range is extended to —1.0 Gyr~!, and for higher masses
(log(Mpyn/Me) > 12.25) the upper limit is extended to 1.5 Gyr~!, to better capture the
distribution around the peak of the posterior.

Within each range, 20 linearly spaced values were used per parameter to explore the 3D space (or
26 for the extended ranges of wic.).

To finally constrain the free parameters, we run a Markov Chain Monte Carlo (MCMC) al-
gorithm. Within the MCMC, the log-likelihood for a single modelled galaxy, for a given set free
parameters, is approximated by

2
1 ymodel o ys.r.
loglL = —= = 7t 54
og 5 Z < e (54)

Where the sum is performed over the three different scaling relations used to constrain the param-
eters. y;" and o}, are the values and scatter of the respective scaling relations. To let the walkers
in the MCMC algorithm freely explore the parameter space in a computationally efficient manner,
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interpolation on the previously described 3D grid is applied. The prior is set using the best-fitting
values on the grid. For each discrete value of a given free parameter, the prior is assigned as the
maximum value of — Y [(y**! — y*) /o7 7]?, obtained when varying all possible combinations
of the other two free parameters. Values outside the selected ranges of the free parameters, are
given a prior of 0. The resulting prior distribution is then normalised so that its probability den-
sity function (PDF) integrates to unity. The resulting posterior distributions of each parameter
from MCMC, are used to obtain the best-fit value and uncertainty of each free parameter, for a
given DM halo mass.
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3 Data

Scaling relations, in particular kinematic ones, are well constrained at z = 0 and will therefore
be used to constrain the model. Based on the best-fit parameters we obtain the evolution of the
scaling relations according to the model. Using the limited kinematic data that is available at
z > 1, we can examine if it matches trend of the model.

The rotation of a galactic disc can be traced due to the Doppler effect, where one side will be
blue shifted and the other side red shifted, with respect to the systemic velocity. This effect can
be observed using emission or absorption lines. For nearby galaxies, the gaseous discs can be
observed with the 21-cm line coming from HI emission. This line is ideal for tracing the rotation
of the disc and probing the galactic potential, as the atomic gas is much more extended than
the stellar component of the disc. However, this can only be done for nearby galaxies, due to
observational limitations. At higher redshifts, other emission lines are needed. The CO, [CI]
and [CII] transitions are a good alternative to trace the cold gas components of discs (Carilli &
Walter, 2013). However, in contrast to the HI emission lines, CO emission traces the molecular gas
instead of the atomic gas, which is less radially extended and therefore might not probe the full
rotation curve. The sensitivity and resolution required to study the CO, [CI] and [CII] kinematics
at higher redshifts makes the Atacama Large Millimeter Array (ALMA) the best instrument for
these observations (Rizzo et al., 2023). A downside is the long integration time required for these
emission lines, making the studied sample limited (Rizzo et al., 2024).

For this reason, many studies have also used line emissions that trace the warm ionized gas
(He, [O11], [O111]) as alternatives (e.g. Epinat et al., 2009; Stott et al., 2016; Di Teodoro et al., 2016;
Simons et al., 2016; Turner et al., 2017; Ubler et al., 2019). These emission lines need short ob-
servation times, so the current samples comprise hundreds of galaxies (e.g. Harrison et al., 2017;
Wisnioski et al., 2019). The downside of these observations is that the warm ionised gas compo-
nent is a poor tracer of the main gas component and is likely to be contaminated by non-circular
motions like outflows (Kohandel et al., 2024; Parlanti et al., 2024), making it difficult to extract the
main underlying rotation of the galactic disc. Therefore, in this thesis, only observations of cold
gas tracers will be considered.

3.1 Observational data for higher redshifts

For resolved kinematic observations at z > 0.5, we compile a set of limited but diverse samples
(table 3). The majority of our high-z galaxies come from the Archival Large Program to Advance
Kinematic Analysis (ALPAKA) sample ((Rizzo et al., 2023)), for these galaxies we compute the
total molecular mass and specific angular momentum (section 3.2). All galaxies in our high-z
dataset are disc galaxies, biased towards high masses with log(Mpa,/Mg) 2 10.0 and all have
active star formation.

Sample overview:

¢ ALMA-ALPAKA survey: The ALMA-ALPAKA is a project that has gathered observations
from the ALMA archive to study the kinematics of SFGs in the redshift range 0.5 — 3.5,
using spatially resolved observations of CO or [CI]. 19 of the 28 ALPAKA galaxies have been
kinematically identified as rotating discs. Of these discs, 13 are in (proto)clusters, and 6 have
an AGN or show hints of an AGN presence. Additionally, 8 have been identified as starburst
galaxies, and 10 as main-sequence galaxies (Rizzo et al., 2023). The selection criteria, based
on data quality, naturally bias the sample toward massive, actively star-forming systems.
The surface brightness profiles of the stellar and gas components of these galaxies have
been analysed by Frickmann (2022), using HST and ALMA observations, respectively. For
the majority of the galaxies, the reddest HST band, F160w, was used to build the stellar
surface brightness profile. The Sérsic profile parameters (effective radius and Sérsic index)
listed in Frickmann (2022) are used to determine the surface density profiles of the ALPAKA
galaxies in this thesis.
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¢ High-z [CII] galaxies: Roman-Oliveira et al. (2023, 2024) study 4 massive star forming
galaxies at redshift ~ 4.5, using ALMA observations of [CII] 158 ym. 3 are identified as
starburst galaxies and 1 as a main-sequence galaxy.

* Lensed [CII] galaxies: 6 lensed galaxies at z ~ 4.5 from Rizzo et al. (2020, 2021), with [CII]
ALMA observations. Of these, 5 are classified as starburst galaxies.

¢ Individual galaxies:

- A massive starburst galaxy at z = 4.75, with [CII] ALMA observations by Lelli et al.
(2021)

— The "Big Wheel" galaxy at z = 3.25 and extremely extended disc with CO ALMA
observations from Wang et al. (2025).

Reference Data samples / # galaxies  Kinematic  log(Mpar/Me) Redshift
Instrument tracer
Rizzo et al. (2023); ALMA-ALPAKA 17 CO, [CT] 10.6 —11.8 0.5—3.5
Rizzo et al. (2024)
Roman-Oliveira ALMA 4 [CIT] 10.5 —11.5 4—-5
et al. (2023, 2024)
Rizzo et al. (2020, ALMA 6 [CII] 10.3 —11.0 4-5
2021)
Lelli et al. (2021) ALMA 1 [CIT] ~10.7 4.75
Wang et al. (2025) ALMA 1 CO4-3) ~11.7 3.25

Table 3: Datasets of high-redshift galaxy kinematics used in this thesis

3.2 Physical parameters for the high-z samples

In this section we will describe how the gas mass and angular momenta are computed for the
ALPAKA sample (section 3.2.1). For the other data samples, instead of using the rotation curves,
we use an approximation of the angular momentum described in section 3.2.2.

3.21 My, and j computation - ALPAKA sample

To compute the molecular gas masses for the ALPAKA galaxies we use the following equation:
Mpu, = Lcoriaco, (55)

where r; is the luminosity line ratio, and aco is the CO-to-H, conversion factor (Bolatto et al.,
2013). aco is a poorly constrained parameter that varies with gas density, temperature, and
metallicity of the environment (Schinnerer & Leroy, 2024). Here we adopt different ranges for
main sequence and starburst galaxies based on estimates from literature: aco is allowed to vary
uniformly, in a Monte Carlo (MC) computation, between 3.0 — 4.0 M, 107'Y K km s ™! pc? (Daddi
et al., 2010) for main sequence galaxies, and between 0.8 —3.2 Mg 10" 9K kms™! pc? for starburst
galaxies (Kirkpatrick et al., 2019). The luminosity line ratios r; are taken from Boogaard et al.
(2020), where the line ratios for different CO transition in different redshift ranges are presented.
Molecular gas masses and uncertainties are then obtained via a MC approach: luminosities and
line ratios are drawn from Gaussian distributions reflecting their measurement errors, while aco
is drawn from the uniform ranges above.

The specific angular momentum of the ALPAKA galaxies is computed using eq. (3). For the

surface density profile of the (molecular) gas and stellar component we take their respective sur-
face brightness profiles, assuming a constant mass-to-light ratio. The surface density profiles are
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extrapolated from the Sérsic index and effective radius of the profiles, determined by Frickmann
(2022). Not for all galaxies do we have information on the optical surface brightness, hence j is
only computed for the component for which the Sérsic profile is known. For the rotation velocity,
the rotation curves of Rizzo et al. (2023) are used. The number of resolution elements in the rota-
tion velocity curves range from 2-5. The curves are extended assuming they remain flat after the
last data point. The gas and stellar component are assumed to have the same rotation velocity.

The specific angular momentum is computed within a maximum radius that extends far be-
yond the radii for which rotation curves are observed, as a significant fractions of the disc’s an-
gular momentum resides in the outer regions where surface densities are below the CO detec-
tion limit. Beyond a certain radius, j is expected to reach an asymptote, due to extremely low
surface densities at these radii (Marasco et al., 2019). However to get a lower limit on j, we as-
sume the disc truncates at the last value of the rotation curve, i.e. the surface density drops to
zero beyond this radius. This radius should roughly coincide with the outer most observable ra-
dius of a galaxy. This choice ensures that only regions where the kinematics are observationally
constrained are included, and it avoids introducing uncertain extrapolations into the faint outer
disc. The uncertainties in j are computed using a standard MC algorithm, taking into account
the uncertainties in the effective radius, Sérsic index and the rotation velocity in the individual
resolution elements. The rotation curves, surface brightness profiles and the resulting angular
momentum in the different mass components is shown in fig. 9. The values of j in the different
mass components are presented in table 4.

3.2.2 Angular Momentum approximation

For other high-z data, we use an approximation for a quick estimate of their angular momentum,
which is not reliant on the full rotation curve or surface density profiles. For this we use the
approximation of the specific angular momentum by Romanowsky & Fall (2012)

j = anﬂatReff7 (56)

where Vg, the asymptotic rotation velocity, assumed to be the rotation velocity in the outer re-
gions (Vext = Viat), and Reg is the effective radius. The coefficient k,, is a function of the Sérsic
index n, given by the following approximation:

En ~ 1.15 4 0.029n + 0.062n>. (57)

For the galaxies in our high-z sample, aside from the ALPAKA sample, only the galaxies of
Roman-Oliveira et al. (2023) have reliable effective radii and Sérsic indices. When applied to the
ALPAKA galaxies, the resulting estimate of j was found to deviate < 10% on average from the
other method that uses the full rotation profiles, for density profiles with n < 3. For profiles with
a higher Sérsic index, the approximation tends to overestimate j compared to the other method
due to the extended outer wings in these profiles.

The angular momentum of the baryonic component (molecular gas + stars) is defined as

jbar = fgasjgas + (1 - fgas)j*7 (58)

where jgas and j, are the specific angular momentum of the gas and stellar component respec-
tively, and fgas is the gas fraction (fzas = Mgas/Mpar)-
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3.2 Physical parameters for the high-z samples

Galaxy ID Jx JH, Jbar
[103kpckm/s] [103kpckm/s] [103 kpckm/s]

1 1.09310:904 1.3980028 1.16810:908
2 132619517 0.45570-098 124749016
3 1.63170-07% 1.03179-0%0 1.577H0-079
6 0.93475:0%2 0.50775:332 0.77810 005
7 — 0.7350:012 —
8 2.417012 1.96570558 2.2427+5-078
9 1.847019 1.96570-053 1.89710:0%8
11 2.80115:035 3.917011 3.34015-052
13 3.8%17 — —
19 2.2970-2 0.86701] 1.661515
20 3.5110 0.78819-010 3.7 5]
22 1.72870-080 1.09570-053 1.61870-0%9
23 — 2.92215-057 —
25 1577015 0.79415-0°7 1.36070-0%9

BRI1335-0417  1.2470:03 0.637013 1117557
J081740 25114 0.9974:2t 18744

SGP38326-1 46437 2.1870%9 3.040%

SGP38326-2 21419 1.227042 1.3470:5¢

Table 4: Angular momentum values for the ALPAKA galaxies (labelled by their ID number), and
the galaxies from Roman-Oliveira et al. (2023)
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Figure 9: top panels: the rotation velocity profile of the ALPAKA galaxies (Rizzo et al., 2023) in
green, with the extrapolated constant extension from the last data point. The surface brightness
profiles of the stellar (blue), and molecular gas (Hs) component (red), scaled by the effective sur-
face brightness. The dashed vertical lines indicate the effective radius of their respective mass
component (assumed to be the same as the surface brightness). bottom panels: The specific angu-
lar momentum of the stellar (blue), Hy (red), and combined (black) component.
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3.3 High-z galaxies compared to local scaling relations

In section 1.2 the local (baryonic) Tully Fisher relation and the specific angular momentum - mass
relation are presented. They are well-defined for the local universe, however it is unclear how
they evolve and even whether they hold up at higher redshifts. In this section, we present the
local of our selected high-redshift galaxies, with resolved observations of the cold gas kinematics
(see section 3.1), compared to the local scaling relations.

In fig. 10 we show the local TFR (left panel) and BTER (right panel) from Lelli et al. (2016b) as
solid black lines, together with the high redshift galaxies to compare their positions with respect
to the local scaling relations. Due to low resolution of the rotation curve for the majority of the
galaxies, the velocity at the outer observed regions of the galaxies, the external circular speed Vi,
is used as a substitute of V., and is used in the local relations. The majority of the galaxies are
located below the local TER, outside the 1o bounds. This indicates a relatively lower stellar mass
and higher circular speed with respect to the local relation. No clear trend between redshift and
the distance from the local relation can be observed.

In the My — Vaae plane, the high redshift galaxies are closer to the local BTFR compared to
what happens in the M, — Vo plane with the TFR. Similarly to the TFR, the scatter in redshift
is high, potentially suggesting a diverse evolution path of these galaxies. Isolating the galax-
ies based on environment, AGN presence, and star formation main sequence or starburst, also
indicate no clear behaviour with redshift within these small subsamples.
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Figure 10: The Tully-Fisher relation (left) and the baryonic Tully-Fisher relation (right), where the
respective masses are plotted against the external circular speed. The high redshift galaxies are
coloured according to their redshift. The local relations (z ~ 0) are fits to the data of Lelli et al.
(2016a), with the intrinsic scatter indicated by the grey band.

In fig. 11 we show the local specific angular momentum - mass relations for the stellar, gas and
baryonic component of disc galaxies as dashed black lines (Mancera Pifia et al., 2021a). The local
Ju, — Mu, relation (Geesink et al., 2025) is shown as a solid black line the middle panel. With
the available high-z data, only the mass and kinematics of the molecular gas can be obtained,
while the relations at 2 = 0 are based on HI. Due to lack of observations of the atomic gas at
these redshifts (Bera et al., 2023; Chowdhury et al., 2023; Zhang et al., 2021), we do not make
assumptions and consider only the molecular gas component. The baryonic component is taken
to be the sum of the stellar and molecular gas component.

Within our high-z sample, the angular momentum could only be computed for a limited
amount of galaxies, due to the lack of data available on their density profiles. For the stellar
and baryonic component, the high-z galaxies lie close to the local relation. Comparing the high
redshift galaxies to the local jyas — Mgas, We observe that they lie below the relation, having a
significantly lower specific angular momentum for a given mass. This can be partially clarified
by the ignored HI component of the discs. The HI disc is likely to be more extended than the
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concentrated H distribution within the discs, hence incorporating the atomic gas would likely
bring these galaxies closer to the local relation. To make a more fair comparison to local galaxies,
we make the comparison with the local ji, — M, relation. The majority of the high redshift
galaxies, also lie below, but much closer to this relation, having, on average, a smaller j,.s at a
certain M,,s. Additionally, the molecular masses for high-z galaxies have a high uncertainty, be-
cause we only have observations of high-] CO transition or [CII] for the majority of them. Similar
to the Tully-Fisher relations, no trend between redshift and distance from the local relations can
be discerned.
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Figure 11: The specific angular momentum - mass relation (from left to right) for the stellar, gas,
and baryonic component of the galaxies, with the local relations from Mancera Pifa et al. (2021a)
shown as dashed lines and their 1o intrinsic scatter in grey. The local jpu, — My, relation is
similarly shown in blue (Geesink et al., 2025). For the high redshift galaxies, only the molecular
gas is considered for the gas. The baryonic component is assumed to be the sum of the stars
and molecular gas. The high redshift galaxies are coloured according to their redshift. For the
ALPAKA galaxies, the lower limit in j is given by the grey error bar.
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4 Results

In this section we will present the results of our disc evolution models, starting with the parameter
fitting in section 4.1. For the best fit parameters we will examine how different properties of the
galactic disc behave and evolve in models for three different DM mass bins (section 4.2). Lastly,
in section 4.3, we will present the predicted evolution of different scaling relations and compare
them to our high redshift data sample and other empirical relations from the literature.

4.1 Constraints on the free parameters of the evolution model

In this section, we present the constraints on the free parameters (i.e. log Mucc(to), Wace and
log jmax) 0of the model described in section 2, for a range of DM halo masses, using the method
described in section 2.7. The resulting posterior distributions from the MCMC are shown in ap-
pendix C in the form of corner plot, for each DM halo mass (example in fig. 12). Due to the non-
gaussianity of some of the distributions, the peak of each distribution is taken. The upper and
lower error are determined by taking the shortest interval within which 1o of the sample around
the peak is contained. To better track the general evolution of the galaxies within this range, we
also take the median of the sample within the computed upper and lower bounds around the
maximum. From the 2D posterior distributions displayed in the corner plots, the degeneracy be-
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Figure 12: The posterior distributions of the free parameters of the model for log(Mpn/Mg)(to) =
12.0. The red line indicates the maximum of the distribution, with its 1o uncertainties as the red
dashed lines. The blue line is the median of the sample within the uncertainty bounds.

tween the parameters can be analysed too. For all DM halo masses an increase in log M. favours
larger values of jimax. The best fit of w,. is less affected by a change in the other free parameters.
However, w,. is in general less constrained, showing a flatter posterior distribution within the
bounds of the prior. The posteriors of log M. and jmax, in general, are better defined peaked
distributions.

To check if the fitting process was successful we compare how the model reproduces the local
scaling relations that were used to constrain the parameters. Figure 13 shows the three scaling
relations, with results from the model and its scatter shown as data points, where each data point
corresponds to a single DM mass bin. The scatter is the 1o scatter of the grid sample within the
bounds on the best-fit parameters values. For all three relations, we see that the medians and the
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scatter within the model reproduce the scaling relations well, indicating that the fitting procedure
was successful. Only for the stellar size-mass relation, for the higher masses, the model shows a
higher scatter than the local relation of van der Wel et al. (2014).

Figure 14 shows the values of the best-fit parameters as a function of DM halo mass. For every
halo mass, we show the values of the three parameters at the peak of their posterior distribution
and the corresponding uncertainties with blue circles and the median values with the stars. For
the total accreted gas log M., the peak and median of the best-fit appear to follow a clear linear
increase with an increasing log Mpw. The scatter around the peak is consistently between 0.4 —0.5
dex. For accretion frequency wycc, in general, one can observe that w,.. increases with increasing
log Mpy, from waee ~ —0.5 Gyr~! to waee ~ 0.5 Gyr~—!. For log(Mpm/Me) > 12, the best-fit
estimate appears to plateau around wye. ~ 0.5 Gyr~!. For log(Mpy /M) < 11, the model favours
negative w,. values, i.e. accretion rates that increase with cosmic time. For w,c. ~ —0.5 Gyr~!,
this would indicate the majority of the gas was accreted in the last 2 Gyr, or after z ~ 0.2. On the
other hand, for wace = 0.5 Gyr—!, most gas is accreted in the first 2 Gyr of the model, or before
z ~ 2.5. Compared to the other parameters, w,.. is less constrained, and has a typical scatter of
~ 0.5 Gyr~!. For the lowest 3 halo masses, the lower bound on the best-fits, reaches the edge
of the posterior, and should therefore not be considered the true lower bound on the peak or
median value. Lastly, for log jmax, similar to log My, a linear increase with increasing log Mpm
can be observed. The typical scatter around the median is ~ 0.3 dex.
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Figure 13: The medians and the scatter of the model results at z = 0 as the data points, compared
to the respective local relation with their intrinsic scatter as the grey band. middle: the gas fraction
is indicated by the colour, and the jhar — Myar relation (Mancera Pifia et al., 2021a) is in grey.
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Figure 14: The best fit values of the 3 free parameters of the evolution model against the DM
halo mass; left: total accreted matter, middle: accretion frequency, right: maximum specific angular
momentum of the accreted gas. In blue, the values corresponding to maximum of the posterior
distribution, with error bars representing the 1o scatter around the peak. The black star indicates
the median of the sample within the 1o bounds.
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4.2 Behaviour of the disc properties of modelled galaxies

In this section, we examine how different properties of the galactic disc evolve, including the ac-
cretion radius, surface densities, and star formation rate. To illustrate the difference in behaviour
for different masses, the corresponding evolution of the properties of the disc, for three represen-
tative halo masses log(Mpn/Mg)(to) = 11.00,11.75,12.50 are shown. For each halo mass, the
best-fit peak values of the free parameters are used.

The specific angular momentum of the accreted gas is set to grow over time, following eq. (33).
This induces an inside-out formation of the disc. Here, the power in the relation is set to n = 0.3.
The red dashed line in fig. 15 shows the evolution of j,c.. The accretion radius Rac., defined
as the radial scale length of the exponential distribution of the accreted gas at each time step, is
defined by jacc and the rotation velocity Vio(R) at that time, using eq. (34). The black line in
fig. 15 shows the resulting evolution of R,.c. If Vo (R) evolves little, R, is expected to follow a
similar trend as jac.. However, the figure shows R,.. peaks at early times (< 2 Gyr) for relatively
massive galaxies (log(Mpm/Mg) 2 11.75), while jac. always increases monotonically, indicating
the model needs to accrete gas at higher radii to compensate for a relatively low rotation velocity
at these times.

log(Mpy/M.) =11.00 log(Mpy /M) =11.75 log(Mpy /M) =12.50
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Figure 15: The evolution of the accretion radius Rac. and the specific angular momentum of the
accreted gas jace, for log(Mpm/Mg)(to) = 11.00,11.75,12.50 (from left to right).

In fig. 16, 3, ¥gas, and Xgrr are shown at different redshifts for the discs evolving within our rep-
resentative DM haloes, corresponding to log(Mpwm /Mg )(to) = 11.00,11.75,12.50. For all masses,
the gas disc is more extended than the stellar disc, in agreement with observations. This is a
consequence of the star formation being less efficient at lower gas densities.

For the lowest halo mass, all surface densities increase over time, producing a progressively
flatter profile. The latter is a direct consequence of the inside-out formation of the disc. At z > 1,
the surface densities closely resemble an exponential profile. At lower redshifts, the profiles show
a flattening in the inner regions of the disc. For this lowest halo mass, the accretion frequency
is negative (wace = —0.04 Gyrfl). Hence more gas is accreted at later times and at larger radii,
contributing to a relatively smaller increase of the density in the inner regions.

For the intermediate halo mass, the surface densities gradually increase over time, with little
change in the steepness of the profiles. However, in the inner regions a decline can be observed.
For this halo mass, the best-fit accretion frequency was found to be wy.. = 0.33 Gyr~'. This
implies most gas is accreted at early times in the inner regions, feeding the star formation there.
However, the consumed gas is not replenished, due to the low accretion rate at later time. Less
accretion also induces weaker radial flows, which in turn are also not capable of replenishing the
gas in the core. Another contributing factor to the "flattening" in the inner regions, is the chosen
star formation law (eq. 41), which allows a higher star formation efficiency at higher gas surface
densities. The effect of the break in the star formation law can be seen in the bottom panel of
fig. 16, which show a sharp drop-off in ¥gpr at larger radii.

Lastly, for the highest halo mass, relatively little change in the surface densities over time
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is seen compared to the lower halo masses. The accretion frequency of this galaxy is wacc =
0.42 Gyr~'. As a consequence, the contributing factors to the evolution of the profiles are similar
to that of Mpn/Mg)(to) = 11.75, but more extreme due to the gas being accreted at even earlier
times. The result is a stronger flattening of the profiles.
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Figure 16: The stellar surface density (top row), gas surface density (middle row), and the star
formation rate density (bottom row), at different redshifts as indicated by the colours. The differ-
ent columns correspond to the evolution of galaxies with log(Mpn/Mg)(to) = 11.00,11.75,12.50
(from left to right).

Figure 17 shows the evolution of the total stellar mass, gas mass, and global star formation
rate for the same models as above. For the lowest halo mass (log(Mpm/Me)(to) = 11.00), as
mentioned, we found a negative accretion frequency. As a consequence, both the gas and stellar
masses increase over time, with an accelerated increase in stellar mass. The evolution for the other
halo masses (log(Mpm/Mg)(to) = 11.75,12.50) show a similar trend to each other. The peak in
the gas mass and SFR occurs between z ~ 2 — 3. In the first few Gyr they grow quickly, due the
high accretion rate at these times. At later times, when gas is consumed in star formation, and
less gas is accreted from the CGM, both gas and SFR drop.

Lastly, we look at the decomposed rotation curves of the previously discussed model galaxies
at z = 0 (fig. 18). For log(Mpm/Mg)(to) = 11.00, the rotation is dominated by the DM halo
contribution at every radius. For the higher halo masses, the stellar disc is more dominant in
the inner regions, due to its relatively steep density profile compared to the gas disc. The gas
contribution is less significant and peaks at higher radii, due to the gas disc being more extended.
In all three cases, the rotation curve becomes flat at higher radii. Additionally, we can look at
the rotation curves at z = 4 (fig. 19). At this time, the DM is the dominant component, and the
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gas component dominates over the stellar component in all cases. All these behaviours are in
agreement with observed kinematic properties, although some differences exist, as we discuss in
section 5.2.
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Figure 17: Evolution of the total stellar mass, gas mass and star formation rate in the three models
with log(Mpwm/Me)(to) = 11.00,11.75, 12.50 (from left to right)
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Figure 18: The z = 0 decomposed rotation curves, showing the contribution of the stellar disc,
gas disc and DM halo, for models with log(Mpm/Mg)(to) = 11.00,11.75,12.50 (from left to right)
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Figure 19: The z = 4 decomposed rotation curves, showing the contribution of the stellar disc,
gas disc and DM halo, for models with log(Mpn/Mg)(to) = 11.00,11.75,12.50 (from left to right)
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4.3 Evolution of scaling relations

In this section, we look at the evolution of different scaling relations. Our model evolves galaxies
from z = 10 to z = 0, with radial flows starting at z = 7, therefore, we examine the evolution for
z = 7—0. To get an estimate of the general evolution at different masses, the median values of the
best-fit parameters are used. We remind that the free parameters were constrained using three
local scaling relations, the BTFR, jhar — Mpar — fgas relation, and the stellar size-Mass relation.
Additionally, the model will be compared to other well known local scaling relations.

Note that due to the negative w,.. estimates at low log Mpy;, the disc is formed at later cosmic
times. Consequently, not all properties of the galaxies can be defined at high redshifts for these
lower halo masses.

4.3.1 Evolution of the Tully-Fisher relations

The first two kinematic scaling relations to be examined are the TFR and the BTFR, for which the
results are shown in fig. 20. To get an estimate of the output parameters of the model and their
scatter, we take the model results corresponding to the 3D grid parameters within the upper and
lower bounds of the best fit estimates of the free parameters. The black data points in the figure
represent the medians and the scatter of the properties within these bounds (same as fig. 13).
Besides the local BTFR, which was used in the fitting, the local TFR is also well reproduced by
the model, showing a similar linear relation and scatter. At the highest halo masses, the model
slightly underestimates the stellar masses, for given Via;.

Lelli+2016
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Figure 20: The evolution of the Tully-Fisher relation (left) and the baryonic Tully-Fisher relation
(right) for z = 7 — 0, where the different redshifts are indicated by the colours. The local relation
and its intrinsic scatter are represented by the black curve and grey band, respectively (Lelli et al.,
2016a). The medians and the scatter of the model results at z = 0 are presented by the black data
points. The black dashed line shows the evolutionary track for a single galaxy, corresponding to

Furthermore, the predicted evolution of these scaling relations can be inspected in fig. 20. For
the TFR, at M, > 10° M, the relation evolves little. For a given M,, the relation shifts to slightly
higher velocities, but stays within the bounds of the local relation for z = 7— 0. At M, < 10° Mg,
there is a sharp turn-off for z > 0.5, predicting significantly higher velocities compared to the
relation at z = 0. This indicates that, according to the model, galaxies at these masses obtain most
of their stellar mass at late cosmic times. This is directly connected to the negative w,c. values
that were found for the lower DM halo masses.

For the BTFR, a similar but less significant turn-off is seen at My, < 10° M. Simultaneously,
at higher masses, the model predicts higher baryonic masses compared to local relation, at a
given Vaat. In general, this indicates that more massive galaxies obtain most of their mass at early
times, letting My, evolve relatively little with respect to their rotation velocity Vi, within the
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examined redshift range. In comparison, lower mass galaxies are predicted to obtain most of their
mass at later times, showing a more significant growth in My,,. These results combined lead to
an increase in the steepness of the BTFR with increasing redshift.

Additionally, we can look at the evolution of a single galaxy. Figure 20 shows to evolution
track of a galaxy with log(Mpwm/Mg) = 11.5 as a black dashed line. Its stellar mass grows nearly
three orders of magnitude between z = 7 and z = 0, while the baryonic mass grows by 1 order
of magnitude. At z 2 4 the galaxy lies below the local TFR, while for the BTFR it remains well
within the bounds of the local relation throughout its evolution.

Figure 21 shows the predicted evolution of the model compared to our high-z data sample for
the TFR (right) and the BTFR (left). For the TFR, we see that the high-z galaxies are scattered
below their respective evolution paths based on redshift, i.e. for a given stellar mass they have
higher rotation velocities than predicted by the model. In contrast, the high-z TFR predicted by
the model converges to the local relation at these high masses.

For the BTFR we also find that the high-z galaxies lie below the local relation opposed to
the model that predicts that at higher redshifts, galaxies lie further above the relation. In other
words, at a given stellar mass the model underestimates the rotation velocity compared to the
high-z data. We discuss this further in section 5.3.1.

1012 1012

101 o Lelli+2016
= i) L 30<& ® ALMA-ALPAKA
= =10 = @ Roman-Oliveira+2022
x z 2572 ¥ Rizzo+2020,2021
Z‘ 10 = /s B Lelli+2021
10 = 2.0 Wang+2024
1010 1.5
107 1.0
T 0.5
102 2% 102 3x 104 x 10> 6x 10
Vet [km/s] Vet [km/s]

Figure 21: Same as fig. 20, including high-z galaxy data from Chapter 3, with the redshift indicated
by the colours

4.3.2 Evolution of the j-M relations

Figure 22 shows the predicted evolution of the j — M relation for the different mass components.
Firstly, we can check how well the model reproduces the local j — M relations by Mancera Pifia
etal. (2021a). The jhar — Mpar — fgas relation was used to constrain the parameters, and we see that
the model reproduces the local jhar — Mpa, relation and its scatter well as discussed before. For the
stellar and gas component, the model also accurately follows the corresponding local relations.
For the stellar component, the medians of the model lie slightly above the relation, but are within
the 1o scatter.

The black dashed lines in fig. 22 indicate the evolution path of a single galaxy. For the stellar
and baryonic component, a steady growth in j and M is observed overtime. For the gas compo-
nent, jgas increases steadily, but M,,s declines after a certain time as the gas is consumed by star
formation and little gas is accreted.

Overall, the evolution of j, — M, relation shows little evolution in the slope of the relation and a
decrease in the normalisation with cosmic time. This indicates the stellar specific angular momen-
tum evolves relatively little over time compared to the growing stellar mass. For jgas — Mgas, the
relation appears to evolve little from z = 7 to z = 2, after which for galaxies with Mg,s > 10° My,
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the M,,s declines while jg,5 grows. The result is a steepening of the relation over time. The bary-
onic relation evolves little compared to those of the other mass components. The evolution of
the stellar and gas component show an opposite trend, hence it follows that for their combined
evolution in the baryonic component, it cancels out. The little evolution present indicates a slight
decline in the normalisation of the relation over time.
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Figure 22: The evolution of the specific angular momentum - mass relation (from left to right) for
the stellar, gas, and baryonic component of the galaxies. Similar to fig. 20, with the local relation
of Mancera Pina et al. (2021a).

Figure 23 shows the evolution of the j — M relations compared to the high-z data sample for the
different mass components. For the j, — M, relation there is a reasonable agreement between our
model and the data, with both being systematically above the local relation. In the jgas — Mas
plane the mismatch between the data sample and model prediction is more significant. While
both predict that high-z galaxies have a lower jg.s at a given Mg, the jg.s of the observed galaxies
is systematically lower than that predicted by the model. For the jyar — Mpa, relation, both the
high-z data and the model show little deviation from the local relation a high redshifts. However,
the data have a slightly lower ji., at a given My, compared to the predictions of the model. The
possible causes behind the disagreements between the data and the model are further discussed
in section 5.3.1.
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Figure 23: Same as fig. 22, including high-z galaxies, with the redshift indicated by colour. In the

middle panel we also shows the local jz, — My, relation with its intrinsic scatter in blue (Geesink
et al., 2025)
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4.3.3 Evolution of the stellar size-mass relation

Next we look at the evolution of the stellar size-mass relation, presented in fig. 24. This relation
was also used to constrain the free parameters, and the model reproduces the general trend and
scatter of the local relation well. At high-z, the relation changes most for higher masses, showing
that stellar mass increases over time, with relatively little change in the effective radius. When
comparing to the observed relations at high-z to the model (right panel fig. 24), it also shows that
at fixed stellar mass, we expect a smaller R.g. This discrepancy is partially related to the choice of
n = 0.3, which leads to little evolution in jac. and consequently r,.. within the examined redshift
range. We will further discuss this discrepancy in section 5.1.
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Figure 24: left: The evolution of stellar size-mass relation. Similar to fig. 20, with the local relation
of van der Wel et al. (2014). right: the size-mass relation of the model (full lines) compared to the
empirical relations (dashed lines) from van der Wel et al. (2014).

4.3.4 Evolution of the SHMR and SFMS

In addition to the scaling relations that contain parameters that were used in constraining the free
parameters of the model, we compare the predictions of the SHMR and SFMS relations of our
model to the observed ones at z = 0 and higher z.

Figure 25 shows the local relation and the predicted evolution of the SHMR by the model,
compared to the relation derived with abundance matching (section 1.2.7). At z ~ 0 (middle
panel fig. 25) our model overestimates the stellar masses for a given DM halo mass, on the lower
and higher halo mass ends, when compared to the lowest z bin of Shuntov et al. (2025) and the
local disc galaxies sample from Mancera Pifa et al. (2025). Around log(Mpm/Mg) ~ 12, the
model returns the most accurate stellar-to-halo mass ratios. In general the SHMR relation of the
model at z = 0, more closely resemble a linear relation between log M, and log Mpy. This is in
line with other determinations, in particular Posti et al. (2019).

The evolution of the SHMR shows a decline in steepness of the relation with decreasing z for
log(M,/Mg) > 9. This indicates that with increasing DM mass, log Mpn shows a bigger growth
relative to the growth in log M,. For log(M,/Mg) < 9, a steep drop-off can be observed as a
consequence of of the fact that models with lower Mpy obtain the majority of their baryonic
mass at progressively later times.
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The evolution predicted by the model can be compared to the empirical SHMRs of Shuntov
et al. (2025) (fig. 25 right panel), where we specifically show the SHMR at z =~ 2,4, 6 for both. The
relations from Shuntov et al. (2025) were established using a SMF based on JWST observations
from the COSMOS-Web survey, and the HMF from Watson et al. (2013). The qualitative trend in
both is similar, showing that at a certain log Mpw, log M, is greater at higher redshifts. However,
the SHMR’s of our model at these redshifts are systematically shifted towards lower log Mpn by
~ 0.5 dex compared to the SHMR’s of Shuntov et al. (2025).
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Figure 25: left: Evolution of the SHMR in our model, similar fig. 20. middle: The data points
indicate the median and scatter of the model’s results at = = 0. The dashed blue line is the
empirical SHMR from Shuntov et al. (2025) at their lowest z bin, with its intrinsic scatter indicated
by the blue band. The blue triangles are local disc galaxies from (Mancera Pifia et al., 2025). right:
The full lines are the result of the model at z = 2,4,6. The dashed lines are the results from
Shuntov et al. (2025) at similar redshifts. The dotted line in every panel indicates the cosmic
baryon fraction.

Figure 26 shows the predicted evolution of the star formation main sequence. To check how well
the model reproduces the local relation, we compare to the relation by Whitaker et al. (2012) based
on a sample with redshifts 0 < z < 0.5. Our model closely resembles this relation at z = 0.5. At
z = 0, the model underestimates the SFR for log(M, /Mg) 2 9.5, slightly overestimates it at lower
masses. In general the main sequence follows a linear relation for z > 0.5, for which the SFR at
a given mass declines over time. When examining the change in the SFR over the evolution of a
single galaxy (dashed black line in fig. 26 left panel), we see that for the evolution track plotted for
log(Mpwm/Mg)(z = 0) = 11.5, the SFR increases at high z, peaks around z = 2, and then declines.
In general, the SFR in the model evolves more rapidly at z < 4.

In fig. 26 (right panel), the SEMS of the model is compared to the observed determination of
Popesso et al. (2023) at z = 0,2,4,6. Both show the same qualitative trend with higher SFRs at
higher redshifts for a given stellar mass. However, where all model shows a nearly linear relation
between log SFR and log M, at all redshifts, the relations from Popesso et al. (2023) show turn-off
in the SEMS slope for log(M,/Mg) > 10.5. Consequently, the model slightly overestimates the
SFR at these high masses. However note that at high-z, the relations from Popesso et al. (2023)
contain galaxies that cannot be in our model because they may have quenched before z = 0. At
lower masses, the model tends to underestimate the SFR, particularly around z ~ 2.
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Figure 26: left: The evolution of the star formation main sequence. Similar to fig. 20, with the ob-
served local relation of Whitaker et al. (2012). right: The SEMS of the model (full lines), compared
to the empirical relations (dashed lines) of Popesso et al. (2023).

4.4 Impact of different n and j mismatch on best-fit parameters

All the results shown so far were for n = 0.3 and no angular momentum mismatch between the
accreted gas and the disc (o« = 0). Here we test the model for n = 0.5, 1.0 (section 2.2.2), and for
a = 0.1,0.2, ie. jacc(t,R) will be (1 — a)jaisc (section 2.3). A greater mismatch causes stronger
inward radial flows for the gas in disc. The best-fit parameters for these variations are computed
for log(Mpm/Mg) = 11.0,11.75,12.5. The resulting corner plots are presented in appendix C.2.

Figure 27 shows the best-fit parameter values for the 3 free parameters of the model for the dif-
ferent combination of n and «. In general we see that the new best-fit values are within the 1o
uncertainty of the original results (n = 0.3, a = 0), indicated by the black data points in the fig-
ure. For the total accreted matter (log Macc(to), left panel fig. 27), different values for n and o have
little impact on the best-fit values. For the accretion frequency (wacc, middle panel fig. 27), we see
a decline in the lowest DM mass bin for greater values n. The negative values of w,.. indicate that
the accretion rate increase exponentially over time, with more gas being accreted at later times
for greater negative values. For the maximum accreted angular momentum (jmax, right panel
fig. 27), the best-fit values for the n = 1 results are greater by ~ 0.5 dex relative to the original
results. For the other values of n and « the difference in jy,ax are negligible. From the on average
small change in the best-fit parameters, we conclude that subsequent difference in the evolution
of the galaxy’s properties in the model is also small. However, this is not a full explanation, and
based on different constraints or other changes in the model, a change in these parameters could
have a larger impact on the results. It is therefore important to include n and « as free parameters
in the future.

4.5 Evolution of scaling relations for no DM evolution

In this section, we look at the results of the model with no growth of the DM halo. This implies
that the total DM mass and its contribution to the rotation velocity remain constant. This version
should also more closely resemble that of Costa (2024), where the DM halo was not considered
and the rotation curve was assumed to be constant in time. Similar to the test for different values
of n and «, we computed the best-fit parameters for log(Mpm/Mg) = 11.0,11.75,12.5. Similar to
the original results we took n = 0.3, and assumed no mismatch (« = 0.0). The best-fit values for

45



4.5 Evolution of scaling relations for no DM evolution A'F. Esselink

1.254

1.00

4.0

a=0.0
n=10 a=00

5]
=100 /
&0
= ;

5]

11.0

pr

A

Jkpe kms™1)

0.254

0.00

Waee [Gyr 7]

10g(Jmax

—0.251

—0.50 4

11.0 11.75

log( Mpn/ M)

11.0 11.5 12.0 12,5 12,5

log( Mpa/ M)

11.5 12.0 12,5

log( Mpn /M)

Figure 27: The best fit values of the 3 free parameters of the evolution model against 3 DM halo
masses, for different combinations of n and « (see legend). left: total accreted matter, middle:
accretion frequency, bottom: maximum specific angular momentum of the accreted gas. The val-
ues of the best fit parameters are indicated by the maximum of the posterior distribution and
the 16th and 84th percentile of the sample around the maximum indicated by the errorbars. The
positions of the points along the x-axis have been slightly shifted around the reference masses
(log(Mpm/Mg) = 11.0,11.75,12.5) for clarity.

Mace(to), Wace and jmax do not differ significantly from the previously presented results and are
well within their 1o uncertainty bounds.

In fig. 28, the predicted evolution of the TFR and BTFR are shown, based on the evolution of galax-
ies with log(Mpm/Mg) = 11.0,11.75,12.5. The evolutionary track for a galaxy with log(Mpm/Mg)
11.75 is also included in the figure as the dashed black line. In general, we see little evolution of
Viat, while the stellar and baryonic masses grow over time. This is expected as Mpy is the dom-
inant component in the rotation curve at large radii, hence when Mpy does not evolve, Vg, will
also grow little over time. The result is that the relations at higher redshifts, lie further below the
local relations. This is in stark contrast with the original results (fig. 20), where we observed an
evolution of Vi, leading to the prediction that more massive high-z galaxies lie on the local TFR
and slightly above the local BTFR. The M, and My,, mass range covered in these new results have
little overlap with the mass range of the high-z data, however, the qualitative evolution trend of
the model is in better agreement with the high-z data.
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Figure 28: The evolution of the Tully-Fisher relation (left) and the baryonic Tully-Fisher relation
(right), same as fig. 20, but for a model with no evolution of the DM halo.

Figure 29 shows the predicted evolution of the j — M relations of the stellar, gas, and baryonic

component for this model with no DM halo growth. The qualitative evolution trend is similar to
the original results (fig. 22). The evolution of the specific angular momentum is tightly linked to
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the prescribed evolution of j,.., which was not changed. Similarly, the evolution of the individ-
ual mass components is tightly linked to the free parameters M,..(to) and wacc, which have not
changed significantly.

The evolution of the size-Mass relation for a model with no DM evolution (see fig. 30), also
shows a similar qualitative trend compared to the original results. The effective radius does show
a larger growth within the examined redshift range, compared to the nearly constant evolution at
high masses in the original results. This appears an improvement when compared to the empirical
relations. Similar to the j — M relations, this relation is more influenced by the free parameters of
the model than by the value of Mpy, given that the parameter values difference is small.
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Figure 29: The evolution of the specific angular momentum - mass relation (from left to right) for
the stellar, gas, and baryonic component of the galaxies, same as fig. 22, but for a model with no
evolution of the DM halo.

van der Wel+2014
(0.0« z<0.5)
Evolution track
(log Mpy = 11.75)
z=7.0

2=6.0

z=5.0

z=4.0

z=3.0

z=2.0

z=1.0

10! 4

R [kpc]

z=0.5

10" 4

—
— 0.0
*

Model Prediction

6 7 8 9 10 11 12

Figure 30: The evolution of stellar size-mass relation. Same as fig. 24, but for a model with no
evolution of the DM halo.
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5 Discussion

In this section we will first discuss how the main assumptions in our model impact the derived
parameters and we discuss potential improvements (section 5.1). After that we will examine how
our high redshift data sample compares to the predicted evolution of the scaling relations. We
then compare the scaling relations from our model with the ones reported in the literature and
analyse discrepancies (section 5.3). Lastly, in section 5.5, other possible additions and improve-
ments to the model will be discussed.

5.1 Impact of assumptions in the evolution model

5.1.1 Absence of feedback

In our model, outflows are completely neglected for all galaxy masses (Y. = 0, egs. (15) and (16)),
under the reasoning that massive galaxies retain most of their gas due to their high escape veloc-
ities. However, this simplification may have several implications for the results of the model. In
particular, it can lead to an overestimation of the stellar and baryonic mass, especially for low-
mass galaxies, in which stellar and supernova-driven feedback can expel a significant amount of
gas from the galactic disc (Muratov et al., 2015; Christensen et al., 2016). Hence, ignoring outflows,
leads to an overprediction of gas retention and consequently of the star formation efficiency. In
the model, star formation is increased in regimes where feedback would self-regulate or quench
the star formation. To compensate for this, in low-mass galaxies, the results of the parameter fit-
ting are that the model accretes gas mostly at later times, which is discussed in more detail later.
It is however interesting that we can mostly reproduce the shape of the SHMR at z = 0 without
ejective feedback.

Additionally, feedback can impact the distribution of the angular momentum in the disc (El-
Badry et al., 2018). For instance, the ejected gas from stellar feedback often comes from central,
low angular momentum regions of the galaxy. If a fraction of the ejected gas is later re-accreted
(e.g. through galactic fountains), this gas is expected to have a higher angular momentum than
at the time of ejection due to factors like mixing with the CGM and torque by the DM halo. As a
consequence, it will also be accreted at larger radii, where the angular momentum of the disc is
greater. In general, feedback with or without re-accretion leads to a higher average angular mo-
mentum of the baryonic component and more extended discs, compared to results from smooth
gas accretion alone.

Currently, any mismatch between the observed properties and the model predictions must be
compensated entirely by adjusting the accretion history, i.e. tuning wac.. To obtain galaxies with
realistic gas fractions and sizes, the model predicts negative values for w,.. for low-mass galaxies,
meaning most gas is accreted at later times. Including feedback would improve regulation of the
SER by reducing the amount of gas that is available for star formation and reduce the SFR. A
lower overall SFR could allow gas to be accreted earlier, resulting in more realistic predictions for
waee for low-mass galaxies. Additionally, inclusion of feedback could help break the degeneracy
between the total accreted mass M,.(to) and the accretion history (wacc). In the future we could
implement feedback using a simple parametrized outflow model, e.g. by introducing a mass-
loading factor which could be related to the SER or halo mass (e.g. Muratov et al., 2015).

5.1.2 Accretion: history and radial distribution

The current assumption for the accretion history is an exponentially declining or increasing ac-
cretion rate (eq. 29). While this is a common simplification, it is not a generic outcome of cos-
mological growth with the gas accretion being connected to several other important processes. In
the current model a high value of w,c. concentrates accretion and star formation at early times.
A smaller positive w,.. would create more extended discs and a slower stellar mass growth. Ad-
ditionally, it may lead to better SFHs, compared to the current SFHs (fig. 17), in which strong
quenching occurs for higher masses at z > 2.
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There are several key processes that impact the accretion history. Firstly the gas accretion is
linked to the growth of the halo. The potential of the halo is connected to the virial temperature
and the ability of the gas to cool, the shock stability of inflows (hot vs. cold mode), and the
gravitational force needed to retain gas. Secondly, the baryon accretion itself is therefore regulated
by cooling, feedback, and virial shocks. Cold-mode accretion is expected to dominate in low-
mass haloes (Keres et al., 2005), with a relatively steady inflow. Hot-mode accretion is more more
dominant in more massive haloes, creating a more delayed and non-monotonic accretion history
(Dekel & Birnboim, 2006; Nelson et al., 2015). Implementing prescriptions that would mimic
hot-mode accretion could allow for smaller a w,c. (i.e. longer accretion timescales) for massive
galaxies, instead of the current best-fit w,.. that forces all gas to be accreted in the first 2 Gyr of
the evolution in the model.

As the exponential form only has one parameter controlling its shape (wacc), it controls both
the steepness at early times and the suppression of the accretion at later times. As galaxies in
reality can have delayed accretion peaks or sustained late-time accretion (Behroozi et al., 2013),
the model is likely to overestimate w,.. in high-mass systems to suppress late-time growth, and
underestimate w,. in low-mass systems to sustain growth on longer timescales.

The gas itself is always accreted in an exponential surface density profile, with a scale radius
increasing over time according to Racc(t) ~ Jace(t)/Viot- Because the accreted gas is distributed
with most of its mass near the centre, the resulting disc grows, concentrating baryonic mass at
small radii. This keeps the average jya. relatively low. The model compensates for this with very
large R,.. at early times (fig. 15) Introducing a more extended or outer-peaked profile (e.g. a
gamma function) would help contribute to more extended discs, without needing wac. or n to
compensate for this. E.g. the power in the growth of j... was now set n = 0.3 to force a steep
increase in j at early times by accreting at larger radii. For a profile that is not centrally peaked, the
gas can be accreted at larger radii for the same angular momentum. Furthermore, it would lead
to lower central surface densities and slower star formation, allowing for a higher gas fraction at
late times, contributing to more realistic estimates of w,.., particularly for low-mass galaxies.

5.1.3 Angular momentum of accreted gas

As discussed in the previous section, jacc(t) is closely related to the accretion history and the
growth of the disc size. Here we will specifically discuss the assumed evolution of jac.(t) (eq.
33) and its corresponding parameters. The main assumptions in the current parametrization of
Jace(t) is the choice of jmin = Jmax/10 and n = 0.3. The choice for these parameters impact
the evolution of several galactic properties. Firstly the size evolution, if early accreted gas has
a lower angular momentum, the mass will be more centrally concentrated. Hence a lower jnin
compresses early discs. Additionally, this leads to higher central densities and SFR, and increased
rotation velocities. For example, in section 4.4, we saw that for n = 1, the model compensates for
this by predicting a greater negative w,.. at the low halo mass, and in general predicts greater
values for jnax, compared to the results of n = 0.3. This is because, for ¢t < tg, jacc is lower for
n = 1 than when n = 0.3, assuming the same jmin and jmax. To offset this reduction and still
match the required angular momentum budget of the disc, the model compensates by adopting
higher values of jmax. The evolution of jac. also has an impact on the evolution of the specific
angular momentum of the different mass components of the discs. These assumptions also have
a direct impact on the best-fit estimates of jmax and wace. If jmax/jmin is set too high, this could
lead to unrealistically high values of jn,ax and negative values for w,c. to recover the local size-
mass relation. Additionally, we note that introducing an angular momentum mismatch o of 10%
or 20% between the accreted gas and the disc has a negligible impact on the results within the
current model. However, if the model is adapted based on the assumptions discussed here, a and
n could have more significant impact on the results and should be considered as free parameters
in the future.

As an improvement to the model, jni, could be made a free parameter or be allowed to vary
with the halo spin parameter or environment. Alternatively, the growth of the accreted angular
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momentum could be directly related to the DM halo, e.g. by letting j...(t) scale with the evolution
of the halo’s specific angular momentum (Bullock et al., 2001b).

5.1.4 Absence of mergers

Another simplification of our model is the absence of both minor and major mergers. The model
assumes a smooth continuous gas accretion, with no perturbations to the disc. A general con-
sequence of this is an overly smooth evolution of the galaxy’s properties and a reduction in the
evolutionary scatter. Major mergers could temporarily destroy the disc or permanently change
the morphology of a galaxy. Within the framework of our model, a galaxy will always remain
a stable disc. In general the majority of SFGs are believed to have obtained most of their mass
through the smooth accretion of cold gas (Speagle et al., 2014). However, for the massive galax-
ies (log(M,./Mg) Z 11.0), minor mergers can contribute significantly to the build-up of mass
(Rodriguez-Gomez et al., 2016). Especially at lower redshift (z < 2.0) mergers become more im-
portant relative to the declining cold gas accretion rate. For these massive galaxies, star formation
is expected to quench at relatively early times, with dry mergers dominating the growth in stellar
mass and potentially contributing to the formation of a bulge (Oser et al., 2010; Tacchella et al.,
2016). This is consistent with the results of our model, in which we found that for these masses
the majority of the gas is accreted at z 2 2.5. Additionally, the lack of bulge formation due to the
absence of mergers could help explain the shallow surface density profiles in the inner regions of
massive galaxies in the model.

5.1.5 Instantaneous recycling approximation

The IRA treats all stellar mass loss from SNe and stellar winds as instantaneous, as we assume
a fixed fraction R = 0.3 of the SFR is returned to the ISM at each time step. However in reality,
roughly half of the gas recycling that is due to stellar winds occurs on Gyr timescales. The IRA
leads to an overestimation of the gas return at early times, artificially sustaining star formation,
while simultaneously causing an underestimation of the gas fraction at later times. By remov-
ing the time-delay between star formation and feedback, the SFH flattens, leading to lower wacc
to compensate for the higher internal gas recycling. If the IRA was removed, likely more gas is
returned at later times, requiring less accretion. The model could be improved by applying de-
layed recycling where the gas return is computed using IMF-weighted stellar lifetimes (eq. 42),
allowing the gas return from different stellar populations to be spread over Gyr timescales.

5.2 Evolution of surface densities

In this section, we will discuss if the observed behaviour of the disc properties matches expecta-
tions, based on the results presented in section 4.2. Firstly in fig. 15 we observed that the evolu-
tionary trend of Rac. does not follow the same trend as jacc as Racc peaks at early times. As the
angular momentum is determined by the distribution of mass and the rotation velocity, this is
likely an indication of a too low rotation velocity at early times, that the increase in Ry, is com-
pensating for. At these times, the rotation velocity is dominated by the dark matter component
(fig. 19), and therefore suggests that the DM halo is not growing fast enough at early times. For
the DM accretion rate we currently use the formalism by Krumholz et al. (2018), for future work a
different prescription should be used, e.g. the semi-analytical merger tree of van den Bosch et al.
(2014). Our results for a model with constant DM gave a more accurate evolution of the TFR and
size-mass relation in particular (section 4.5), a faster growth of the DM halo at early times is likely
to have a similar effect.

Related to the rotation curve decomposition, we also observed an issue with the rotation of
the stellar component for the higher DM mass in fig. 18. In the inner 3 kpc, the rotation velocity
is negative (not real), as a result of a small decline in the stellar surface density towards the centre
at z = 0 (fig. 16). This is related to the larger issue of the flattening of the surface densities in
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the inner regions for the higher mass galaxies in the model. While based on observations, more
massive SFGs are commonly found to have a bulge (e.g. Forster Schreiber & Wuyts, 2020). As
discussed in section 5.1.4, the absence of mergers in our model could be a contributor to this
discrepancy. Additionally, an absence of strong inward radial flows contribute to the relatively
shallow density profiles in the central regions.

5.3 Comparison evolution model & literature

In section 4.3, the predicted evolution of several scaling relations was compared to our high-
redshift data sample and to evolutionary trends reported in the literature. In this section, we
examine any discrepancies and discuss how they may relate to the assumptions and limitations
of our evolution model.

5.3.1 Comparison to high redshift data

When comparing the predicted evolution of scaling relations to our high redshift data sample, a
mixed level of agreement was found (figs. 21 and 23). All galaxies in our sample are massive star
forming discs (log(Mpar/Mg) 2 10.5), and their positions relative the local and evolved scaling
relations reflect both the model limitations and observational biases which are further discussed
in this section.

At fixed stellar mass, the high redshift galaxies show much scatter with redshift but tend to
lie below the local TFR, i.e. they have higher rotation velocities than local galaxies of the same
stellar mass. In contrast our model predicts little to no evolution of the TFR at these high stellar
masses. This is directly related to the high w,.. that was found at these masses, meaning that
gas is accreted at very early times with little evolution later. As discussed in section 5.1, this
overestimation of wacc is likely related to the assumption made for j...(¢t) and the absence of
feedback. Cosmological simulations also predict a relatively little evolution at high stellar masses
(Lovell et al., 2018; Pillepich et al., 2019), and find that massive discs reach equilibrium earlier and
evolve more slowly. The fact that the high-z galaxies lie below the predicted relation at high-z,
could also be partially attributed to an underestimation of the halo mass at these times. A faster
growth of the halo mass at early times would result in a larger Vi, at high redshifts, bringing the
model closer to the data.

For the BTFR, we also found that the high-z galaxies lie slightly below the local relation, while
the model predicts that they should lie above it. One contribution to this discrepancy could be
the incomplete measurement of the total gas mass in the data. Cold molecular gas accounts for
a fraction of the total gas, while the atomic gas is omitted. HI is difficult to detect at z 2 1, with
much debate on its evolution even at these redshifts (Bera et al., 2023; Chowdhury et al., 2023;
Zhang et al., 2021). However the atomic gas can be dynamically dominant in the outer disc and
therefore have a non-negligible contribution to the mass and angular momentum of the gas and
baryonic component (Lagos et al., 2014; Popping et al., 2014).

The predicted evolution in j, — M, relation (fig. 23) aligns reasonably well with the observa-
tions, considering both the relatively large scatter in the evolution model (not shown in the figure)
and the scatter in the data. The predicted evolution indicates that while the galaxies gradually
build up their stellar mass, j,. evolves relatively little. For these massive galaxies most stars are
formed early, and since the stellar radial flows are relatively small, and with IRA, the absence of
mergers and no feedback, j, is not further disrupted. The high angular momentum of the gas that
is accreted later has little impact on the stellar component due to the low amount of gas being ac-
creted at these times, and the low gas densities in the outer regions allow for little star formation
(due to use of a star formation law with a low density cut-off, eq. (41)).

For the jgas — Mgas (fig. 23) relation we observe a bigger mismatch between the predicted
evolution and the high-z observations. This is likely connected to a systematic underestimation
of the gas angular momentum in the data, due to the missing HI component discussed previously.
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Observations only trace the centrally concentrated molecular gas. The HI gas is expected to be
more extended (Krogager et al., 2024), meaning even if it contributes little to the total gas mass at
these redshift, it could have a large impact in the angular momentum of the gas. Furthermore, the
model predicts little evolution in the relation until z ~ 2, after which it turns to the local relation
as the gas mass declines due to consumption by star formation and little replenishment by gas
accretion, while in general jg,s still grows. If the evolution of the molecular gas component shows
a similar trend as the total gas component, i.e. a continuing growth in j with a nearly constant or
decreasing gas mass at low-z, this could help explain why the high-z galaxies in our sample lie
below the local ju, — M, relation.

The jbar — Mpar relation (fig. 23) shows very little evolution, which is in good agreement with
the high-z sample. The data is scattered slightly below the local relation and the predicted evo-
lution, however this is possibly related to the systematic underestimation of js.s as discussed
previously.

Aside from the already mentioned discrepancies in the data, the bias and diversity of the sample
also needs to be considered. All observed galaxies are luminous, massive, well-ordered discs with
high SFRs, and, for some, AGN activity. Additionally, they come from a range of environments,
with the majority being in overdense regions. Most importantly they are not guaranteed to be
direct progenitors of local disc galaxies. This selection bias makes it difficult to make a gener-
alized comparison to the evolution predicted by the model. Moreover, the diversity in the data
introduces significant scatter, making it difficult to isolate any evolutionary trends in this small
sample.

For future comparisons a more homogeneous data sample is required, with new observation
from ALMA. Additionally, the accuracy in the current sample can be improved with JWST obser-
vations, to replace the stellar surface brightness profiles from HST observations that were used
to compute j, and jpa, of the galaxies in the ALPAKA sample. An improved data sample would
allow for the high-z data to be included in constraining the free parameters of the model. This
would help remove degeneracies between the parameters and provide a more accurate descrip-
tion for the evolution of the scaling relations.

5.3.2 Tully-Fisher and j-M relations

Aside from comparing the scaling relations to our high-z data sample, here we compare the
evolution of the scaling relations predicted by our model with previous observational studies,
and to the results of other (semi-)analytic models. Any observational studies are mostly lim-
ited to redshifts below z ~ 1.5. At these low redshifts, with very limited observations below
log(M,/Mg) = 10, Marasco et al. (2019) and Genzel et al. (2020) also find little evolution of the
stellar scaling relations (j, — M,, TFR).

The evolution of our model for the BTFR shows the opposite trend compared to predictions
from the literature, where generally low-mass discs build up their rotation velocity more gradu-
ally and high-mass discs take longer to build up their baryonic mass (Dutton & van den Bosch,
2009; Lagos et al., 2017). Our evolution model is likely overestimating the baryonic mass at early
times for high-mass galaxies, due to the absence of feedback and outflows in the model, which
would otherwise suppress early baryon retention and the SFR.

For the j, — M, relation, the predicted evolution shows a gradual growth of j, at all masses,
with the slope of the relation staying nearly constant with a drop in the normalisation over time
(fig. 22). This implies that a fixed stellar mass, the model predicts that high redshift galaxies have
a higher j,. Marasco et al. (2019) found no evolution of the j, — M, relation for 0 < z < 1,
which is in agreement with our findings as our models start to depart from the z = 0 relation for
z > 2. Simulation show an opposite trend, with j, increasing over time at fixed stellar mass for
0 < z < 3 (Lagos et al., 2017). This discrepancy likely stems from the shallow growth in size at
higher masses in the model as a consequence of the shallow growth in j,.. during the majority of
their evolution. This is related to the choice of n, which was discussed in sections 5.1.2 and 5.1.3.
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For the jga.s — Mg, relation we see a qualitatively similar trend in the evolution as Lagos et al.
(2017), with jg.s being greater at low redshifts at fixed gas mass. We also both find that this
increase at fixed mass becomes greater at higher gas masses. Additionally, they find little to no
evolution in the jhar — Mpa, relation in their investigated redshift range (0 < z < 3) which is
consistent with our findings.

5.3.3 Stellar size-Mass relation

In the evolution of the stellar size-mass relation we found that the model predicts that at fixed
stellar mass, galaxies have a larger stellar disc at higher redshift. This is opposite of what is ob-
served by van der Wel et al. (2014), which showed the SFGs of the same stellar mass are smaller at
higher redshifts. This disagreement is partially a consequence of the prescribed evolution of jacc
in the model which is discussed in more detail in sections 5.1.2 and 5.1.3. Additionally, we found
R,.c peaks at early times, after which it remains nearly constant for high masses. This is different
compared the more monotonic growth that is prescribed to jacc.. As mentioned previously, a dif-
ferent formalism for the DM accretion rate could indirectly contribute to a more gradual growth
of Rac. and therefore also the effective radius of the disc. A more significant growth of R.g over
time, would bring the models closer to the empirical evolution of the size-mass relation.

534 SHMR

The stellar-to-halo mass ratio peaks at halo mass of M), ~ 10'?M and declines at both lower
and higher masses due to feedback (SNe at low mass, AGN at high mass) (Shuntov et al., 2025;
Somerville & Davé, 2015). At low redshifts, this efficiency peaks around e, ~ 0.2 (i.e. 20% of
the cosmic baryons turned into stars). In our model we find slightly too much stellar mass in
haloes compared to empirical SHMRs (Behroozi et al., 2019; Shuntov et al., 2025), particularly at
log(Mpwm/Mg) 2 12 this discrepancy is noticable. This is likely connected to a lack of quenching
or reduced SF efficiency in the model as consequence of having no feedback and no possibility
of morphological evolution. The slight overestimation of the stellar mass for low-mass galaxies
is also likely related to the absence of feedback in the model. As discussed in section 5.1.1, this
leads to overestimated stellar and baryonic mass, for a given halo mass. However, the empirical
SHMR is also weighted down by ETGs, which are not included in our model. Considering the
SHMR for disc galaxies reduces the disagreement (Mancera Pifia et al., 2025).

In our model the SHMR at high redshift lies above the local relation, implying that haloes
grew relatively more in mass than their corresponding galaxies. Behroozi et al. (2019) found a
similar qualitative trend at high redshifts, showing an increase in the stellar-to-halo mass ratio at
z > 5. Additionally, Shuntov et al. (2025) found a sharp increase in the star formation efficiency
after z > 3.5, indicating that before that the halo growth rate is dominant over the SFR. In our
model, the dominant DM growth implies that at fixed halo mass, the stellar-to-halo mass ratio is
higher for galaxies at higher redshifts. If this effect is overestimated, the model may predict stel-
lar masses that are too high at early times for a given halo mass in comparison to the empirical
SHMR at high redshifts. Furthermore, the overestimation of the stellar mass at high redshift is
also still tied to the same problems discussed for the overestimation at z = 0 and the extremely
high values of wac. we find for the more massive DM haloes.

5.3.5 Star formation main sequence

The model reproduces the qualitative trend in the evolution of the SFRs with redshifts, showing
higher SFRs at earlier times, when compared to the empirical SFMS by Popesso et al. (2023).
However the exact behaviour differs in several ways. Firstly in our model the relation remains
nearly linear at all redshifts, and it slightly over predicts the SFRs at z < 2 at intermediate masses.
Empirical studies often show that the SEMS slope becomes shallower above log(M, /M) ~ 10.5,
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at z < 2, interpreted as an indication of the suppressed SFR for massive galaxies as a consequence
of quenching mechanisms (Schreiber et al., 2015; Popesso et al., 2023). The processes like AGN
feedback and halo-quenching are not accounted for in our model. However, other studies like
Speagle et al. (2014) and Pearson et al. (2018) find that a single power law describes the SFMS
across this mass range well.

When looking at the SFH of single galaxies in the model, we find that the SFR peaks around
z ~ 2, with the exception of halo masses for which a negative w,.. was found (fig. 17). This peak
is line with the global star formation rate density of the Universe that peaks around z ~ 2, known
as cosmic noon (Madau & Dickinson, 2014).

5.4 Comparison to model with no halo evolution

In section 4.5 we presented the results of a model with no DM evolution, i.e. the DM halo mass
and its contribution to the rotation curve remain constant over time. Compared to our original
results, the biggest difference is the evolution of Va,:. With no DM halo growth, the evolution
of Viat is also minimal, as the DM is the dominant component in the rotation curve in the outer
regions of the disc. The other properties, like the specific angular momentum and masses of the
stellar, gas and baryonic component are similar to our original model, indicating that they are not
strongly related to the DM halo. This confirms our interpretation about the strong dependence of
the j — M relations on the assumed time evolution for j,... Under the current assumption of n =
0.3, jacc already evolves little over the examined redshift range (z = 0—7), hence implementing no
halo growth, causes little change in angular momentum. For higher values of n, a more significant
change in the evolution of the angular momenta and sizes of the discs is expected between models
with and without halo growth.

In general, we can conclude from these results that a faster halo growth is needed at early
times to obtain a more accurate evolution of the TFR and BTFR, as this would result in a more
dominant evolution of the stellar and baryonic mass compared to V,;. For an improvement in
the other scaling relations, changes regarding the angular momentum of the accreted gas and an
implementation of feedback are more relevant, as discussed in section 5.1.

5.5 Future Work

Aside from the direct assumptions in the model and the corresponding improvements that were
discussed in section 5.1, there are several other potential extensions to our semi-analytic model.

Firstly, the model currently puts all cold gas in a single reservoir. An improvement would be
to split this up into atomic (HI) and molecular (Hz) components. Observationally, star formation
correlates more tightly with molecular gas than with the total cold gas (Bigiel et al., 2008). Hence
by incorporating an H, based star formation law, the model will be able to have a more accurate
SER. To model the partitioning of cold gas into an atomic and molecular component, a metallicity
or pressure based method is commonly used (Popping et al., 2014; Xie et al., 2017). Furthermore
a two-phase treatment of the ISM would allow for a direct comparison to observed H; and HI
surface density profiles.

Another related extension to the model would be to follow the chemical enrichment of gas
and stars, as the current model neglects metallicity entirely. Observed metallicity gradients and
mass-metallicity relations could help provide strong constraints on the enrichment history and
processes in the model like accretion and radial flows (Pezzulli & Fraternali, 2016; Bilitewski &
Schonrich, 2012). The non-instantaneous recycling of gas and metals also strongly impact the
chemical enrichment, and would need be accounted for to accurately model observed abun-
dances. Xie et al. (2017) also note that to have an accurate self-consistent H, formation efficiency,
the model must be able to reproduce the mass metallicity relations in the stellar and gas compo-
nents.

In the current model the surface densities evolve freely in each annulus following gas accretion,
star formation and radial flows, i.e. no specific surface density shape is imposed. However, we
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are treating the disc as razor-thin, thereby losing a degree of freedom to the vertical (z) structure.
Adding a 3D component (e.g. thin/thick disc and bulge) could help model certain processes
more accurately. Firstly, a 3D structure would allow for a volumetric star formation law to be
applied, which models the SFR more accurately, especially at low surface densities (Bacchini et al.,
2019). Additionally it could help model the formation of H,, which is correlated to the midplane
pressure/volume density (Krumholz & Matzner, 2009). Components like a bulge or a thick stellar
disc also change the gravitational potential in the inner regions of the galaxy, thereby changing
the rotation velocity and angular momentum contributions from the central regions. Furthermore
a z-resolved gas reservoir could help model processes like fountain accretion, i.e. mass ejection
and delayed reaccretion with modified angular momentum (Fraternali & Binney, 2008; El-Badry
et al., 2018). This alters the growth of js.s and j, with selective low-j removal and later high-j
accretion.
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6 Conclusion

In this thesis, we presented a radially resolved semi-analytic model for the evolution of star-
forming disc galaxies that self consistently includes gas accretion, radial flows, conservation of
the angular omentum, star formation and an independent evolving dark matter halo. The free pa-
rameters of the model are total accreted baryonic mass Myc.(to) (with ¢¢ corresponding to z = 0),
the accretion frequency wacc, and the maximum specific angular momentum of the accreted gas
Jmax- These parameters are constrained using local empirical scaling relations: the baryonic Tully-
Fisher relation (BTFR), the relation between the specific angular momentum, baryonic mass and
gas fraction, i.e. jhar — Mpar — feas plane, and the stellar size-mass relation. The fitting and uncer-
tainty quantification were performed with MCMC explorations of the parameter space.

For the best-fit total accreted mass and jn.x we find that they increase approximately linearly
with halo mass, while the accretion frequency w,c. shows a systematic trend from negative (late
accretion) at low halo masses (log(Mpm/Me) < 11) to positive (early accretion) at high halo
masses. The posterior distributions indicate that log M,.. and log jmax are relatively well con-
strained, whereas ws,c. remains broader and more degenerate with model assumptions. The
model reproduces the three local relations used for the fitting within the intrinsic scatter, giv-
ing confidence that the chosen parametrisation within the model captures the principal scaling
behaviour at z = 0.

Examining the evolution of individual galaxy properties shows robust qualitative behaviour:
discs grow inside-out, the gas disc is consistently more extended than the stellar disc, and the
modelled star-formation histories peak around z ~ 2 for the typical parameter ranges explored.
However, there are some tensions in the structural growth. The accretion radius R,.. peaks early
while the prescribed jacc grows monotonically, suggesting an underestimation of early rotation
velocities, and hence halo growth, in the adopted dark matter accretion prescription. At high
halo masses, the inner stellar surface densities flatten and in some cases lead to anomalous inner
rotation signatures, pointing to missing channels of central mass concentration like mergers or
stronger inward flows.

Comparison with high-z cold gas kinematic data reveal mixed agreement. For massive high-
z discs the observed galaxies tend to lie below the local TFR and BTER (i.e. higher asymptotic
rotation velocity Vi, at fixed M, and My,,) while the model predicts a minimal evolution of the
TFR at high mass, and lower Vg, compared to the local BTFR. This discrepancy can be partly
traced to the model’s tendency to place accretion at very early times (high wa.) for high mass
haloes and to a likely underestimation of halo mass growth at early times. A better agreement
was found for the evolution of the j, — M, and juar — Mpa, relations. For the gas component, the
model predicts higher values of jg,s in comparison to the high-z data, which might be related to
the fact that the high-z observations only trace the compact molecular gas in galactic discs.

The evolution of the stellar size-mass relation, shows a modest size evolution, consistent with
inside-out growth, however the growth is weaker than expected in comparison to observations.
This discrepancy is related to assumed parameter values in the j,.. growth and to the early peak
in R,.c as consequence of an underestimated halo mass at early times. For the star formation main
sequence (SFMS), the model naturally produces elevated star formation rates at higher redshifts,
in line with empirical evolutions of the SEMS. In the inferred stellar-to-halo mass relation (SHMR)
evolution, the model places the high-z relation above the local SHMR, indicating a growth in the
DM haloes compared to their galaxies at early times. This trend is qualitatively similar to that
reported in literature, however the model systematically overestimates the stellar-to-halo mass
ratio.

Some improvements can be made to the model to provide a more accurate prediction for galaxy
evolution. The most important are: 1) the inclusion of stellar/AGN-driven outflows (mass-
loading) and delayed re-accretion to regulate baryon retention and increase the angular momen-
tum of the disc jqisc via fountain recycling; 2) replace the instantaneous recycling approximation
with delayed recycling using IMF-weighted lifetimes; 3) adapt the halo-growth prescription to
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allow for faster early halo growth; 4) separation of the gas component into HI and H;, poten-
tially adding an Hs-based star formation law. Implementing even a subset of these changes is
expected to reduce the need for extreme accretion histories in both low- and high-mass systems
and provide a more accurate evolution of the disc properties.

In summary, this work demonstrates that a relatively simple, radially resolved semi-analytic
framework, calibrated to local scaling relations, can capture the first-order evolution of masses,
disc sizes, angular momenta and SFRs across cosmic time and provides insight into the effect of
different physical assumptions. The remaining discrepancies highlight a small number of physi-
cally motivated extensions that should be prioritised in future versions of the model to achieve a
closer agreement with high redshift observations and to help constrain otherwise poorly known
parameters such as the accretion timescales and the angular momentum accretion history.
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A F. Esselink A. Constants

A Constants

Name Symbol Value Note
Gravitational constant G 4.300 x 10~ % kpc (km/s)* Mg
Hubble constant H, 67.66 km Mpc~'s~!
Reduced Hubble constant h 0.6766 h = Hy/100
Matter density parameter Q0 0.315
Vacuum density parameter Qa0 0.6847
Radiation density parameter ;g 9.26 x 107°

Table 5: Constants in the model with their used value. The cosmological parameters are from
Planck Collaboration et al. (2020).

B Code
The Python code of our evolution model is provided in the linked Github repository. In addition,
the code used to compute the angular momenta of the galaxies in our high redshift sample is also

provided.

url: https://github.com/AnnaEsselink/MScThesis_Astronomy_public
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C. MCMC - Corner Plot Results A'F. Esselink

C MCMC - Corner Plot Results

C.1 Corner plots results (n = 0.3)

The following figures show the MCMC results for models with halo masses at z = 0 spanning
the range log(Mpm/Mg) = 10.25 — 13.00 in steps of 0.25 dex. No angular momentum mismatch
between the disc and accreting gas is assumed, and the power in the ja..(f) relations was set to
n = 0.3. The red line indicates the maximum of the resulting posterior distribution presented by
the histograms in the corner plots. The dashed red lines are the 1o bounds around the maximum.
The blue line represents the median of the sample within those bounds.
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C.2 Corner plots for different n and angular momentum mismatch

For the halo masses log(Mpm/Mg)(to) = 11.0,11.75,12.50 we test the model for different values
of the angular momentum mismatch « (section 2.3) and of the power in the ja..(t) evolution n
(section 2.2.2). The title in the figures indicate which values of log Mpy, @ and n the corner plot
corresponds to. When « is not indicated o = 0.
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