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ABSTRACT
Star-forming galaxies are predicted to grow their stellar mass inside-out, so that their size is
expected to increase with time. In order to quantitatively test this theoretical prediction, Pez-
zulli et al. (2015) introduced a method which infers specific mass and radial growth rates (νM
and νR, respectively) of galaxies by fitting star formation rate surface density (SFRD) profiles.
However, this technique has only been applied to galaxies at z ' 0 so far. In this thesis we aim
to quantify the growth of galaxies at z ' 1 by applying the SFRD fitting method from Pezzulli
et al. (2015). We adopt a sample of 12 star-forming galaxies (of which 10 are included in our
final analysis) from the KMOS Redshift One Spectroscopic Survey (KROSS) (Stott et al., 2016)
at z ' 1, which was previously studied by Di Teodoro et al. (2016) and Marasco et al. (2019).
Maps of Hα emission are extracted from KROSS data cubes for each galaxy, which are used as a
tracer of the SFRD in our sample. We develop a fitting routine and test it by comparing inferred
scale lengths of a sample of three galaxies from the KMOS3D survey (Wisnioski et al., 2019) with
findings by Wilman et al. (2020). We conclude that our fitting routine is robust as we find results
that are in agreement with Wilman et al. (2020). We then proceed to use our routine to estimate
the specific growth rates in our 10 galaxies. We find that the specific mass growth rates of our
sample are in agreement with findings for the star formation main sequence relation at z ' 1 in
the corresponding stellar mass range, found by Elbaz et al. (2007). 8/10 galaxies in our sample
show positive radial growth rates, and only two show negative radial growth rates. We conclude
that our results are consistent with the general picture of inside-out growth occurring at z ' 1.
With a median νM of 0.763Gyr−1 and median νR of 0.109Gyr−1 we find that galaxies at z ' 1
grow ∼ 7.5 times faster in mass and ∼ 7 times faster in radius than their Local Universe counter-
parts. These results are in agreement with the main sequence of star formation. Furthermore, our
results seem to be consistent with a model in which the mass-size relation is not strongly evolving
with time.
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Chapter 1

Introduction

1.1 Galaxy formation

One of the key ingredients in our theoretical understanding of the Universe is galaxy formation
and evolution. This field, combining the efforts of astronomers, particle physicists and cosmolo-
gists, has been studied extensively throughout the years. In the prevailing description of cosmol-
ogy, the Universe consists of three main components: ordinary matter, cold dark matter (CDM)
and dark energy, the energy of vacuum space itself, associated with the cosmological constant Λ.
Together these constituents are described and parameterized by the ΛCDM-model. In conjunc-
tion with ordinary matter, the cold dark matter is believed to have have condensed into small
halos at an early epoch in the cosmic timeline (White and Rees, 1978; Jenkins et al., 2001; Guo
et al., 2010). Over time, these objects must have undergone some form of hierarchical cluster-
ing, creating increasingly more massive systems. This ‘bottom-up’ approach to the formation of
(proto-)galaxies predicts the abundance of small galaxies to be significantly higher than large
galaxies, which is in qualitative agreement with observations. The large scale distribution of
galaxies fits the general predictions provided by this formation scenario. Cosmological hydrody-
namical simulations (Klypin et al., 2011; Pillepich et al., 2018) based on dark matter hierarchical
clustering models are often used to study galaxy formation and evolution scenarios: there is a
general good agreement between observations and simulations, but there are a few unsolved
problems, explained in the last paragraph of this section.

One important property in galaxy evolution is angular momentum. Theory predicts that it
was acquired by gravitational interactions with the environment. Studies explain that angular
momentum was transferred to ‘proto-galaxies’ via their interaction with the tidal field of matter
as it was aggregating into other proto-galaxies around them (Peebles, 1969; Bullock et al., 2001).
The formation of galaxies at the center of dark matter halos is a result of gas cooling and frag-
mentation within the potential wells produced by the dark matter, such that gas condenses into
the central parts of the halo where star formation is initiated. Eggen et al. (1962) first argued
that by conservation of angular momentum, the gas’ rotation increases radially inward during the
cooling process. The contraction of gas in the radial direction is stopped by rotation, while the
contraction in the z-direction continues, giving rise to a thin disk (Fall and Efstathiou, 1980; Mo
et al., 1998). Elliptical galaxies, instead, are believed to be the result of mergers. For star-forming
galaxies, both processes (i.e. star formation and angular momentum growth) continue through-
out cosmic time, in such a way that stars formed at later times are also expected to be richer in
angular momentum. This is a relevant notion in galaxy formation theories, which will be further
enlightened in Sec. 1.2.

In this galaxy formation scenario, the assembly of stellar mass is predicted to advance from the
central parts to the outskirts. Although the general description of the formation of dark matter
halos is relatively well-established, the resulting theory explaining the growth of the luminous
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1.2. SIZE EVOLUTION OF GALAXIES CHAPTER 1. INTRODUCTION

components of galaxies has encountered a few problems. For example, cosmological hydrody-
namical simulations have struggled for decades to produce a realistic population of disk galax-
ies having the correct angular momentum properties (Navarro and Steinmetz, 1997). Although
modern models with increased resolution and highly efficient stellar feedback have reduced this
problem (e.g. Marinacci et al., 2012; Lagos, 2018), the question remains debated (Pezzulli et al.,
2017, and references therein). Another problem arises from the discrepancy between observed
numbers of dwarf or satellite galaxies and the expected number from simulations, known as the
‘missing satellite problem’. Perhaps one of the greatest problems in this field stems from the
mismatch between low-mass galaxy density profiles derived from observations and predictions
from ΛCDM simulations, formulated as the ‘cusp-core problem’. Finally, another observed trend
that is apparently inconsistent with the bottom-up approach is that low-mass galaxies experience
their peak of star formation at a later epoch than higher mass galaxies, which is often referred
to as ‘downsizing’ (Cowie et al., 1996). Bullock and Boylan-Kolchin (2017) provides a summary
of these problems and possible solutions. More observational input is required for modelers to
constrain galaxy formation and evolution scenarios. An important observational test comes from
studying the growth of galaxy disks, which is the topic of this thesis. The way in which the stellar
mass develops in a disk has strong connections with the galactic angular momentum and severe
implications on galaxy formation and evolution models. In the following sections, different meth-
ods for analyzing disk growth and the adopted method in this work are described.

1.2 Size evolution of galaxies

The mean specific angular momentum of galaxies is thought to be an increasing function of time
(Dutton and van den Bosch, 2012). The main conclusion to be drawn from this is that the outer
parts of a galaxy (with higher specific angular momentum) should form later than the inner parts.
In models of disk evolution, the inner parts of a disk are formed first. Then, as gas with larger
angular momentum settles into the equatorial plane at increasingly large radii, stars are formed
progressively outwards. Galaxy formation models (Ricciardelli and Franceschini, 2010; Aumer
and White, 2013; Somerville and Davé, 2015; Pillepich et al., 2018) also predict the growth to
advance from the inner to the outer parts: the ‘inside-out’ growth model. Several methods have
been employed to test this theory, such as inspecting gradients (age, metallicity, color) in the
disk, but there are multiple ways to quantify the phenomenon of inside-out growth. This section
outlines some of the past efforts that have been made to quantify the radial growth of galaxies
by either inspecting properties of the stellar distribution in individual disks (Sec. 1.2.1), or by
evaluating the evolution of disk properties with redshift (Sec. 1.2.2).

1.2.1 Inside-out growth of star-forming galaxies

One obvious and relatively simple indicator of inside-out growth can be found in the color gra-
dients of disks. Young stellar populations are, in general, bluer than older stellar populations. If
a galaxy is found to be bluer in the outskirts than in the inner parts (a negative color gradient),
then this observation suggests that more stars are being formed (relatively speaking) at larger
radii than at small radii, which is in agreement with inside-out formation. Multiple studies have
concluded that color gradients of their sample are consistent with inside-out growth. However,
there are large variations in the gradients found by different authors. The main problem with this
technique of using only colors lies in the difficulty of disentangling the effects of age, metallicity
and dust extinction. For example, in a study of 142 nearby galaxies by Taylor et al. (2005), late-
type galaxies overall showed to become redder towards the outskirts, with a larger total spread in
color gradients. Despite this positive color gradient, Taylor et al. (2005) argue that these results
can still be consistent with the hierarchical model, as mergers are predicted to be important and
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1.2. SIZE EVOLUTION OF GALAXIES CHAPTER 1. INTRODUCTION

occur frequently in this scenario. During merges, gas in the interacting galaxies can be funneled
towards the center, triggering central star formation. More recently, Kennedy et al. (2016) an-
alyzed galaxies from the GAMA survey and found that the vast majority exhibit bluer outskirts.
Their sample is split into subcategories based on Sérsic index n (Sec. 1.3.1) and overall color.
Fig. 1.1 shows the gradient ∇g−x (where x is one of the bands r, i, z, Y, J , H) versus r-band abso-
lute magnitude Mr . Noteworthy is that gradients generally become stronger for brighter galaxies
and the only category of galaxies that show positive gradients is the blue, faint and high-n (more
centrally concentrated) population.

It is clear that observational studies of disk growth are complicated by a large amount of factors.
Other more recent studies confirm the inside-out growth model by finding negative (luminosity-
weighted) age gradients (i.e. decreasing age of the stellar population with radius) in the majority
of galaxies (Sánchez-Blázquez et al., 2014; González Delgado et al., 2015). This behavior is
expected if star formation is to proceed in an inside-out manner, since new stars should form at
progressively larger radii from the center. González Delgado et al. (2015) analyzed a sample of
300 galaxies in the nearby Universe drawn from the CALIFA survey. They computed mass- and
light-weighted (luminosity-weighted) age gradients for this sample by fitting the spectral energy
distribution (SED) with simple stellar population models. In Fig. 1.2, the light-weighted age
gradients that they found are displayed. From both panels it is clear that most of the analyzed
galaxies have negative age gradients. Furthermore, all averaged outer gradients are negative.
Sd and Sc (late-type) spirals show more flattened gradients. The same holds true for the mass-
weighted gradients. Additionally, (mass- and light-weighted) gradients for all types are stronger
in the inner regions than in the outer regions, showing flattening after ∼ 1.5 half-light radius.
This may be a signal of a more uniform growth in the outer regions of disks.

Very nearby galaxies, in which individual stars can be resolved, lend themselves well for studies
of the color-magnitude diagram, used to derive star formation histories. Gogarten et al. (2010)
analyzed the galaxy NGC 300 and found evidence for inside-growth. The stars in the inner parts
of the disk are relatively old, and they concluded that the scale length (Sec. 1.3.1) increased by

Figure 1.1: Figure from Kennedy et al. (2016) plotting color gradient∇g−x (where x is one of the
bands r, i, z, Y, J , H, each indicated with a different color as shown in the bottom-middle panel)
versus r-band magnitude Mr of red (left), green (mid) and blue (right) galaxies. Top panels
represent galaxy populations with high Sérsic index n; bottom panels represent populations with
low n. Solid and dashed lines are gradients over the ranges 0.1re−1re and 0.1re−2re, respectively.
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Figure 1.2: Figures from González Delgado et al. (2015) showing age gradients of the CALIFA
galaxy sample. Left panel: Luminosity-weighted age gradients per morphological type. The dis-
tinction is made between the inner gradient (red-grey) and outer gradient (blue-grey), with the
inner gradient being defined within the half-light radius (HLR), and the outer gradient between
1 and 2 HLR. Two stellar population models are used: GMe (stars) and CBe (circles). Large sym-
bols represent the mean. Right panel: Inner luminosity-weighted age gradient as a function of
stellar mass. Galaxies are color-coded based on morphological type (text in plot). Black crosses
represent the relation between inner gradient and mass (independent on morphology). Large
circles are the averaged inner gradients in stellar mass bins of 0.3dex.

0.2kpc in the last 10Gyr. Other evidence for inside-out growth comes from spectral diagnostics
(Li et al., 2015), metallicity gradients (Goddard et al., 2017), chemical evolution models (Mollá
and Díaz, 2005), and derivations from the mass-size relation, for which more details are given in
Sec. 1.2.2.

These observations demonstrate the complexity of the development of star formation in galax-
ies. From many studies it is clear that the assembly of stellar mass is affected by different pro-
cesses. Hydrodynamical simulations (e.g. Aumer et al., 2014) have shown that processes such as
gas infall and outflows, stellar migration, radial gas flows, and processes that govern star forma-
tion efficiency all influence the distributions of stellar populations in disks.

Another challenge that research in this field faces is the dependence of galaxy properties on
redshift. Studies have shown that high-redshift galaxies are different from their local counterparts
(e.g. Cooper et al., 2006; Behroozi and Silk, 2015), as galaxies are continuously evolving. The
following section explains how this fact can also be exploited to gain information on galaxy disk
growth.

1.2.2 Evolution of the mass-size relation

An important source of information that aids the understanding of galaxy growth comes from the
mass-size relation. Galaxies appear to universally follow several empirical relations. One of the
most well-established scaling relations is the Tully-Fisher relation (Tully and Fisher, 1977). This
is a close correlation between the total luminosity and rotational velocity of spiral galaxies. Other
scaling relations include the Fall relation (Fall, 1983) between specific angular momentum and
mass, and the mass-size relation. The mass-size relation expresses to what degree the size of a
galaxy correlates to stellar mass M∗ and is usually described as a power-law:

R∗ = AMα
∗ , (1.1)

where A is a normalization factor, α is the power index, and R∗ is a measure of galaxy size (e.g.
effective radius or scale length; more details in Sec. 1.3.1). Since galaxies obey this general rela-
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Figure 1.3: Illustration by van Dokkum et al. (2015) of average mass-size relation for star-forming
(blue) galaxies evolving into quiescent (red) galaxies from z ∼ 3 to z ∼ 0. Star-forming galaxies
move along the relation, growing mainly by creating new stars, until they reach a stellar density
or velocity dispersion threshold (yellow line) which is redshift-dependent. This quenches star
formation, after which the main growth process is determined by dry merging, taking the galaxies
on a steeper track.

tion and stellar mass in star-forming galaxies only increases (as a consequence of star formation),
this implies that, as galaxies increase in mass through star formation and merging processes, they
also increase their size by moving along the relation. However, it is not fully understood if the
relation is the same at every redshift. Research on the mass-size relation at different redshifts
has lead to vastly different claims about its evolution, with some studies reporting little to no
evolution (Ichikawa et al., 2012; Mosleh et al., 2020) while others claiming a moderate to strong
evolution with z (van Dokkum et al., 2010; van der Wel et al., 2014; Nedkova et al., 2021). De-
spite this unresolved issue, there is mounting evidence that the slope of the relation is dependent
on galaxy type, such that quiescent (early-type) and star-forming (late-type) galaxies follow dis-
tinctive tracks (van Dokkum et al., 2015; Dimauro et al., 2019). Several ‘toy models’ have been
proposed to explain this behavior. In van Dokkum et al. (2015) a picture is described in which
galaxies evolve on the track R∗∝ M0.3

∗ primarily by forming stars, up to the point at which they
reach a critical stellar density or velocity dispersion that leads to quenched star formation. At
this point, the galaxies become quiescent, where their growth is mainly compelled by dry merg-
ers, leading to a steeper mass-size track. Dry mergers are mergers where star formation is not
enhanced after the event. Fig. 1.3 illustrates how these galaxies move in the size-mass plane.

Coming back to the evolution of the mass-size relation, quantifying how the normalization A
varies with redshift provides a description of the rate at which galaxies grow in size. This can be
specifically expressed in terms of how the median size in a fixed mass bin changes with redshift.
Mowla et al. (2019), for example, find that massive (M∗ > 2× 1011 M�) star-forming galaxies have
significantly increased their size since z ∼ 3, and parameterize this as re/kpc= 25.4×(1+z)−1.40.
In this equation, re is the effective radius.

Two important conclusions can be drawn from the mass-size relation under the assumption that
star-forming galaxies grow inside-out. There are two possible scenarios: the mass-size relation is
universal, or it evolves with redshift (increasing normalization with cosmic time). Considering the
first scenario, from this directly follows that galaxies should grow inside-out at the rate necessary
to remain on the mass-size relation. If, on the other hand, the mass-size relation is also evolving

8



1.3. SFRD FITTING METHOD CHAPTER 1. INTRODUCTION

with redshift, then this implies that the inside-out growth of galaxies is even faster.

1.3 SFRD fitting method

In this research, a method proposed by Pezzulli et al. (2015) (P15, hereafter) is adopted that
looks for an instantaneous signal of disk growth. It exploits the shape of the distribution of stellar
mass in disks, which has been shown to be well-characterized by an exponential profile since
early times; from at least z ∼ 6 (Fathi et al., 2012). Since star formation is an ongoing process
in disk galaxies, the distribution of new-born stars in a disk can be used as a direct proxy for its
growth process. The method consists of two parts: the distribution of stars in the disk is modeled
to infer the disk size, after which the distribution of star formation is modeled to infer the rate at
which the disk grows. In the next sections, tracers of the stellar distribution and star formation
are highlighted, after which the method is described in its entirety.

1.3.1 Tracing stellar distribution

Light has to satisfy a few conditions in order to serve as a probe for the stellar distribution in a
galaxy: it has to be emitted predominantly by long-lived stars and it must not considerably suffer
from attenuation. Near infrared (NIR) light is often considered a good probe, since most of a
galaxy’s NIR radiation is emitted by long-lived stars and there is not much contamination from
other sources. Furthermore, NIR light does not suffer much absorption from dust. In fact, the
interstellar extinction curve (which describes the dependence of dust attenuation on wavelength)
roughly increases withλ−1, meaning that dust absorption becomes increasingly stronger at shorter
wavelengths and reaches its peak in the optical – ultraviolet (UV) (Piovan et al., 2006). Defining
the size of a disk from its stellar distribution is not a straightforward process. The difficulty lies
in the fact that the boundary of a disk is hard to define. The distribution of stars (and thus
light) inside the disk roughly follows an exponential profile – there is no hard ‘edge’ of a disk.
Therefore, different measures for disk size have been proposed. Two of the most commonly used
measures are the half-light radius and exponential scale length. The half-light or effective radius
re is the radius at which half of the total light of the galaxy is emitted. It also appears in some
mathematical functions describing the brightness profile of galaxies, such as the Sérsic profile
(Sérsic, 1963) and the de Vaucouleur profile (de Vaucouleurs, 1948). The Sérsic profile describes
the intensity I at radius R, such that:

I(R) = Ie exp

�
−bn

��
R
re

�1/n
− 1

��
, (1.2)

where Ie is the intensity at re, n is the Sérsic index controlling the shape of the profile, and bn is
approximately equal to 2n− 1

3 (Ciotti, 1991). The de Vaucouleur profile is a special case of the
Sérsic profile, for n= 4. An exponential profile is also a special case of the Sérsic profile for n= 1.
In this case, there exists a relation between the half-light radius and scale length Rs:

re = 1.678 Rs. (1.3)

The scale length is the radius at which a galaxy’s brightness is a factor e (≈ 2.72) lower than the
central brightness.

1.3.2 Tracing star formation

Among possible tracers of star formation in galaxies, one that has been extensively used is the
hydrogen Hα emission line. The main mechanism for the production of Hα is the following. The
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1.3. SFRD FITTING METHOD CHAPTER 1. INTRODUCTION

ultra-violet radiation from massive stars ionizes the surrounding gas. Then, as the free electrons
are re-captured by the ions and cascade down in energy, radiation is emitted through recombina-
tion lines, among which, Hα. In the integrated galaxy spectra, star-forming galaxies show promi-
nent spikes at the positions of these lines. Only relatively massive and young stars (M ≳ 10� and
age≲ 20Myr) contribute to the ionizing flux. The strength of these lines therefore grants a direct
probe of the young massive stellar population (Kennicutt, 1998). Hα, in particular, has several
advantages over other emission lines: it is easily detectable in most galaxies, it does not suffer as
much absorption from dust as other lines (although also for Hα extinction is not insignificant), and
its emission is predominantly associated with star-forming regions. With an evolutionary spectral
synthesis model of stellar populations, an observed Hα luminosity (LHα) can be converted to a
star formation rate (SFR or Ṁ∗) where the connection is given through the rate of production of
ionizing photons. The result is dependent on the choice for the initial mass function (IMF). This
function describes the distribution of masses in stellar populations at birth. In this work we adopt
the conversion from Hα luminosity to SFR from Kennicutt and Evans (2012), which assumes an
IMF presented in Kroupa and Weidner (2003). Their calibrations yield:

log
�
Ṁ∗ [M� yr−1]
�
= log
�
LHα[erg s−1]
�− log(41.27). (1.4)

Other commonly used tracers of star formation include forbidden lines (such as [OII]), and
far ultraviolet (FUV) wavelengths where the spectrum is dominated by radiation from young
stellar populations. When probing local galaxies, UV wavelengths are inaccessible for ground-
based telescopes, but when probing galaxies at z ≳ 1 these wavelengths shift to the optical/NIR
such that they can be observed from the ground. SFR indicators making use of the optical or
UV emission of galaxies need to be corrected for dust. Emission at these wavelengths is partially
absorbed by dust, which then re-emits the absorbed emission in the IR. Some SFR indicators
(e.g. 24µm or total IR) have been proposed that make direct use of IR emission, treating it as
a calorimeter that measures the total power produced by young stellar populations (Rieke et al.,
2009). Other works combine indicators in the UV, optical and IR to improve the accuracy of SFR
measurements (e.g. Calzetti et al., 2007).

Measuring the SFR in spatially resolved regions of a galaxy allows us to obtain the star forma-
tion rate surface density (SFRD). The determination of the SFRD as a function of radius gives us a
SFRD profile which often displays a nearly exponential shape. This hints at a connection between
star formation and the underlying mechanism responsible for the exponential disk structure. The
first endeavor in this direction was made by Muñoz-Mateos et al. (2007), who derived specific
(normalized by stellar mass) star formation rate (sSFR) profiles from (FUV −K) color profiles of
161 nearby galaxies, similar to color-gradient methods highlighted in Sec. 1.2.1. The gradient of
these profiles was used to quantify the inside-out formation: sSFR should increase with increasing
radius if star formation progresses inside-out. The underlying assumption in this work is that both
the stellar mass surface density (SMSD) and SFRD can be approximated by distinct exponential
profiles, characterized by different scale lengths. Often, however, the SFRD profile is not exactly
exponential. In many cases, local galaxies show an inner depletion of star formation relative to
the exponential shape, explained by the fact that most of the star formation in the central regions
of the disk happens early on (in line with the inside-out formation scenario). In the next section,
a description of the P15 model is provided.

1.3.3 Model

Following the assumptions presented in P15, we say that the stellar mass surface density of galaxy
disks at every time is well-described by an exponential profile Σ∗, characterized by the total stellar
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mass M∗ and scale length Rs:

Σ∗(t, R) =
M∗(t)

2πRs(t)
exp
�
− R

Rs(t)

�
, (1.5)

where both M∗ and Rs are functions of time. A prediction for the star formation rate surface
density is obtained by taking the time derivative of this function:

Σ̇∗(t, R) =
�
νM + νR

�
R

Rs(t)
− 2
��
Σ∗(t, R). (1.6)

This yields a combination of a linear and exponential function where νM and νR are defined as:

νM =
d
dt
(ln M∗(t)) =

Ṁ∗
M∗

, (1.7)

νR =
d
dt
(ln Rs(t)) =

Ṙs

Rs
. (1.8)

By following this approach, two measures for galaxy growth are retrieved: the specific mass
growth rate νM and radial growth rate νR. The word ‘specific’ refers to the fact that these quantities
are normalized by mass and size, respectively, which allows for a direct comparison between
galaxies. From this point onward, equations 1.5 and 1.6 will be referred to as SMSD model and
SFRD model, respectively. The two ‘ingredients’ for retrieving the growth rates via the SFRD model
thus are the scale length and a profile or map of the SFRD. The scale length may be inferred from
fitting the SMSD model on a profile or map of the stellar surface density. The values for the mass
and radial growth rates can subsequently be obtained via fitting the SFRD model. This is the basis
of the research in P15 and in this work, with two differences being that P15 worked at z = 0 while
we are performing the same experiment at z = 1, and that P15 use FUV emission to trace star
formation, while we use Hα. The assumed cosmology throughout the analysis is flat ΛCDM, with
values for the parameterization: H0 = 70kms−1 Mpc−1, ΩM = 0.27, ΩΛ = 0.73.

There are two main assumptions underlying this approach. Taking the time derivative of Σ∗
gives a rough prediction for the SFRD. The continuity equation states that the generation of a
quantity q (M∗ in this case) per unit volume and time (σ) is equal to the sum of the time derivative
of the density (ρ) of q and the divergence of the flux of q. In an equation this becomes:

∂ ρ

∂ t
+∇ · j⃗ = σ, (1.9)

where j⃗ is the flux of q. In our treatment we have Σ̇∗ =
∂Σ∗
∂ t , corresponding to the first term on

the left hand side of Eq. 1.9, while net radial migration of stars (represented by the term ∇ · j⃗)
is not taken into account. However, it has been shown that the main mechanism behind radial
migration is the exchange of the positions of two stars, resulting in no net migration (Sellwood
and Binney, 2002; Roškar et al., 2012).

The rate of change of the stellar mass distribution is in general different from the SFRD also for
another reason. In the course of its lifetime, a star transfers a non-negligible amount of mass back
to the interstellar medium (ISM). To correct for this, Σ̇∗ represents the reduced star formation rate
surface density: SFRD× (1−R). Here,R represents the return fraction of mass from stars to the
ISM, where we have used the instantaneous recycling approximation (Cimatti et al., 2019). In this
analysis we assume a constant return fraction ofR = 0.3, an intermediate value between choices
of the initial mass function (IMF) (Fraternali and Tomassetti, 2012). When in the remainder of
this thesis the quantity SFRD is mentioned, it should be interpreted as reduced SFRD.

A short note about Eq. 1.7 is that the specific mass growth rate, or νM , is related to another
quantity: the specific star formation rate, which has been extensively investigated for galaxies in
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the nearby and high-redshift Universe (Salim et al., 2007; Wuyts et al., 2011; Curtis-Lake et al.,
2013). Two differences should however be kept in mind, the first one being that νM only refers
to the disk; not the whole galaxy. Furthermore, since νM and νR are derived from the reduced
SFRD (including a return fraction R), the quantity νM corresponds to the reduced specific SFR of
the disk.

Predicted profiles

In Fig. 1.4, the 1D (radial) profiles for three values of the radial growth rate are showcased to
illustrate the resulting shapes of the SFRD as a function of radius. The solid red line represents
a disk which is growing in size. Moving from the outer to the inner parts, the SFRD is roughly
exponential to a radius of∼ 2Rs (Rs = R∗ in this figure), but its slope declines inward of this point:
an inner depletion. Star formation is proceeding at a relatively slower (specific) rate in the central
parts compared to the outskirts. The black dotted line is a case where there is no radial growth
of the disk. Looking at Eq. 1.6, the second term inside the square brackets vanishes, leaving only
the product of the mass growth rate and the SMSD: an exponential profile. Finally, the behavior
of a shrinking disk is depicted by the blue dashed line, where the shape of the SFRD is roughly
exponential in the inner regions, but it drops off after ∼ 2Rs, as the second term inside the square
brackets in Eq. 1.6 takes over. This means that the specific star formation rate is low at large radii
compared to small radii, which implies that the assembly of new stellar mass happens faster in
the inner regions compared to the outer regions.

1.3.4 Previous results

P15 analyzed a sample of 35 nearby star-forming galaxies by fitting the model on radial profiles of
SMSD and SFRD obtained using high-quality NIR to FUV data from the Spitzer/IRAC 3.6µm band
and GALEX FUV band respectively, including a dust correction based on FIR (profiles published
by Muñoz-Mateos et al., 2009b,a). They retrieve a positive radial growth rate in 32 cases. Most

Figure 1.4: Figure from Pezzulli et al. (2015) displaying the predicted shapes of the SFRD in
dimensionless units for three cases for the radial growth rate: growing disk with νR =

1
3νM (solid

red line), no growth of the disk with νR = 0 (black dotted line) and shrinking disk with νR = −1
3νM

(blue dashed line). Note that the radius is normalized to the scale length R∗ and Σ̇∗ is normalized
to Σ̇1 = νM M∗/(2πR2

∗), such that the comparison of the trends refers to disks with the same stellar
mass, scale length and global sSFR.
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galaxies have a mass growth rate of ∼ 0.1 Gyr−1 which corresponds to a mass growth timescale
of ∼ 10Gyr. This is in agreement with other studies investigating the main sequence of star
formation (SFR versus stellar mass, Elbaz et al., 2011). Galaxies were found, by P15, to grow
in size on average at about 1

3 of the rate at which they grow in mass, corresponding to a radial
growth timescale of∼ 30Gyr. There are six galaxies in this sample with a comparatively low mass
growth rate (logνM < −1.6Gyr−1), but they are all relatively early-type spirals. P15 explain that
this may be a sign of downsizing (Sec. 1.1, Cowie et al. (1996)): high-mass early-type galaxies ran
out of gas to form new stars at earlier epochs which means there is little residual star formation.
From the fact that 32/35 galaxies have νR > 0, P15 conclude that their results are consistent
with inside-out growth still occurring at z ' 0. Implications from their plot of νR versus νM are
related to the evolution of the size-mass relation. Eq. 1.1 describes how size and mass are related
through a power-law: Rs = AMα

∗ . If both the normalization A and coefficient α are not evolving
with time, the size-mass relation is universal. P15 found that νR and νM agree with a relation
νR = ανM , as expected for galaxies growing along the mass-size relation (Eq. 1.1), which in turn
they interpreted as an indication that the relation itself is not evolving in time.

1.3.5 Aim of this work

The aim of this work is to extend the methodology described above (so far only applied at z ' 0,
which substantiates the necessity to extend research on this topic beyond local galaxies) and
measure the specific radial growth rate of star-forming galaxies at z ' 1. Instead of using UV
emission to trace star formation, we use Hα, which is less affected by dust compared to UV
emission. Fortunately, IFU spectroscopy (explained in more detail in Chapter 2) has allowed
for spatially resolved studies of the SFRD at increasingly higher redshifts. Two major IFU surveys
of galaxies at z ' 1 are KMOS3D (Wisnioski et al., 2019) and KROSS (Stott et al., 2016), both
making using of the K-band Multi-Object Spectograph (KMOS). In this thesis, we aim to quantify
the mass and radial growth rates of individual star-forming galaxies at z ' 1 by applying the
SFRD fitting method from P15 to a sample of galaxies from the KROSS survey, studied earlier
by Di Teodoro et al. (2016) and by Marasco et al. (2019), who provide stellar disk scale lengths
from HST observations. The data products provided by KROSS are comprised of spatially resolved
spectra (data cubes) in the Y J band, which includes the Hα line at z ' 0.8 − 1. We use these
products to construct maps of Hα to examine the distribution of the star formation rate in our
sample. Instead of fitting radial profiles extracted from intensity maps, we fit the maps directly
in 2D. This enables us to better account for the observational effects, in particular the spatial
resolution of our data.

1.3.6 Caveat about dust absorption

UV and optical measurements are complicated by interstellar dust absorption, which causes a
portion of the light to be re-emitted in the IR. Hence, intrinsic UV/optical lines are in general
brighter than measured values. A spatially uniform extinction would not affect the reliability of
our method. However, analyses of dust extinction in galaxies show that the rate at which the
surface density of dust declines with radius r is similar to the rate at which the SMSD declines
with r, but slower than the rate at which the SFRD declines with r (Smith et al., 2016). As such, it
is likely that dust is not uniformly distributed and this could introduce a bias. A reliable technique
for estimating interstellar extinction is the measurement of the Balmer decrement: Hα/Hβ (e.g.
Domínguez et al., 2013). The value of the Balmer decrement is set by quantum physics, such that
a deviation from this value may be attributed to dust. However, the technique cannot be applied
in this work as the wavelength of the Hβ line is not included in the Y J band at z ' 1.
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1.4 Outline of the thesis

In Chapter 2, one can read a description of the extraction of Hα maps. The 2D fitting procedure
is applied on a test sample, including a comparison with results of previous work on the same
sample. In Chapter 3, the adopted galaxy sample is described, alongside further data reduction
and calibrations. In Chapter 4 the results are presented, along with a discussion of their implica-
tions, uncertainties and possible improvements. Finally, in Chapter 5, a summary of our analysis
is provided, our final conclusions are stated and future prospects are discussed.
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Chapter 2

2D fitting of Hα maps

Before committing to the inference of galaxy growth rates using the model outlined in Sec. 1.3.3,
we first describe our fitting routine and establish that it works well and produces robust results.
This is done by fitting a simple 2D exponential profile to a small set of Hα maps. Because the
procedure is profoundly similar to the one presented in Wilman et al. (2020) (W20, hereafter), the
routine is tested by comparing with their results, where galaxies of the KMOS3D survey (Wisnioski
et al., 2019) are analyzed. W20 take a subset of 281 galaxies from the original sample and derive
half-light sizes by fitting 2D exponential profiles, convolved with the observational point spread
function, to Hα maps. In this chapter, the methods for extracting Hα maps from KMOS data are
explained, and the construction and fitting of an axisymmetric exponential model on these maps
are described. Lastly, a check of the fitting strategy is presented by comparing results for a small
sample of galaxies analyzed in W20.

2.1 Data

2.1.1 KMOS instrument and data

The K-band Multi-Object Spectrograph, or KMOS, is an instrument that operates on the ESO Very
Large Telescope (VLT) at the Paranal Observatory in Chile. Its main feature is its ability to obtain
spatially resolved spectra for 24 targets simultaneously in the NIR bands, by performing integral
field spectroscopy, i.e. combining imaging with spectrographic capabilities. The instrument uti-
lizes 24 separate arms, each equipped with an integral field unit (IFU). A picture of this setup
is shown in Fig. 2.1a. Light from user-specified sub-fields is fed to the individual IFUs, which
slices it into 14×14 spatial pixels. Spectra are then obtained for each pixel, via the dispersion of
the signal by a cryogenic grating spectrometer. KMOS is equipped with three of these spectrom-
eters, each having a slightly different wavelength coverage due to the spectral curvature, which
is corrected for as part of the data reduction pipeline. The IFUs on KMOS have a field of view
(FOV) of 2.8′′×2.8′′, meaning that a single pixel covers an area of 0.2′′×0.2′′. An exposure with
KMOS generates spectra in each of these spatial pixels with 2048 pixels along the spectral axis.
That is, a spectral pixel represents the smallest resolvable element∆λ, which is dependent on the
employed band (Tab. 2.1). Data from KMOS hence contain information on a three-dimensional
grid of size 14×14×2048. These data are stored in a format called ‘data cube’, which in general
is an N-dimensional array of values. In this format, the word ‘channel’ is used to describe a pixel
in the spectral direction. Every spatial pixel essentially contains an entire spectrum obtained in
a 0.2′′ × 0.2′′ FOV. In turn, one channel map shows the intensity of a target in an interval ∆λ
around a certain wavelength in a FOV of 2.8′′ × 2.8′′. A data cube is represented as C(x , y, z) in
this work: two spatial axes x and y , and one spectral axis z. A schematic view of a data cube is
shown in Fig. 2.1b.
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band wavelength coverage (µm) pixel scale (nm/pixel)

HK 1.484 – 2.442 0.489

K 1.934 – 2.460 0.266

H 1.456 – 1.846 0.203

Y J 1.025 – 1.344 0.165

I Z 0.779 – 1.079 0.143

Table 2.1: Wavelength coverage and pixel scale of the five employable bands on the KMOS in-
strument. Information is taken from ESO (2013).

(a) (b)

Figure 2.1: a) Picture of the 24 configurable arms in the front end of the KMOS cryostat, each
equipped with an IFU. Image taken from ESO (2013). b) Visualization of data storage in a data
cube, with the pixels (x- and y-direction) representing spatial coordinates on the sky of a certain
angular width and different channels (z-direction) representing windows of a certain spectral
width.

2.1.2 Hα map extraction

The Hα emission line, with a rest-frame wavelength sitting at λHα,rest = 0.65628µm, is the main
line present in our data cubes. Depending on the redshift of the galaxy, the observed wavelength
shifts to a larger wavelength λHα,obs, according to

λobs = (1+ z)λrest. (2.1)

The channel containing the observed wavelength zHα can simply be found by using the pixel scale
∆λ and the starting wavelength of the band λi:

zHα =
λHα,obs −λi

∆λ
. (2.2)

Here, zHα indicates the spectral coordinate of the Hα line in the cube, not to be confused with the
redshift. However, emission lines are broadened by several processes, including the rotational
velocity of the galaxy itself, but also instrumental broadening effects such as beam smearing:
broadening as a result of the low spatial resolution. Since the channel widths are of the order of
tenths of nanometers (corresponding to ∼ 40 km s−1 in velocity), the Hα line most often occupies
more than one channel. This is shown in Fig. 2.2a. To include all the emission, we visually
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(a)
(b)

Figure 2.2: a) Diagram showing how a spectral pixel (channel) represents a window of certain
width ∆λ in the total spectrum obtained in one spatial pixel. b) Channel in the data cube of a
galaxy from the KMOS3D survey (GS4_12401) showing clear Hα emission. SAOImageDS9 (Joye
and Mandel, 2003) is used to display the data cube. Units of the cube are W m2µm−1.

inspect the data cube and cut it at two positions along the spectral axis: z1 and z2, the first and
last channel in the cube with Hα emission. We remove all channels below z1 and above z2. The
result is the cube CHα(x , y, [z1 : z2]) that spans a wavelength range of λ1 to λ2, corresponding to
z1 and z2. An example of a galaxy where Hα emission is clearly visible in its data cube is shown in
Fig. 2.2b. The software BBAROLO (Di Teodoro and Fraternali, 2015) is then used to extract total
flux maps from the cubes CHα(x , y, [z1 : z2]) for each galaxy. BBAROLO outputs the maps with flux
units in terms of the original flux units, multiplied by the channel width∆v in kms−1. We denote
the Hα map by MHα(x , y).

2.2 Model creation and fitting

2.2.1 Model definition

A 2D axisymmetric model is defined with a certain number of free parameters, fixed parameters
depending on the galaxy and a set of independent variables, which is used as the coordinate in-
put. Fixed parameters concern the geometry of the disk and the seeing conditions at the moment
of observing (more details in next subsection). The geometrical parameters consist of the coor-
dinates of the center in the image (xc, yc), the inclination i and position angle θ . Coordinates in
the image (x , y) are transformed to coordinates in the plane of the disk (x ′, y ′), using the fixed
geometrical parameters belonging to each galaxy. The free parameters are left to vary such that
a fitting routine can be used to find their best values. The following coordinate transformations
are applied to go from coordinates in the plane of the image to coordinates in the plane of the
disk:

x ′ = cosθ (x − xc) + sinθ (y − yc) (2.3)

y ′ = 1
cos i

[− sinθ (x − xc) + cosθ (y − yc)] . (2.4)

In this system, the coordinates of the center are (x ′c, y ′c) = (0, 0). All coordinates are rotated
by the position angle θ . However, this effect only becomes apparent for an inclined disk. In an
axisymmetric model, all quantities can be expressed as a function of R, which is the galactocentric
radius:

R=
Æ
(x ′)2 + (y ′)2, (2.5)
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where R is converted from pixel units to kpc by using the transverse separation in proper kpc
per arcsecond at redshift z. The ASTROPY function kpc_proper_per_arcmin is used for this
conversion. In this way, each set of coordinates in the image is mapped to a set of coordinates in
the plane of the disk, corresponding to a certain radius R. The radius R is subsequently fed into
the axisymmetric function f (R), which outputs the amplitude of the function on a grid equal to
the size of the image.

Point Spread Function

Included in the definition of the model is the convolution of the output of function f (R) with a
point spread function (PSF) to account for atmospheric seeing. A PSF can be seen as the function
that describes how a point source is smeared out in an image. Earth observations suffer from a
certain amount of blurring due to turbulence in the atmosphere. To simulate the same amount
of blurring in the model, the output of the function f (R) is convolved with the PSF. A PSF is best
described by a probability density function. Lorentzian or Gaussian distributions are usually good
candidates, but the Moffat distribution (Moffat, 1969) is sometimes preferred if the wings of the
PSF are not accurately described by either of the aforementioned profiles. Seeing measurements
often refer to the full width at half maximum (FWHM) of the ‘atmosphere’s PSF’. For the low
resolution maps we are modeling, it suffices to assume that the PSF is Gaussian:

PSFGauss(x , y) = A · exp

�
−
�
(x − x0)2

2σx
+
(y − y0)2

2σy

��
, (2.6)

where A is the normalization, x0 and y0 are the central coordinates, and σx and σy are the
standard deviations along x and y . The shape of the PSF is elliptical or circular, depending on the
particular seeing conditions. In the latter case the function has equal width in x- and y-direction
(σ = σx = σy). The standard deviation is related to the FWHM, as

σ =
FWHM

2
p

2 ln 2
, (2.7)

where the FWHM is, in our case, equal to the seeing at the moment of the observation, transformed
from arcseconds to pixel units. The convolution of the two functions f and PSF is an integral
transform that generates a third function h = f ∗ PSF, describing how f is modified by the PSF.
In an equation, this is denoted as:

( f ∗ PSF)(t) =

∫ ∞
−∞

f (u) PSF(t − u)du . (2.8)

In essence, Eq. 2.8 expresses the area under f (u) weighted by PSF(−u) after a shift of t. The
output of f (R) is convolved with the Gaussian PSF as in Eq. 2.6, where the built-in ASTROPY

filter Gaussian2DKernel from the convolution module is used to define PSFGauss. Fig. 2.3 shows
the difference between a model with and without including its convolution with a 2D Gaussian
PSF. The FWHM is assumed to be fairly large here (1 ′′ = 5 pixels) to demonstrate the difference
between the two.

2.2.2 Minimization routine

Fitting weights

Before the Hα maps are fitted with the model, we determine which pixels of the map contain
trustworthy emission. This is done by applying a threshold that selects the pixels that are reliable
for the fitting procedure. For example, a mask may be created using a signal to noise (S/N)
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Figure 2.3: On the left is a model without convolution; on the right is the same model convolved
with a 2D Gaussian PSF (FWHM = 1 ′′, corresponding to 5 pixel units).

threshold. Here, the S/N of a pixel is calculated by dividing the value of the pixel in units of the
map by the noise in the map in the same units. Pixels above the threshold receive a weight of 1;
pixels below the threshold get a weight of 0 and hence, are not fitted. In this way we create a
mask of weights that is applied during the fitting routine.

Chi-square

The 2D axisymmetric models are fitted to the Hα maps using the Levenberg-Marquardt (LM) al-
gorithm from the curve-fitting code LMFIT (Newville et al., 2014). This is essentially a wrapper
around the curve_fit module from SCIPY, but allows for more direct control of the parameters,
such as user-specified fitting boundaries for the free parameters. The LM algorithm is also known
as the damped least-squares method and is used to solve non-linear least-squares problems. Prob-
lems of this category involve minimizing the sum of the squares of the residuals; finding the best-fit
model to 2D image data can essentially be reduced to a least-squares problem. In general, the χ2

statistic is defined as a measure of the quality of the fit on observations O with model M :

χ2 =
∑

i

wi (Oi −Mi)
2 , (2.9)

where Oi and Mi are points in the sets of observational data and modeled data, respectively, and
wi is the weight of data point Oi. The weight is often defined as the inverse of the variance σ2

i .
However, this assumes that the uncertainty for each observational data point is known. In this
work, weights are defined as explained in the previous subsection. The Levenberg-Marquardt
solver is used to find values for the free parameters of the model such that χ2 is minimized.
Reported standard errors of 1σ for fitted parameters are those values that increase χ2 by the
reduced chi-square statistic:

χ2
ϕ
=
χ2

ϕ
, (2.10)

where ϕ is the degrees of freedom (i.e. the number of observations minus the number of free
parameters). This means that, if the minimized chi-square is found (χ2

min), the error σq on a fitted
parameter q is determined by finding:

q±σq such that χ2(q±σq) = χ
2
min +χ

2
ϕ,min. (2.11)
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(a) GS4_12401 (b) U4_12959 (c) U4_19754

Figure 2.4: HST images (F814W filter) of the test galaxy sample, taken from the CANDELS survey
(Grogin et al., 2011; Koekemoer et al., 2011). Galaxy names are the same as used in the KMOS3D

survey. The red crosses indicate the centers of the galaxies.

2.3 Test on a small sample

In this section we describe how we test the fitting routine. W20 derive half-light radii re for a
sample of 281 galaxies from the KMOS3D survey by fitting exponential functions to the Hα emis-
sion maps. We remind that the scale length Rs and re are linearly related (Eq. 1.3). Analogously
to W20 we obtain the scale length for a galaxy by fitting an exponential function, convolved with
the correct PSF, of the form:

f (R) = K exp
�
− R

Rs

�
, (2.12)

where f (R) is the flux at galactocentric radius R (Eq. 2.5) and K is the normalization. We compare
our found scale lengths for a small sample of three galaxies with those found by W20 to asses if
the fitting routine is robust. 1D radial profiles are extracted from the map and model in elliptical
annuli, both in W20 and in this work, since the model does not produce azimuthal variations.
These are used to judge the quality of the fits, as clarified in Sec. 2.3.3.

2.3.1 KMOS3D survey

KMOS3D is a near-IR spectroscopic survey of more than 700 galaxies, using the multi-IFU on KMOS
(Davies et al., 2013; Sharples et al., 2013, and Sec. 2.1.1). The survey was conducted to study
the physical mechanisms driving the early growth and lifecycle of galaxies, and hence, includes
targets in a redshift range encompassing the peak of the star-formation epoch at 0.7 < z < 2.7.
KMOS3D targets reside in the fields accessible to the VLT (GOODS-South, COSMOS and UDS) and
are selected from the 3D-HST Treasury Survey (Brammer et al., 2012, for a description of these
fields). Emission lines of interest are primarily Hα, [NII] and [SII], which are redshifted to fall
in either the K , H or Y J band, according to Eq. 2.1. All galaxies have a magnitude K < 23. The
wavelength range that each band covers is shown in Tab. 2.1.

2.3.2 Sample in this work

A subset of three galaxies from the nine galaxies for which a radial profile is available from W20
was selected to test the fitting routine developed in this work. HST images are available for all of
them from the CANDELS survey (Grogin et al., 2011; Koekemoer et al., 2011) and are shown in
Fig. 2.4. A table with their properties is also provided (Tab. 2.2). Names are adopted from the

20



2.3. TEST ON A SMALL SAMPLE CHAPTER 2. 2D FITTING OF Hα MAPS

KMOS3D survey. GS4_12401 is a clear spiral galaxy with prominent arms, located in the GOODS-
South field. U4_12959 and U4_19754 both reside in the UDS field. Of these galaxies, the first
appears to have a quite irregular shape, with the possibility of a merger in-process. The latter
appears to be more inclined with an inner concentration of light.

name RA (J2000) dec. (J2000) z i θ

GS4_12401 3:32:52.87 -27:51:14.71 1.00175 20.8 -40

U4_12959 2:17:26.65 -5:14:00.45 1.03611 47.6 45

U4_19754 2:17:38.92 -5:12:37.10 1.46239 47.4 90

Table 2.2: Names in the KMOS3D survey, coordinates (J2000), redshift, inclination and position
angle of the subset of galaxies chosen for our test. Inclinations and position angles are in degrees.
The acquisition of i and θ is explained in the text.

2.3.3 Fixed parameters

As explained in Sec. 2.2.1, the model requires several fixed input parameters which greatly impact
the overall shape of the profile and thus the derived quantities. The parameters of interest are:
inclination i, position angle θ , coordinates of the center (xc, yc), and the size of the PSF. However,
W20 do not provide tabulated values for these parameters. Therefore, we try to reconstruct them
as accurately as possible. The approaches for the inference of each parameter are described here.

W20 fitted HST F160W images with Sérsic models to infer i and θ , with initial guesses for the
fit taken from the fits of van der Wel et al. (2014), who used GALFIT. However, some galaxies were
not fitted by GALFIT. For these cases, initial guesses were taken from the SEXTRACTOR parameters
obtained by Skelton et al. (2014), in particular the semi major (Aimg) and minor axis (Bimg) in the
image in arcsec. For consistency, W20 then used empirical relations between SEXTRACTOR and
GALFIT parameters to find the axis ratio q:

q =

q
B2

img − 0.152q
A2

img − 0.152
, (2.13)

where the term −0.152 comes from the derived empirical relation. SEXTRACTOR parameters are
slightly rounder than those found by GALFIT (Holden et al., 2009). The ellipticity ε of a galaxy
with axis ratio q is then given by:

ε= 1− q. (2.14)

Instead of fitting HST images to infer θ and i, we adopt the SEXTRACTOR parameters Aimg and
Bimg from Skelton et al. (2014) and use Eq. 2.13 to obtain the axis ratio. In turn, we use Eq. 2.14
to compute the ellipticity, which is used to find the inclination, according to (Dekel and Ostriker,
1999):

cos2 i =

¨
(1−ε)2−(1−εmax)2

1−(1−εmax)2
ε < εmax

0 ε≥ εmax

, (2.15)

where εmax = 0.8 for an edge-on disk. The position angle θ is estimated from the HST images
in Fig. 2.4. There is some uncertainty associated with these values when comparing best-fit
models to those of W20, since their values were obtained with a Sérsic fit. Nevertheless, fitting
HST images would still introduce an uncertainty as one cannot be sure that the fit is executed in
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exactly the same fashion. Moreover, a rotation of a few degrees with respect to the ‘true’ value of
θ has negligible to no impact on the final value for Rs.

A bigger point of concern is the celestial coordinates assigned to pixels in the data cubes. Errors
in the astrometric registration of the objects result in shifts with respect to the true coordinates.
The team at the VLT observatory periodically tweaks the positioning of KMOS arms to ensure that
they remain within the required specifications. This leads to small variations in the calibration pa-
rameters, which ultimately cause the astrometric shifts (Wilman et al., 2020). Hence, we cannot
directly use the central coordinates inferred from HST images (see crosses in Fig. 2.4). However,
the location of the central point in our Hα maps can only be shifted in increments of 1 pixel unit
(0.2′′). This means that there is only a small number of feasible ‘options’ for the central pixel.
After a few experiments, we adopted the pixels that produced the 1D profiles that best resembled
the profiles from W20.

Next, the seeing conditions at the moment of observing can heavily influence galaxy size mea-
surements, as demonstrated by Fig. 2.3. Therefore, it is important to include the correct size and
shape of the PSF. Information about the PSF properties, including a PSF image and parameters
for the best Gaussian and Moffat fit executed by Wisnioski et al. (2015), is stated in the fourth
extension of the data cubes. W20 used the PSF image to convolve their functions. We resort to
using the position angle, and FWHM major and minor axes from the Gaussian fit for all galaxies.
In reality, the shape of the PSF might be more complicated than a Gaussian, which adds an un-
known level of uncertainty to the fits. Regardless, the property of the PSF which most strongly
affects the fit is its size, which is known.

Finally, W20 only fit data from pixels with at least 20 per cent of the nominal number of expo-
sures for each galaxy. The KMOS3D data cube headers contain information on the total number
of combined exposures Nexp. Additionally, an ‘exposure map’ Mexp(x , y) is provided in the second
extension of the cubes, where the number of exposures for each pixel is stored. Instead of using
a S/N threshold, we combine this information to create a mask Mmask(x , y) with fitting weights
using the same criterion:

Mmask(i, j) =

�
1 if Mexp(i, j)≥ 0.2Nexp

0 if Mexp(i, j)< 0.2Nexp
, (2.16)

such that only the pixels inside the mask are fitted. The final masks that are obtained using this
criterion are shown in Fig. 2.5.

2.3.4 Results

In Fig. 2.5, the Hαmaps, best-fit model functions, masks and residuals (map – model) for our test
sample are displayed. The edges of the Hαmaps (marked with dark green) are removed, because
they contain extreme values, disrupting the color scale. The white ellipses in the first (left) panels
indicate the annuli in which the surface brightness is extracted for the 1D radial profiles. They are
aligned on the center, with inclination and position angle as explained in Sec. 2.3.3. The units
of the map, model and residuals are 10−17 erg s−1 cm−2 arcsec−2. In all cases, the residuals show
regions where the model has a higher flux than the data and vice versa, demonstrating that the
Hα distributions slightly deviate from an exponentially declining function. Regions with high Hα
emission away from the center of the galaxy are smeared out as a result of the PSF, increasing the
azimuthal asymmetry. However, we are only interested in radial differences. When the profiles
are azimuthally averaged, the discrepancy between data and model is severely diminished (Fig.
2.6b). We go over the assessment of the radial profiles and inferred scale lengths in the next
paragraph.

The inferred scale lengths from the best-fit models are given in Tab. 2.3. Uncertainties on
inferred scale lengths are the statistical errors as explained in Sec. 2.2.1. Unreported errors
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Figure 2.5: From left to right: first panel shows the Hα map MHα(x,y) in units of
10−17 erg s−1 cm−2 arcsec−2 and the elliptical annuli (white ellipses) used to extract radial pro-
files. The data in the border pixels (marked dark green) are removed since they contain extreme
values. Second panel shows the best-fit 2D exponential model convolved with the PSF in the
same units. The hatched ellipse in the bottom left represents the shape of the PSF. Third panel
shows the mask applied to the data in the fitting procedure. Pixels outside the yellow area are
not fitted. Fourth panel shows the residuals of map – model, with the same units as the first and
second panel.

are in the PSF, inclination i, position angle θ and coordinates of the center (xc, yc). These are
not included because making a quantitative assessment on them is not as straightforward. As
a consequence, our errors are likely underestimated. Half-light radii from W20, transformed to
scale lengths using Eq. 1.3 are also given in the table. Radial profiles extracted from the Hαmaps
and best-fit model are shown in Fig. 2.6b. These profiles represent the mean flux calculated in
elliptical annuli with the same inclination and position angle as used in the calculation of the best
fit model. Since there is no uncertainty associated with the flux measured in each pixel, the error
bars simply represent the statistical error in each annulus. The models are generally within or
close to the error bars, showing that the models are in good agreement with the data when both
are azimuthally averaged. The shaded grey area around the solid black line illustrates the shape
of the profile using the minimum and maximum values of Rs, that is: Rs ±σRs

. Although being
relatively narrow at small r, the fact that its width increases with increasing r from the center
demonstrates that the size of the scale length affects the overall shape of the profile more strongly
in the outer regions. Fig. 2.6a demonstrates that the best-fit models from this work are in good
agreement with the best-fit models from W20. The uncertainty in their profiles is obtained from
generating bootstrap data cubes by randomly resampling channels. As mentioned in the previous
sections, there is a substantial amount of fixed parameters for the model that could possibly differ
from W20. Among them are the shape of the PSF, inclination and position angle, coordinates of
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(a)

(b)

Figure 2.6: a) Radial profiles from Wilman et al. (2020) of the Hα maps (blue points with 1σ
bootstrap errors) and best fit model (blue solid line). A PSF image is extracted in the same manner
(black diamonds). The vertical dashed line indicates the radius where the major axis first crosses
the edge of the KMOS field of view. b) Radial profiles extracted in elliptical annuli from our Hα
maps (dots with error bars) and our best-fit exponential model (solid black line). The grey area
is obtained by varying the fitted Rs by 1σ. The scale length from our best-fit model with errors is
noted in black; the scale length from Wilman et al. (2020) is in blue.

the center, and even the Hαmap itself, which is obtained with a different method. Nevertheless, in
all cases the scale length we find agrees with the scale length from W20 within the 1σ uncertainty
ranges. This leaves us to believe that our fitting routine is robust as it infers parameters that are
consistent with the literature. We can then proceed to use it for our purposes in the next chapter.

galaxy Rs Rs (W20)

kpc kpc

GS4_12401 3.52+0.09−0.09 3.12+0.39−0.42

U4_12959 3.17+0.15−0.15 3.47+0.56−0.41

U4_19754 1.04+0.11−0.11 1.32+0.17−0.17

Table 2.3: The scale lengths found in this work and Wilman et al. (2020), indicated by W20.
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Chapter 3

Sample and SFRD fitting

In this chapter, we define the adopted sample of z ' 1 galaxies from KROSS (Stott et al., 2016)
and explain the acquisition of their properties. We also provide a description of the additional
steps required to convert maps of Hα emission to maps of SFRD.

3.1 Sample description

3.1.1 KROSS survey

The KMOS Redshift One Spectroscopic Survey (KROSS) was designed to determine the dynamical
state of galaxies at the peak of the star formation epoch (Stott et al., 2016). This program observed
hundreds of spatially resolved galaxies at z ' 1, with the KMOS near-IR multi-integral-field-unit
(IFU) spectrograph on the VLT (described in Sec. 2.1.1). The observed fields are UDS, ECDFS,
COSMOS, SA22 (see Stott et al., 2016, for details of these fields and the spectroscopic or narrow-
band surveys used for each galaxy). Observed targets encompass a redshift range of z ' 0.8−1.0,
placing Hα in the Y J band (Tab. 2.1). The majority of galaxies are selected to have a magnitude
KAB < 22.5, corresponding to a stellar mass limit of log(M∗/M�) = 9.3 ± 0.5. The sample was
selected to satisfy several conditions: an integrated Hα flux of FHα > 5× 10−17 erg s−1 cm−2 that
assures a high S/N, an inclination in the interval 30◦ < i < 70◦ and a relatively wide stellar mass
range of 2× 109 M� − 5× 1010 M�. Also, obvious mergers were excluded. Stott et al. (2016)
report that their total sample of z ' 1 galaxies have on average higher velocity dispersions and
are more gas-rich than their local counterparts, although the former of these results has been
disputed by the subsequent study of Di Teodoro et al. (2016), who found Hα velocity dispersions
comparable to those at z ' 0.

3.1.2 Sample in this work

Our sample consists of 12 galaxies from the KROSS survey, whose kinematics have been studied
by Di Teodoro et al. (2016), and for which the Fall relation (Fall, 1983) has been investigated by
Marasco et al. (2019). From the 18 galaxies analyzed in these studies, we exclude six galaxies:
all galaxies (four) from the KMOS3D survey, one galaxy that is cut-off in the bottom of the KMOS
FOV, and a galaxy for which no Hα map is published by the KROSS team. Marasco et al. (2019)
analyzed HST images of the sample, publishing stellar scale lengths which we adopt in our anal-
ysis. Their procedure is outlined in the following subsection. The total adopted sample in this
work encompasses a redshift range of z ' 0.84− 1. Average seeing conditions for each pointing
are stated in Stott et al. (2016). For each galaxy, we adopt the average seeing in the respective
field as the value for the FWHM in the calculation of the PSF. We assume a circular Gaussian PSF.
Properties of our sample are reported in Tab. 3.1.
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name field RA (J2000) dec. (J2000) z log M∗/M⊙ FHα Rs θ i

h m s ◦ ’ " 10−17 esc∗ kpc ◦ ◦

C-HiZ_z1_195 COSMOS 10:00:34.63 +02:14:29.7 0.845 9.75± 0.09 6.52 1.9± 0.2 -10 49

C-HiZ_z1_258 COSMOS 00:01:05.65 +01:52:57.7 0.838 10.41± 0.11 5.52 4.4± 0.3 20 54

C-zcos_z1_192† COSMOS 10:01:03.45 +01:54:00.4 0.914 10.17± 0.05 13.0 1.0± 1.0 -30 45

C-zcos_z1_202 COSMOS 10:00:53.39 +01:52:40.9 0.841 10.54± 0.06 35.1 2.2± 0.1 20 45

C-zcos_z1_690 COSMOS 10:00:36.55 +02:13:09.5 0.925 10.69± 0.25 8.69 2.4± 0.1 80 50

C-zcos_z1_692 COSMOS 10:00:36.42 +02:11:19.2 0.927 10.61± 0.18 18.9 3.1± 0.2 45 42

E-zmus_z1_21 GOODS-S 03:32:48.48 -27:54:16.0 0.839 10.40± 0.14 6.79 3.3± 0.2 90 32

E-zmus_z1_119 GOODS-S 03:32:08.20 -27:47:52.1 0.841 10.34± 0.07 10.3 3.3± 0.2 30 62

E-zmus_z1_125 GOODS-S 03:32:21.76 -27:47:24.7 0.998 9.95± 0.06 5.06 1.7± 0.1 85 58

E-zmus_z1_129 GOODS-S 03:32:26.29 -27:47:17.5 0.995 9.83± 0.07 6.14 2.3± 0.1 -45 43

E-zmus_z1_166 GOODS-S 03:32:16.49 -27:44:49.0 0.875 10.11± 0.15 10.5 2.0± 0.1 -85 51

E-zmus_z1_217† GOODS-S 03:32:20.53 -27:40:58.8 0.894 10.02± 0.08 6.75 4.0± 0.2 50 70

Table 3.1: Properties of adopted galaxy sample. Geometrical parameters (position angle and
inclination) are from Di Teodoro et al. (2016). Stellar masses are adopted from Santini et al.
(2015). Redshifts and Hα fluxes are obtained from Harrison et al. (2017). Scale lengths and
coordinates of the center are from Marasco et al. (2019).
† Galaxies excluded from the final analysis (explained in Sec. 3.2.2).
∗ erg s−1 cm−2.

Scale length

Marasco et al. (2019) used Hubble Space Telescope (HST) Wide Field Camera 3 (WFC3) images
in two bands as a probe for the stellar distribution. In a similar fashion to the technique outlined
in Sec. 1.3.3, they fit an exponentially declining function of the form f (R) = K exp

�− R
R∗

�
to obtain

scale lengths of their galaxy sample. However, instead of fitting 2D maps, they fit the function
on radial profiles, extracted from the images by calculating the surface brightness in elliptical
annuli. Since the HST resolution is very high, galaxies are well-resolved, such that it becomes
unnecessary to account for the PSF. The used bands are F160W and F814W, which have mean
wavelengths λmean of 15337 Å and 8133 Å, respectively. From Eq. 2.1, we find that the rest-frame
mean wavelength of the F160W band is λ≈ 7600 Å at z = 1, which is in the red side of the optical
spectrum. Adopted scale lengths in this thesis used for informing the SFRD model are the fitted
value from Marasco et al. (2019) in the F160W band, as it is, among the two, the least affected
by dust extinction and therefore a more reliable tracer of the SMSD as explained in Sec. 1.3.1.
Fig. 3.1 presents an example of the radial profile extraction and exponential fit on the resulting
profile.
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Figure 3.1: Figure taken from Marasco et al. (2019) showing the extraction of radial profiles for
the galaxy C-zcos_z1_692 in bands F160W and F814W. The right panel is a plot of the surface
brightness as a function of radius (see elliptical annuli in the left and middle panels), normalized
to the total surface brightness enclosed in the largest ellipse. Red circles are used for the F160W
image (left panel); blue triangles are used for the F841W image (middle panel). Dotted lines
represent the best-fit exponential function for R > 3.5kpc. Solid lines are the cumulative light
profiles. The stellar mass radial profile nearly perfectly follows an exponential.

3.2 Creation and centering of Hα maps

3.2.1 Rebinning

In contrast to the KMOS spatial pixel scale of 0.2′′×0.2′′, KROSS data cubes are binned to a spatial
scale of 0.1′′×0.1′′, which allowed the KROSS team to improve the cube mosaics using sub-pixel
shifts. Likewise, the KROSS team have published Hαmaps for their targets using this spatial scale.
These maps have an artificially increased spatial resolution by means of interpolation, which
quadruples the amount of pixels in the image. We opted not to use these maps in our analysis
of the SFRD for two main reasons: 1) these maps often inherit errors, with some containing
oversaturated pixels more than 100 times the mean value of the map, and 2) the fact that their
spatial resolution is artificially enhanced means that they are prone to an added uncertainty due
to the interpolation between pixels. However, we use these maps to correct our maps for the
astrometric error. This procedure is described in Sec. 3.2.2. We extract Hα maps from the data
cubes using the same procedure as described in 2.1.2 and rebin our final Hα maps to the original
KMOS pixel scale of 0.2′′ × 0.2′′.

3.2.2 Re-centering of maps

As explained in Sec. 2.3.3, there are some errors in the astrometric registration of the KMOS data
cubes. In most cases, this results in a small shift (∼ 0.2′′ − 0.4′′) w.r.t. the true coordinates. The
KROSS team used the continuum emission in the band to relocate the center of the galaxy. By
stacking all channels in the data cube without emission lines, a map of the continuum emission in
the Y J band can be obtained. The emission in these continuum maps is expected to be comparable
(although at much lower spatial resolution) to the emission in the HST F160W filter. In such
filters, these galaxies have their centers located at the (or very close to) the brightest pixel. Thus,
if the pixel with the highest intensity can be identified in the KMOS continuum maps, this will
indicate the position of the center of the galaxy. The shift from the center in this continuum map
w.r.t. the center in HST continuum images can subsequently be used to infer the correct location
of the center in the Hα map. Published Hα maps by the KROSS team have been re-centered
using this technique. Important to note is, however, that the continuum emission is very weak
in the KMOS data cubes. This makes the application of the technique diffult for some galaxies
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and it could result in incorrect re-centering. In our analysis, we adopt the same shift as the one
inferred by KROSS for consistency. We do this by using the re-centered images from KROSS
to infer the correct positioning of our maps. The astronomical imaging and data visualization
application SAOIMAGEDS9 (Joye and Mandel, 2003) was used for this process. By matching the
coordinates of our map in frame 1 with the coordinates of the KROSS map in frame 2 and plotting
contours of our map as an overlay in frame 2, the vertical and horizontal shift can be inferred.
An example of galaxy E-zmus_z1_125, which requires a relatively large correction, is shown in
Fig. 3.2. However, we have reasons to doubt that the re-centering is correct for two galaxies (C-
zcos_z1_192 and E-zmus_z1_217), as the process results in centers that are severely misaligned
with the Hα distribution (Fig. 3.3). Moreover, the shape of the Hα emission appears similar (but
offset) to that of the stellar emission (white ellipses in left panel of Fig. 3.3). These galaxies are
therefore excluded from the analysis.

Figure 3.2: Example of galaxy E-zmus_z1_125 demonstrating how the contour overlay function
in SAOIMAGEDS9 (Joye and Mandel, 2003) was used to re-center the Hα maps of the sample.
Green contours from the Hα map on the left are overplotted on the KROSS map (right) of the
same galaxy. The shift that is needed to overlay the two maps is evident.

3.2.3 Unit conversion

The KROSS data products do not specify units. Therefore, we have to re-normalize our maps
using the Hα flux FHα, such that they are in units of surface brightness SBHα [erg s−1 cm−2 arcsec−2].
Including the unit of arcsec−2 allows for a conversion to SFR surface density later in the process. We
do this by finding coefficient A with units of SBHα, which, when multiplied by the total flux density
in our map, gives us FHα. Each pixel in our Hαmap has a value vi, and a size of 0.04arcsec2, such
that the flux density in that pixel is given by:

Fi [erg s−1 cm−2] = vi × A [erg s−1 cm−2 arcsec−2]× 0.04 arcsec2. (3.1)

From this follows that the total flux density of the galaxy FHα is given by the sum of fluxes in each
pixel:

FHα =
∑

i

Fi = 0.04
∑

i

vi × A [erg s−1 cm−2], (3.2)

such that A is obtained by:

A=
FHα

0.04
∑

i vi
. (3.3)
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Figure 3.3: From left to right: SFRD map, ‘best-fit’ SFRD model, mask, residuals (map – model)
and 1D radial profile of galaxies C-zcos_z1_192 (top) and E-zmus_z1_217 (bottom). Units of all
panels except the mask are M� yr−1 kpc−2. The hatched circle in the second panels indicates the
shape of the PSF. The white ellipses in the left panel are the annuli used for the extraction of radial
profiles. The various panels of this figure and in particular the right panel, are described in more
detail in Chapter 4.

Multiplying our maps by A gives units of SBHα [erg s−1 cm−2 arcsec−2]. In Sec. 3.3 we explain how
these maps can then be converted to maps of SFRD.

3.2.4 Mask

The KMOS data and resulting Hα maps can contain significant noise levels. Therefore, we deter-
mine which pixels contain trustworthy emission for the fitting routine by setting a S/N threshold.
We opted for a fiducial value (i.e. holding for all galaxies) of 1.5. Using this threshold, a mask is
created as described in Sec. 2.2.2. This means that only pixels with emission larger than 1.5 times
the noise in the image are fitted. The value of 1.5 was chosen after experimenting with different
values, as this resulted in the best overall account for the visual distribution of Hα emission in
all maps. To estimate the noise, each map is examined individually to find the rows and columns
of pixels that are not contaminated by emission from the galaxy. Generally this resulted in the
first to third upper and lower rows, and/or first to third outer-left and outer-right columns. The
noise is attained by computing the standard deviation in these rows and/or columns of pixels.
The impact that our choice for the S/N threshold has on our final results are discussed in Sec.
4.4.

3.3 Conversion of Hα surface brightness to SFRD

In this section, the applied techniques for converting our Hαmaps to units of SFRD are described.
We start by using the relation from Kennicutt and Evans (2012) to connect the total Hα luminosity
to SFR:

SFR [M� yr−1] = 5.37× 10−42 LHα [erg s−1], (3.4)

which is the same as Eq. 1.4, but in linear space. The SFRD is then obtained by dividing the SFR
of a considered region by its surface area A:

SFRD [M� yr−1 cm−2] =
SFR
A
=

5.37× 10−42 LHα [erg s−1]
A [cm2]

. (3.5)
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The angular diameter distance dA relates the area A to the solid angle dΩwith dimensionless units
of sr:

dΩ=
A
d2

A

. (3.6)

The luminosity in Eq. 3.5 can be rewritten in terms of flux:

LHα [erg s−1] = 4πd2
L × FHα [erg s−1 cm−2], (3.7)

where dL is the luminosity distance in cm. Combining the information from Eq. 3.6 and Eq. 3.7
gives a new definition for the SFRD:

SFRD [M� yr−1 cm−2] =
5.37× 10−42×4πd2

L × FHα [erg s−1 cm−2]

dΩ× d2
A

, (3.8)

where both the angular diameter distance dA and luminosity distance dL are in cm. There exists
a relation between these quantities, involving redshift z:

dL = (1+ z)2dA, (3.9)

such that Eq. 3.8 simplifies to:

SFRD [M� yr−1 cm−2] = 6.75× 10−41 FHα [erg s−1 cm−2]
dΩ

(1+ z)4, (3.10)

where the factor 4π has been included in the first coefficient. Dividing FHα by the solid angle
leaves us with the surface brightness SBHα in terms of erg s−1 cm−2 sr−1. We can therefore write
our SFRD as follows:

SFRD [M� yr−1 cm−2] = 6.75× 10−41 (1+ z)4 SBHα [erg s−1 cm−2 sr−1]. (3.11)

Furthermore, 1 sr = 4.25× 1010 arcsec2 and finally, we convert the SFRD units of cm−2 to kpc−2

to obtain:

SFRD [M� yr−1 kpc−2] = 2.73× 1013 (1+ z)4 SBHα [erg s−1 cm−2 arcsec−2]. (3.12)

Eq. 3.12 is used to convert our maps in terms of SBHα to SFRD. Finally, the maps are multiplied by
a factor (1−R), such that they take into account the return fraction: the reduced SFRD (1.3.3).
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Chapter 4

Results and discussion

Having constructed our SFRD maps as described in Chapter 3, we then follow the same fitting
procedure as in Chapter 2, but except that now, instead of fitting an exponential function, we fit
the SFRD model (Eq. 1.6), convolved with a Gaussian PSF and using νM and νR as free parameters.
The parameters M∗ and Rs are included in the set of fixed parameters depending on the galaxy as
these are known from previous studies, as explained in Sec. 3.1.2. The fitting routine is executed
to find best-fits, allowing us to infer νM and νR for our sample.

4.1 Best-fit models

Our final SFRD maps, best-fit SFRD models, masks, residuals, and 1D radial profiles are shown
in Fig. 4.1. The shaded grey area surrounding the extracted 1D radial profile of the best-fit
SFRD model (solid black line) is obtained by considering all models with parameters in the range
νM ±σνM

and νR±σνR
, such that this area covers the model’s total range of possible SFRD values

within the uncertainties of νM and νR. The fitting routine reports statistical errors for all fitted
parameters (as explained in Sec. 2.2.2). However, we should also include the uncertainty in
the scale length, which impacts uncertainties on growth rates. The upper and lower levels of
uncertainty in growth rates are obtained from executing the fit an additional two times: with
Rs ±σRs

using the values reported in Marasco et al. (2019). These fits produce new values: ν+M ,
ν−M , ν+R and ν−R , and their associated statistical uncertainties. The upper uncertainty level in νM is
defined as the maximum value of either its statistical uncertainty σνM

, or the difference between
νM and ν+M , including the statistical error in ν+M . The same holds for the lower uncertainty level
in νM and upper and lower uncertainty levels in νR. In general, this can be expressed as follows:

σupper
ν

=max
�
σν, U+
�

, (4.1)

σlower
ν

=max
�
σν, U−
�

, (4.2)

with U± = |ν− (ν± ±σν±)|
It evident that most galaxies leave systematic patterns of over- and underdensities in their residual
maps. Such patterns are most likely due to off-centered star formation (Hα emitting) regions,
which are common in z ' 1 galaxies (e.g. Nelson et al., 2012; Mieda et al., 2016). The severity of
this effect may also be enhanced by the influence of the PSF, as explained in 2.3.4. Alternatively,
in some cases it is also possible that the re-centering executed by KROSS may not have been
completely accurate as a result of the faint continuum. Not all residual maps display such features:
for some galaxies the residual map does not contain clear patterns, such that the SFRD map
is well-represented by the axisymmetric model. However, the 1D radial profiles reveal that all
azimuthally averaged maps and models are in good agreement. There is one case (galaxy C-
HiZ_z1_258) where the SFRD shows an inner depression, due to an Hα region away from the
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center. This feature is not reproduced by the best-fit model, but the data and model are within
their respective uncertainties.
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Figure 4.1: From left to right: first panel shows the SFRD map in units of M� yr−1 kpc−2. Blank
values in the data are marked with dark green. The white ellipses are the elliptical annuli used
for the extraction of radial profiles, centered on the center coordinates of the galaxy and with the
same θ and i as used for the fixed parameters of the 2D model. Second panel shows the best-fit
SFRD model, in the same units as the first panel. The hatched circle in the bottom-left corner of
this panel shows the size and shape of the PSF. Third panel shows the mask applied during the
fitting routine. Pixels outside the yellow area (S/N < 1.5) are not fitted. Fourth panel shows the
residuals of observed map – model, in the same units as the first panel. Fifth panel displays the
extracted 1D radial profiles of the data (points with error bars) and model (solid line). Error bars
of the data are statistical variations in each annulus. The shaded grey area is obtained by varying
the SFRD model by νM±σνM

and νR±σνR
. The best-fit parameters are indicated in the fifth panel.

4.2 Mass and radial growth rates

Tab. 4.1 lists the specific mass and radial growth rates of the sample inferred from the best-fit
SFRD models. In Fig. 4.2, the specific mass and radial growth rates are plotted versus stellar
mass and scale length of the disks. Statistics of the sample are stated in Tab. 4.2.

4.2.1 Mass growth rates

We find that our mass growth rates take a relatively narrow range of values, with a total spread of
approximately 0.8dex in logarithmic units (Fig. 4.2). The total scatter1 is 0.357Gyr−1 or 0.23 dex.
To visualize and quantitatively compare the results for the mass growth rate of our sample with
the literature, we plot the mass growth rate versus stellar mass (4.2, top-left panel). Studies have
revealed (Speagle et al., 2014, provide a summary) that there is a strong correlation between SFR
and M∗ at fixed redshifts (the main sequence of star-forming galaxies), generally of the form:

log SFR= α log M∗ + β (4.3)
log sSFR= (α− 1) log M∗ + β , (4.4)

1The scatter is calculated as the standard deviation around the mean.
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galaxy νM νR

10−2 Gyr−1 10−2 Gyr−1

C-HiZ_z1_195 129.1+7.64−7.18 21.41+16.2−17.0

C-HiZ_z1_258 40.54+3.62−3.30 11.28+2.24−2.72

C-zcos_z1_202 96.97+4.83−4.69 46.96+5.27−5.62

C-zcos_z1_690 29.78+1.37−1.30 9.879+1.85−1.92

C-zcos_z1_692 59.74+3.98−3.72 16.41+4.41−4.80

E-zmus_z1_21 26.16+1.97−1.84 10.52+0.95−1.09

E-zmus_z1_119 73.93+5.77−5.31 10.47+7.94−8.48

E-zmus_z1_125 78.67+4.57−4.80 −20.12+10.7−10.7

E-zmus_z1_129 91.26+5.82−5.82 −39.69+14.1−14.5

E-zmus_z1_166 115.1+6.20−5.87 38.92+10.8−10.9

Table 4.1: The specific mass and radial growth rates of our sample.

νR > 0 all

νM/Gyr−1

median 0.668 0.763

scatter 0.367 0.334

νR/Gyr−1

median 0.138 0.109

scatter 0.134 0.239

Table 4.2: Statistics of specific mass and radial growth rates.

where the second equation expresses the same relation, but for the specific SFR (sSFR≡ Ṁ∗/M∗).
Reminding that νM is the reduced specific star formation rate of the disk, we should observe a
somewhat similar trend. The SFR – M∗ relation for z ' 1 galaxies in a similar mass range, found
by Elbaz et al. (2007), is plotted in the upper left panel of Fig. 4.2 (green line). It is shifted
by log(1−R) = log(1− 0.3), so as to make it comparable to our reduced sSFR. The shaded
area indicates the 0.21dex scatter around the relation. It is evident that our measured values
of the reduced sSFR are in good agreement with the relation, although carrying a slightly larger
scatter than the relation would suggest. We stress that reduced specific SFRs (νM) in this work
were determined using our SFRD model, which is a very different method than what is usually
employed for the sSFR. This agreement with the literature is important and therefore a non-trivial
validation of our adopted methodology.

There appears to be an inverse trend for mass growth rate with scale length that can be inferred
from the top-right panel in 4.2. However, this is uncertain due to the limited sample size. The two
galaxies with the largest mass growth rate are amongst the most compact (smallest Rs) galaxies in
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Figure 4.2: Specific mass (top) and radial (bottom) growth rates versus stellar mass (left) and
scale length (right) of the final sample. The radial growth rates are not in logarithmic scale since
two galaxies have negative values. These galaxies are indicated with the dark blue triangles in
all panels. The green line in the top-left panel indicates the sSFR – M∗ relation from Elbaz et al.
(2007) shifted by log(1−R), with the shaded area marking its scatter of 0.21dex. The black
dashed lines in the bottom panels show the νR = 0 boundary.

the sample, and the largest (Rs) galaxies have low to intermediate νM . The median mass growth
rate of the inside-out growing galaxies in the sample is a factor ∼ 7.5 larger than the median
found by P15, indicating that galaxy disks at z ' 1 grow their mass ∼ 7.5 times faster than their
Local Universe counterparts. This corresponds to a rough estimate for the mass growth timescale
of ∼ 1.3 Gyr at z ' 1.

4.2.2 Radial growth rates

Of our final sample of 10 galaxies, we find that 80% exhibit inside-out growth (νR > 0). The two
galaxies that show signs of outside-in growth have significantly negative radial growth rates. In
Fig. 4.2, these galaxies are indicated with the dark blue triangles. From the plots we see that they
are relatively small (Rs ∼ 2 kpc), but have intermediate stellar masses (M∗ ∼ 1010 M�). If we
examine these cases individually, it becomes clear that both galaxies display some peculiarities.
Starting with the galaxy showing the largest negative radial growth rate, E-zmus_z1_129, its
radial profile in the F814W continuum image shows a bump near the center compared to its
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profile in the F160W band (Marasco et al., 2019), shown in Fig. 4.3. At this redshift, the emitted
light in the F814W band is in the blue part of the visible spectrum. The fact that this galaxy
shows an increase in surface brightness towards the center in that band may indicate enhanced
star formation in the center. A possibility could be that the galaxy has recently undergone a
merger (triggering central star formation). This argument is further supported by its asymmetrical
shape, in particular a large spiral arm feature that is visible on the south-east of the HST images
in both bands. The other galaxy with negative radial growth rate, E-zmus_z1_125, also shows an
extended spiral arm on one side, but it shows a small depression in the central regions in both
the F814W and F160W surface brightness profiles (Fig. 4.3). From the HST images it becomes
apparent that there is another galaxy (masked) within a ∼ 1′′ projected distance from its center.
However, the fact that this galaxy does not show up in the Hα data cube suggests that it is not at the
same redshift. Since 8/10 galaxies show significant radial growth, and only two are significantly
shrinking, we find that our results are consistent with the general picture of inside-out growth of
galaxies at z ' 1.

Figure 4.3: Same as Fig. 3.1, but for galaxies E-zmus_z1_125 and E-zmus_z1_129. Figure taken
from Marasco et al. (2019).

There seems to be no strong trend in νR versus Rs that can be derived from the plot in the
bottom-right panel of Fig. 4.2. The trend in radial growth rates versus stellar mass (bottom-left
panel) seems to be relatively constant. The median of our positive radial growth rates is ∼ 4.8
smaller than the median of the mass growth rates of inside-out growing galaxies. Furthermore,
the median radial growth rate of our sample is ∼ 7 times larger than radial growth rates at z ' 0
found by P15, which shows that z ' 1 galaxies grow ∼ 7 times faster in radius than galaxies in
the Local Universe.
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(a) (b)

Figure 4.4: a) Plot of specific radial growth rate versus specific mass growth rate of our sample.
Galaxies with negative radial growth rate are indicated with the dark blue triangles. The dashed
blue line is a line through the origin with slope α = 0.22: the expected νR – νM relation derived
from the mass-size relation found by van der Wel et al. (2014). The shaded grey area indicates
the uncertainty in α (= ±0.01). b) Same as Fig. 4.4a, but in double-logarithmic scale, therefore
excluding galaxies with negative radial growth rate. Included are the growth rates found by P15,
marked dark green. The solid green line is a line of slope 1, and intercept logα= log0.35.

4.3 Comparison with theoretical expectations

In Fig. 4.4a, we plot the radial growth rates versus mass growth rates of our sample. Following
the discussion in Sec. 1.2.2, one of the empirical relations galaxies obey is the mass-size relation.
In van der Wel et al. (2014), the mass-size relation for early- and late-types is determined over
the redshift range 0 < z < 3. For late-types, they find Rs∝ Mα

∗ with α = 0.22± 0.01 to hold in
the entire redshift range (they find that the normalization, however, changes with redshift). In
two steps, we show how this translates into the specific growth rates:

Rs = AMα
∗ (4.5)

ln Rs = ln A+α ln M∗ (4.6)
νR = ανM . (4.7)

The last step involves taking the time-derivative on both sides, and for simplicity we assume
that both the normalization A and coefficient α are time-independent (no evolution of the mass-
size relation). As mentioned in Sec. 1.2.2, there is no consensus yet on the evolution of the
mass-size relation, as some studies find that it evolves with redshift, while others find a universal
relation. From Eq. 4.7, it follows that the growth rates should fall on a line through the origin
with slope α (blue dashed line with shaded area indicating uncertainty in α). The outside-in
growing galaxies are excluded from this statement. From the plot in Fig. 4.2 it is clear that the
results generally agree with the expectations for a non-evolving mass-size relation, in particular
the galaxies with νR < 30× 10−2 Gyr−1. There is one obvious outlier with a radial growth rate
exceeding 40× 10−2 Gyr−1 at a mass growth rate just below 100× 10−2 Gyr−1. However, outliers
are expected, and the limited sample size prevents statistically strong conclusions.

In Fig. 4.4b, we plot the growth rates again. However this time the plot is double-logarithmic

37



4.4. DISCUSSION OF UNCERTAINTIES CHAPTER 4. RESULTS AND DISCUSSION

and the z ' 0 galaxies from P15 are also included. This plot clearly demonstrates that galaxies
at z ' 1 grow faster than galaxies at z ' 0, both in mass and radius. In logarithmic units, the
relation in Eq. 4.7 becomes:

logνR = logα+ logνM , (4.8)

such that the points in this plot should fall on a line with intercept logα. The solid green line
(with a slope of 1) has the adopted intercept α= 0.35 by P15, calculated by combining the Tully-
Fisher and Fall relation. The dashed blue line uses α = 0.22 as empirically derived by van der
Wel et al. (2014). Although it is difficult to see from the plot which value of α best represents the
total distribution of points, it is interesting that points at z ' 0 and z ' 1 appear to align well on
a straight line, as expected by the simple model indicated above. Note that an evolution of the
mass-size relation (as found by some studies, see Sec. 1.2.2) would introduce an additional term
in Eq. 4.7:

νA =
d
dt
(ln A(t)) , (4.9)

which would make the relation curve up or down. P15 found |νA| < 0.01Gyr−1 for their sample.
A similar estimate for our z ' 1 sample would be interesting to investigate, but is left for future
work.

4.4 Discussion of uncertainties

Finally, we briefly discuss some possible limitations and sources of uncertainties of this work. First
we discuss the impact that our choice of the S/N threshold has on our final results. Changing the
threshold to 1.0 or 2.0 has a small impact on the inferred growth rates, but the resulting values
are all within the current uncertainty ranges. Our results are thus largely independent of the
choice for the S/N threshold. In Appendix A, we show a table of the total uncertainties.

One possible source of uncertainty is the choice of the return fraction R . As mentioned in
Sec. 1.3.3, the adopted value forR = 0.3 is an intermediate value between choices of the IMF. Its
value is uncertain in any case, since it is dependent on the choice of the IMF and the final-to-initial
mass relation (P15). A higher or lower choice for this value would only increase or decrease the
normalization of the SFRD model and thereby increase or decrease inferred growth rates by a
fixed factor. The same holds for the uncertainty in stellar mass. Furthermore, since both growth
rates are affected by the change in normalization equally, this implies that the dimensionless ratio
between the two remains unchanged.

Perhaps the main limitation of this work is that we could not correct our measured Hα emission
for dust extinction. To improve on this, it would be useful to obtain data in a larger wavelength
range, including also Hβ , allowing a measurement of the Balmer decrement and therefore to
correct for the effect of dust.
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Chapter 5

Conclusions

5.1 Summary and conclusions

In this work we adopted a sample of 12 galaxies from the KROSS survey (Stott et al., 2016)
at z ' 1 in order to investigate the inside-out growth scenario. We developed a fitting routine
to fit 2D SFRD maps with the functions introduced in P15. Our routine was tested by fitting
exponential profiles on a sample of three galaxies from the KMOS3D survey (Wisnioski et al.,
2019) to infer scale lengths. Results were compared with findings by W20 and agreed with them
within the uncertainty ranges. This allowed us to conclude that our fitting routine is robust. We
extracted Hα maps from the KMOS data cubes which were used as probes for the star formation
rate distribution in our galaxies. Two galaxies were excluded from the final analysis due to a
misaligned center. We inferred specific mass and radial growth rates, νM and νR, respectively, of
the final sample, by using the SFRD fitting function from P15. Our specific mass growth rates are
in agreement with findings for the star formation main sequence relation at z ' 1 in the respective
mass range (Elbaz et al., 2007). 8/10 galaxies in our sample show significantly positive radial
growth rates, and only two show negative radial growth rates.

5.1.1 Conclusions

We briefly summarize our conclusions:

1. Since 80% of our sample shows significant radial growth, we conclude that our results are
consistent with the general picture of inside-out growth occurring at z ' 1.

2. We find that galaxies at z ' 1 grow ∼ 7.5 times faster in mass and ∼ 7 times faster in
radius than their Local Universe counterparts. These results are in agreement with previous
findings based on the main sequence of star formation.

3. Our results seem to be consistent with a model in which the mass-size relation is not strongly
evolving with time, at least between z ' 1 and z ' 0.

5.2 Future work and improvements

One substantial caveat in this work is the fact that our SFRD profiles are not corrected for dust.
Future research could improve findings by including a dust correction from the Balmer decre-
ment. Furthermore, our results are complicated by the low spatial resolution of the Hα maps.
With the advent of new telescopes and equipment, such as the Extremely Large Telescope (ELT)
with its Extremely Adaptive Optics system, spatially resolved spectroscopy be made possible at
a significantly higher spatial resolution. The specific radial growth rate is a remarkable measure
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for inside-out growth of galaxies. Probing even higher redshifts with this technique could consol-
idate evidence for the inside-out growth scenario. Finally, the relation of νR and νM provides a
powerful tool to inspect the evolution of the mass-size relation.
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