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Abstract

To trace the morphological evolution of galaxies one first needs to correctly
quantify the morphological mixture at different epochs. Morphological quantitative
measurements and visual-like classifications are, however, susceptible to biases
such as cosmological surface brightness dimming (CSBD): the measured surface
brightness of a galaxy decays with redshift as (1 + 2)™*. However, the effect
of CSBD on morphology has not been thoroughly discussed in literature. To
investigate the impact of CSBD on morphological classifications, we employ
artificial redshifting techniques on a sample of 206 galaxies in the GOODS-S
field, spanning redshifts from z = 0.2 to z = 3.0. We compare the visual
classifications and morphological coefficients (G and Myy) obtained from the
original and simulated images. Subsequently, we develop two correction methods
to mitigate the effects of CSBD. The first approach involves calculating correction
percentages for false-positives and false-negatives in the visual classifications,
while the second method is based on tracking the shifts of objects in the G — My
parameter space with increasing redshift. Both correction methods are then
applied to a CANDELS sample. Our findings reveal that CSBD, low resolution
and signal-to-noise significantly biases visual morphological classifications beyond
z > 1.0. Specifically, we observe an overestimation of the fractions of spheroids
and irregular galaxies by up to 20% and 60%, respectively, while the fractions
of early and late-type disks are underestimated by up to 40%. However, we
find that morphological coefficients are not significantly affected by CSBD.
Furthermore, we find that galaxies tend to increase their asymmetry and G
value, and decrease their My, and half-radius toward high-redshift, thus exhibiting
a more diffuse, asymmetric, and less clumpy appearance at higher redshifts. We
validate the consistency of our correction methods by applying them to the
observed morphological fractions in the IllustrisTNG-50 sample, yielding similar
results to those obtained from the CANDELS sample. This suggests that the
TNG simulation effectively reproduces galaxy evolution in terms of morphology.
We propose two potential confusion channels in morphological classifications due
to CSBD: galaxies may be misclassified as spheroids or as irregulars. Additionally,
we analyze the morphological fractions of star-forming and quiescent subsamples
as a function of redshift and stellar mass. Our investigation of the quiescent

subsample reveals a decreasing trend in the fraction of late-type disk galaxies



il

with cosmic time, while the fractions of quiescent early-type disks and spheroid
galaxies. Star-forming late-type galaxies are also found to decrease at the exchange
of an increasing irregular fraction. Our results imply that late-type-disks are
transforming into star-forming irregulars or into quiescent spheroids/early-type
disks. We suggest that merger events are responsible for the morphological
transformation of late-type disks and that the increase in bulge mass is driving

the star-formation quenching.

Keywords — Galaxies — galaxies: evolution — morphology — cosmological surface

brightness dimming — morphological fractions — fields
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Chapter 1
Introduction

Galaxies are baryonic and dark matter over-densities that have been or are capable
of transforming cold molecular gas into stellar mass ( ).
The star formation rate of a galaxy will depend on whether internal and external
processes that act in favor of star formation (e.g gas inflow and cooling) dominate
over the processes that halt it (e.g. AGN-feedback and gas heating) or vice
versa. The well-known star formation rate density (SFRD) versus redshift (z)
diagram shown by ( ) shows that the Universe reaches
a star formation peak around z ~ 2 and subsequently experiences a decrease until
present times. The latter is due to quenching processes ( , ) and lower
molecular gas fractions at low redshifts ( , ). Despite the ubiquity
of this trend, the details of the physical processes that drive quenching remain

elusive and require further investigation.

Regardless of whether galaxies lose their ability to form stars, their stellar
populations continue to evolve. The evolution of both quenched and star-forming
galaxy stellar populations produces a well-defined galaxy bimodality in a color-
magnitude diagram. Specifically, the star-forming galaxies congregate in the
demarcated blue cloud, while the passive, non-star-forming galaxies are clustered
in the so-called red sequence ( , : , ). Moreover,
when examining the relationship between the star formation rate (SFR) and
the stellar mass (M,) of galaxies, those that are actively forming stars generally

populate a main sequence that lies above a region occupied by passive galaxies.

Observational investigations (e.g. , ; ,



; , ; , ), have demonstrated that there is a link
between the morphology of galaxies and their star-forming activity. Explicitly,
star-forming galaxies that populate the main sequence and the blue cloud typically
have disk-like shapes, while passive galaxies that lack ongoing star formation and
predominantly occupy the red sequence exhibit a dominant spheroidal morphology.
This link underscores how the morphology of galaxies, a property that refers to
their shape and spatial distribution of light, is interconnected with other physical

properties, including color and star formation rate ( , ).

There is abundant evidence (e.g. , ;

, : , : , ) on the evolution of the
morphological mixing of galaxies with time. In the local Universe galaxies are
predominantly bulge-dominated (elliptical and lenticular, early-type), whereas at
z = 3, approximately 80% of galaxies exhibit disk-like morphologies. However,
this fraction declines to approximately 20% in the nearby Universe as noted by
( , : , : , ). These
findings motivate us to explore the potential links between the mechanisms that

trigger or quench star formation and the morphological transformations of galaxies.

Galactic mass and size are two additional properties that experience temporal
evolution (e.g , : , : ,
). Firstly, ( ) reported that galaxies at higher redshifts are
more compact than their local counterparts, with galaxies in the range 1 < z < 3
being a factor 2.3 + 0.1 times smaller (~ 2.6 £ 0.2kpc) than local galaxies. The
gas mass fraction (Mqs/M.) of massive disk galaxies increases with redshift, with
the gas fraction rising from 0.1 at z = 0.2 to 1.0 at z > 2 (e.g
and references therein). This implies that, at z ~ 2 — 3, molecular gas
mass is comparable to or even exceeds stellar mass. A higher gas fraction is also
seen in high redshift passive galaxies ( , ; , ).
Additionally, ( ) found that galaxy sizes increase between
redshift z = 3.0 and the present epoch. The size evolution factor varies in the
range 2 — 5, with spheroidal galaxies exhibiting a faster rate of size evolution than
disk galaxies. Other physical properties such as the star formation rate (
) ), color ( , ) and metallicity ( ) ) are

also found to evolve.



The drivers of the evolution of morphology and other physical properties in galaxies
can be subdivided into two groups: ) external or environmental processes, such
as galaxy-galaxy and galaxy-ICM /IGM interactions and pre-processing; and i)
internal processes which are related to stellar and AGN feedback and secular
evolution, which refers to the mechanisms related to disk, bar, rings or dark matter

halo instabilities that result in a gradual change in morphology ( , ).

Empirical evidence from several studies, including the ( )
effect, the morphology-density relation ( , ; , ;
, ; , ), and the star formation-density relation
( : ), indicates that the environment in which a galaxy resides plays
a crucial role in shaping its evolutionary path. It is thought that galaxies that
live in dense environments are subject to a series of mechanisms, such as gas
stripping ( , ), galaxy harassment ( , ), galaxy
strangulation ( : ), and mergers ( : ), which can
modify or transform their morphology and quench their star formation (

, ). Among dense environments, galaxy clusters stand out as the most
massive (M ~ 10715 M) and largest (R ~ 1 — 5 Mpc) virialized structures
in the Universe, with a high galaxy density (X > 30 [gal/Mpc?]) and a greater
frequency and impact of environmental mechanisms on their member galaxies
( , ). As expected, early-type galaxies are found to primarily reside
in dense environments. The fraction of early-type galaxies in cluster cores is
roughly 22 — 30%, decreasing by a factor of two toward less dense regions (cluster
outskirts and in-fall regions), in contrast to the behavior of late-type galaxies
( ) ). These observations indicate that the environment where a

galaxy is located plays a critical role in shaping its evolutionary path.

While there is a considerable amount of publications on the relationship between
morphology and star formation in galaxy clusters, studying the morphological
evolution of galaxies in both cluster and field environments is necessary for a
through understanding of galaxy evolution. Correctly tracing the evolution of the
morphological mix of galaxies is crucial to understanding the relationship between
morphology and star formation in both the cluster and field environments. This
can be achieved by quantifying the morphological fraction of galaxies at different
redshifts and environmental densities, and using these results to develop a model

that can interpret the observational results.



However, the expansion of the Universe and the presence of the intergalactic
medium affect the transmission of the light from the source to the observer.
Therefore, an observer might be led to perceive a different morphology compared
to the real one. There are two main sources of bias that can arise from cosmic
expansion. Firstly, the wavelength-dependent morphological K-correction. Due
to the expanding Universe, sources observed at high redshifts are sampled at
different rest-frame frequencies ( , : , ), which poses
a significant challenge in understanding their morphology. The light we perceive
from galaxies is a combination of the emitted light from stars, gas, and dust
present within them. When observing a galaxy at different wavelengths, we are
effectively probing different components, leading to potential variations in the
object’s appearance. Consequently, we say that the morphology of galaxies is a
function of wavelength. So, when observing galaxies at high redshift, one has to
make sure that the difference between the observed and the rest-frame wavelength
is not large enough that the observed morphology may be altered. On the other
hand, the expansion of the Universe also results in a decrease of the observed
surface brightness with redshift which follows a power-law of the type (1 + 2)~*
(cosmological surface brightness dimming, CSBD; ). This constitutes
the second source of bias, which, together with the effects of extinction and low
resolution in images of high-redshift objects (i.e. the angular size of galaxies
becomes comparable with the full width at half maximum of the point spread

function), can lead to a distorted perception of the true morphology of galaxies.

Most of the literature on CSBD primarily focuses on the selection (Malmquist)
bias, which is the systematic preference to detect only high surface brightness
galaxies at high redshift (e.g , ; , ;

, ). However, there is limited discussion on the impact of CSBD
on morphology ( , ). As part of this study, we aim to evaluate
whether the morphological classification bias introduced by CSBD significantly
affects the estimation of the fractions of the morphological types of galaxies
(hereafter morphological fractions). This evaluation will enable us to determine
whether it is necessary to decouple the effect of CSBD to retrieve the underlying

morphological evolution of galaxies.

In order to assess and evaluate the CSBD bias we have developed two methods

to correct the morphological fractions, which are both based on the artificial



redshifting of a galaxy. To this end we utilized the DOPTERIAN software

( , ) to simulate how a low-redshift (z = [0.2 — 0.4])
reference sample of 206 galaxies from the Great Observatories Origins Deep
Survey South (GOODS-S) field ( : ) would be observed at higher

redshifts due to surface brightness dimming. The first correction method consisted
in building a team of four classifiers who visually labeled both the original and
the simulated galaxies in the reference sample. The morphological types of the
simulated high-redshift galaxies were compared with those of the original galaxies,
and then the correction factors that accounted for the false-positive and false-
negative in both samples were derived. Non-parametric statistics, such as the
Gini coefficient (G) and the My coefficient, provide quantitative measures to
characterize galaxy morphology. The Gini coefficient assesses the inequality of light
distribution within a galaxy, while the My coefficient quantifies the concentration
of light in a galaxy. The second correction method relies on the change of position
of the original and simulated galaxies in the G — My plane caused by CSBD. The
correction terms were derived in this case using the information from the parent
sample and the Bayes’ theorem to construct a generative model that predicted
the most likely shifts for objects in the G — My plane.

We applied these two correction methods to a sample of 25,456 galaxies from the
Cosmic Assembly Near-Infrared Deep Extragalactic Legacy Survey (CANDELS,
, ; : ) at redshifts ranging from z = 0.2 to

z = 3.0. We further analyzed the observed and CSBD-corrected morphological
fractions as a function of redshift and stellar mass, and separately investigated the
morphological fractions of star-forming and quiescent galaxies. We also compared
our findings with the predictions of the IlustrisTNG-50 simulation ( ,
; , ). The results from this work support a scenario in
which the fraction of late-type disk galaxies decreases towards z ~ 0, while the

fraction of spheroids increases.

The results obtained from this study will facilitate future comparisons of the
evolution of morphological types as a function of environmental density and
contribute to a better understanding of the morphological evolution of field

galaxies as well as the impact of CSBD on morphological classification.

This thesis is organized as follows. Chapter 2 gives insights to the objectives of

this thesis. Chapter 3 introduces the dataset used in the study, including the



sample of galaxies, the images and the simulations. In Chapter 4 we outline the
methods employed to derive and correct the morphological fractions and present
the results of the analysis. Chapter 5 provides a comprehensive discussion and

interpretation of the results, which are summarized in Chapter 6.
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Chapter 2

Science (GGoals and Objectives

2.1 General and Specific Objectives

The primary objective of this thesis is to investigate the evolutionary patterns of
morphological fractions in field galaxies across cosmic time, with a focus on redshift
[insert specific redshift range|. By tracing the temporal changes in morphological
fractions, the aim is to gain insights into the morphological mixing processes

occurring in field galaxies throughout the history of the universe.

The main goal of this thesis is to trace the morphological mixing evolution (the
changes of morphological fractions across cosmic time) of field galaxies at redshift
0.4 < z < 3, taking into account the bias introduces by CSBD as a consequence of
the expansion of the Universe. By tracing the temporal changes in morphological
fractions, the aim is to gain insights into the morphological evolution processes

occurring in field galaxies throughout the history of the universe.
The specific objectives of this thesis are:

e To measure the morphological fractions of field galaxies in the CANDELS

survey as a function of redshift and stellar mass at 0.4 < z < 3.0.

e To quantify the CSBD-bias and to develop corrections methods that can be

used to correct this effect from morphological measurements.

e To compare of the observed and corrected morphological fractions with those

estimated in the IlustrisTNG-50 simulation.
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e To interpret and analyze our results in the context of morphological

transformation and the quenching of star formation.

2.2 Activities

During the development of this thesis, the following activities were carried out:
1. Collection of images and data.

e Download of the CANDELS survey mosaics and catalogs
containing information (position, stellar mass, redshift, morphological

classification, etc.) of the sample galaxies.

e Pre-processing of the images by preparing image cut-outs (postage

stamps) of the galaxies being studied.
2. Sample selection and image degradation/simulation.

e Selection of the reference 'parent sample’ from the GOODS-S field.
The galaxies were selected in the range 0.2 < z < 0.4.

e Artificially redshifting of galaxies in the parent sample using
DOPTERIAN, according to the CSBD-law. Galaxies were simulated
for six different redshift bins: 0.4 < z < 1.0 (bin 1), 1.0 < z < 1.25
(bin 2), 1.25 < z < 1.5 (bin 3), 1.5 < z < 2.0 (bin 4), 2.0 < z < 2.5
(bin 5) and 2.5 < z < 3.0 (bin 6).

3. Development of the first correction method.

e The original images and their simulated versions were visually classified
following a classification scheme of: spheroids, lenticulars, early-type

disks, late-type disks, irregular and point sources or artifacts.

e Morphological classifications were compared and correction percentages

for false-positives and false-negatives were calculated.
4. Development of the second correction method.

e To estimate the morphological coefficients (G and My) of the original

and simulated images of the galaxies of the parent sample.

e To use Bayes’ theorem to build a generative model that retrieves the
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most likely shift in the position of an object in the G — My, plane, for

a given pair of observed coefficients.

e To assign a morphological label based on the values of the corrected

coefficients using the criterion suggested in ( ).
5. Estimate morphological fractions as a function of redshift and stellar mass.
6. Comparison with cosmological simulations.

e Repeating the process stated above but for the IllustrisTNG-50

simulation sample.
7. Analysis of the results.

e Analysis of the evolution of the corrected morphological fractions,
comparing it with other results. The analysis attempts to relate the
results to morphological transformations in the context of the quenching

of star formation.
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Chapter 3

Theoretical Framework

3.1 Morphology

The morphological classification is a crucial step in the study of galaxies, as it
provides valuable information regarding their evolutionary history and physical
properties. Morphology refers to the shape and structure of a galaxy, and can
be described in several ways. The structure of a galaxy is intimately linked with
its internal dynamics and star formation activity. For instance, spiral galaxies
typically have ongoing star formation in their disks, while elliptical galaxies tend
to have older populations of stars and less (or no) star formation and are more
dispersion dominated ( , ). Thus, by studying the morphological
classification of galaxies, astronomers can gain insights into their formation and

evolution, as well as the physical processes that govern their properties.

In the first instance, we need to establish a morphological classification system;
that is, an arrangement of classes of objects ordered according to their visual
characteristics and amount of (sub-)structures in their light distribution. If
the chosen classification system is clever, then galaxies could be separated into
fundamental classes such that i) objects in the same class are morphologically
similar (although their physical properties might be different) and i) objects of
different classes are significantly different from each other ( ,

). The most widely used classification system is the Tuning fork described
by ( , ), which consists of a sequence that starts with elliptical

galaxies and terminates with spiral galaxies, which may or may not be barred.
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( ) proposed that the morphological classification starts from the
recognition of i) the smoothness of the light distribution and 4i) the presence
of two structures: a) a disk, a flat and extended structure; and b) the bulge, a
compact spheroidal structure. From this convention, four main morphological
types have been historically acknowledged: i) elliptical galaxies (E), characterized
by a concentrated light distribution, a dominant bulge and an absent disk (or
negligible if present); i) lenticular galaxies (S0), those with a concentrated light
distribution and a disk without spiral arms; 4ii) spiral galaxies (Sp), those in
which a bulge and a dominant disk with spiral arms are detectable to the eye, and
with a sharper cut-off in their light distribution; and iv) irregular galaxies, which
do not have any light distribution pattern or the dominant presence of a bulge or
a disk. Hubble’s early-type galaxies, namely lenticulars and ellipticals, have none
or little star formation, and because they are mainly made out of population II
stars, they populate the red sequence of the color-magnitude diagram. Spirals
and irregulars, or Hubble’s late-type galaxies, are typically located in the blue
cloud, as they typically have population I stars and are associated with strong

star formation activity.

3.1.1 Galaxy Structure

3.1.1.1 Visual morphology

The morphological classification of galaxies based on human-eye examination
is the earliest and most direct approach to the structural labeling of galaxies.
Although humans possess the ability to identify sub-structures and patterns within
galaxies, visual morphology is subject to personal interpretation, rendering it
rather subjective. The primary drawback of this form of classification lies in
its discreteness, as visual classifications are typically discrete in nature while
morphology properties constitute a continuum (see e.g. ) ).
Consequently, visual classification results in the loss of fine-grained structural
information regarding galaxies. To ensure the robustness of visual classification,
it is essential to use the same classification criteria within a sample of galaxies.
If classification is done in stages, the criteria should be ordered by priority.
Additionally, the sample should be homogeneous. For instance, galaxies should be

observed at the same wavelength and with the same resolution.
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Visual classification becomes increasingly impractical as the size of a dataset
expands. Current astronomical surveys such as the Sloan Digital Sky Survey
(SDSS, , ), the Kilo Degree Survey (KIDS, , ) and
CANDELS contain data for hundreds of thousands of galaxies, and this number will
increase once the Simonyi Survey Telescope of the Vera Rubin Observatory begin
operations. The visual classification in such large datasets would be extremely
time consuming and, for this reason, during the latest fifteen years there has been
a growing use of automated classification methods based on machine learning and
deep learning ( , ). These algorithms can be trained with
a sample of visually labeled galaxies and produce human-like classifications. Since
it is possible in this way to manage large volumes of data within a short period,

automated methods have become an invaluable tool in astronomy.

The visual-based morphological classification are subject to the classifier’s criteria,
as some structural features may be considered significant to some classifiers
and insignificant to others. This challenge remains even with machine learning
algorithms trained for visual-like classifications, as they are trained to recognize
only specific patterns while potentially overlooking less prominent features. This
highlights another problem with visual classification: it is not considered a
fundamental type of classification and should therefore be carefully analyzed

and accompanied by quantitative analysis whenever possible.

3.1.1.2 Parametric methods

A parametric approach for the morphological classification of galaxies is a
rigorous technique that employs mathematical models to describe the structural
characteristics of galaxies. This method quantifies galaxy morphology by fitting
analytical models to the observed light profiles or isophotes of the galaxies. These
models are defined by a set of parameters, such as the size, shape, and orientation
of the galaxy components. The fit of these models to the observed data is then
utilized to determine the morphological type of the galaxy.

One of such techniques is the fitting of integrated light profiles, which involves
measuring the variation of the average intensity of a galaxy with respect to its

radius. Although initially introduced by ( ), a comprehensive
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formalism for describing light profiles of galaxies was proposed by ( ):
I(R) = Iy - exp {—=b(n) - [(R/R.)"/" — 1]}, (3.1.1)

where the surface brightness at radius R is denoted as I(R), the surface brightness
at the effective radius R., where half of the total flux of the galaxy is enclosed, is
denoted as Iy, b(n) is a normalization constant which contains half of the galaxy’s
total light within the effective radius, and n is the Sérsic index, a parameter
utilized to characterize the concentration of the brightness distribution, in other

words, this gives the shape of the light profile.

The primary structural parameters of a galaxy are n and R,.. Values of n < 2.5
typically indicate disk-dominated galaxies, while values n > 2.5 indicates bulge-
dominated structures. At n = 4 the Sérsic profile coincides with the de Vaucouleurs
profile, which was proposed in ( ) as the light profile for elliptical
galaxies. On the other hand, n = 1 coincides with the exponential profile, which

is typical of the most disc-dominated galaxies.

Several codes have been developed to quantitatively analyze the light profiles
of galaxies. The most widely used ones employ one- or two-dimensional fitting
methods to model elliptical radial profiles and incorporate convolution with one
or multiple point spread functions (PSFs). Examples of such codes include
BUDDA ( , ), Gim2D ( , ) and GALFIT (

, ). The latter is a two-dimensional fitting code designed to extract
structural components from galaxy images in the most flexible possible way.
Depending on the case, the morphology of a galaxy can be approximated using a
single component (usually an ellipsoidal shape) or through the sum of multiple
components (bulge-+disk or bulge+disk+bar). According to the visual morphology
of the galaxy and the resolution of the image, the user can decide the number of

components to fit.

This type of analysis has been used to develop the study the evolution of disks,
explore the cosmic evolution of morphology, investigate dark matter and baryonic
matter distributions, study the fundamental plane of spheroids ( , ;

, ), and investigate the formation of supermassive black
holes, quasar host galaxies, and other topics (see ( ) and references

therein).
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Although parametric methods have several advantages for classifying the
morphology of galaxies, they also have limitations. This kind of models assume
a specific functional form for the galaxy’s light profile, and so while they may
provide accurate fits to many galaxies, they may not be able to capture the full
complexity of the observed morphology, particularly for galaxies with irregular or
asymmetric features. Additionally, small errors in these assumptions can result
in significant biases in the estimated structural parameters. Finally, the fitting
procedure for complex models with multiple components can be computationally

demanding and may require specialized hardware for an efficient analysis.

3.1.1.3 Non-parametric methods

A less computationally intensive alternative to the parametric light profile fitting
in the quantitative study of galaxy morphology is provided by the non parametric
morphological coefficients. These quantities provide estimates of the concentration,
asymmetry and smoothness of galaxies without assuming a functional form for
the light profile.

The non parametric coefficients have the advantage of being flexible and able to
capture a wider range of morphologies than the parametric methods, since they
allow one to quantify the asymmetry and clumpiness of galaxies besides their
concentration, which may be missed in the parametric models. On the other
hand, the non parametric-coefficients do not allow one to perform a bulge-disk

decomposition, thus missing key structural properties of galaxies.

We provide a definition of key non-parametric coefficients commonly utilized in

characterizing galaxy morphology.

e Concentration (C'). C' is the ratio between the fluxes measured within
two concentric circular or elliptical apertures which are chosen to contain
two different fractions (30% and 70% or 20% and 80%) of the galaxy’s light.

The centers of the aperture coincide with the center of the galaxy:

C =5log (ﬁ) , (3.1.2)

20

where r; are the circular apertures containing 1% of the total flux. The total

flux is defined as the flux contained within 1.5, (r, being the Petrosian
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radius’ , ) from the galaxy center. The center of the

galaxy is determined by asymmetry minimization.

e Asymmetry (A). The asymmetry coefficient (A) is a morphological
statistic that measures the degree of rotational symmetry of a galaxy’s
light distribution, as introduced by ( ). To calculate A,
the original image of the galaxy is subtracted from a rotated version of the
image by 180° around the galaxy’s central pixel. The absolute value of the
pixel differences is summed and divided by the total flux of the galaxy, minus
the average asymmetry of the background. The central pixel that minimizes
the value of A is used as a reference point. The asymmetry coefficient
provides a quantification of the degree of asymmetry or irregularity in the

galaxy’s morphology. The asymmetry coefficient is then defined as:

s (6, 5) = isold, )

A= — — Bigo,
Zi,j 11(3,7)] 0

(3.1.3)

where [ is the galaxy image and [1gy is the image rotated by 180° about
the central pixel of the galaxy, and Bigg is the average asymmetry of the

background.

The shape asymmetry (A;) coefficient was proposed by ( )
as a method to identify galaxies with low-surface-brightness tidal features.
Unlike the traditional asymmetry coefficient, Ay uses segmentation mask
images to weight all parts of the galaxy equally and quantifies its overall
level of asymmetry. The calculation of A is similar to that of the traditional
asymmetry coefficient, with the difference being the use of segmentation
mask images (an image where each pixel is assigned a label corresponding
to a specific object within the image) instead of galaxy light images. This
approach allows for the measurement of asymmetry independently of the

galaxy’s light distribution information.

e Smoothness or clumpiness (S). (S) quantifies the degree of small-scale

structures, like compact star clusters. The image is smoothed by a boxcar

!The Petrosian radius is defined as the radius at which the ratio of the local surface brightness
to the average surface brightness within that radius falls below a specified threshold, which is
typically set to 0.2 ( , ; , ).
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kernel and then subtracted from the original image:

X )~ Isi9)
S S ) .

where Ig is the flux in the galaxy image smoothed by a boxcar of width

0.257,, and Bg is the average smoothness of the background.

Most of these indices are sensitive to signal-to-noise ratio (S/N) and resolution.
Although they do not assume any particular analytical form for the light
distribution of a galaxy, because of the way these coefficients are defined, a
certain circular symmetry is assumed, which may not be true, for example, in
the case of irregular galaxies. This problem is overcome by the Gini coefficient
( : ) and My ( : ).

e The Gini coefficient (G)) quantifies the inequality in the light distribution
within a galaxy ( , ). It is calculated by sorting the
pixel fluxes in the image from lowest to highest and comparing the resulting
distribution to a perfectly uniform light distribution which is parametrized

with the Lorenz curve ( ) ). The latter curve is defined as:

1
:}/O FY(w)du, (3.15)

where p is the percentage of faintest pixels, F(z) is the cumulative
distribution function, and X is the mean over all (pixel flux) values (X;).
The Gini coefficient is the ratio of the area between the Lorenz curve and
the uniform equality curve (where L(p) = p) to the area under the curve of
uniform equality. In the discrete case, the Gini coefficient is the mean of

the absolute difference between all X;:

n

Xi—X; 2t—n—1)X;, (3.1.6

o Ty ST 2 2 il oo T 7] DX (1)
where n is the number of pixels in a galaxy. G will take a value of 0 when all
pixels have the same value, and will take the value 1 when all the galaxy’s
flux is in one pixel. Note that, unlike C'; Gini is independent of the large-scale

spatial distribution of the galaxy’s light.

It is important to note that that the inclusion of sky pizels, and the exclusion
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of galaxy pizels in the calculation of G will systematically increase/decrease
this index, respectively. One could consider the pixels of the galaxy as all

those that exceed a threshold of surface brightness.

The total second order moment (variance) M, is defined as the flux of each
pixel f; multiplied by the square of the distance to the center of the galaxy,

summed over all the pixels of the galaxy ( , ),

Moy = Z M; = Z fil(wi — x6>2 + (yi — yC)Q]a (3.1.7)

where z,. and y. are the coordinates of the galaxy center, computed by
finding the pair (x,y) that minimizes M;,;. We define My, as the normalized
second-order moment of the brightest 20% of the galaxy’s flux:

; M; .
Mso = log 10 (%) . while Z fi < 0.2f 101, (3.1.8)

where f;,; is the total flux of the galaxy pixels, and f; is the flux of each
individual pixel ranked in such a way that f; is the brightest pixel. Then,
My is a comparison between the brightness of the brightest regions to the
total brightness of the galaxy, and provides a measure (values between 0
and —4.0) of how concentrated those bright regions are within the overall
structure of the galaxy. Defining The 20% threshold is commonly chosen
in astronomy because higher values produce unrealistic results, while lower

values lead to a less discriminating statistic.

As noted by ( , ), My, unlike the concentration coefficients, is
not measured within circular or elliptical apertures and it relies on how the
light is distributed within the galaxy as is depends on the squared distances

between pixels and the brightest regions of a galaxy.

The Parametric and non parametric methods for quantitative morphology differ

in several ways. Parametric methods assume a specific functional form for the

light distribution, while non-parametric methods do not make strong assumptions

about the underlying distribution. This makes non-parametric methods more

flexible, as they can adapt to the complexity of the data without relying on

assumptions about the light distribution. Parametric methods typically use a
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fixed number of parameters to describe the data, while non-parametric do not
assume that the shape of a galaxy is not represented by an analytic relationship.
In terms of interpretability, parametric methods are generally more interpretable
than non-parametric methods, as they provide a clear set of parameters that
can be used to understand the behavior of the model. Non-parametric methods
may be less interpretable, as they rely on flexible models that can be difficult to

understand.

3.1.1.4 Integral Field Spectroscopy

Integral field (IF) spectrographs are instruments capable of acquiring spectra in
different positions across a galaxy. In an IF unit a spectrum is acquired for each
spaxel (an array of pixels, the unit element that collects the light to produce a
spectrum) of the detector. IF spectroscopy allows one to go beyond the visual,
non-parametric and parametric structural measurements, since in this way one can
study the underlying kinematics and star formation rate as a function of position
within a source. In addition to these physical properties, IF spectroscopy also
permits the study of the chemical composition and age of the galaxy as a function
of position, thus allowing, in principle, the simultaneous study of different aspects

of the evolution of galaxies (star formation, AGN, chemical evolution).

High-resolution spectra of galaxies can provide valuable information on their
structure that may not be captured by parametric or non-parametric methods
alone. This is because spectra can reveal the detailed kinematics of a galaxy,
including its rotation, velocity dispersion, and asymmetric features such as gas
outflows and inflows ( , : , :

, ; , ). By analyzing these kinematic features, it is
possible to infer the underlying structure of the galaxy, such as the presence of

rotation- or dispersion-dominated components.

Although IF spectroscopy seems to makes the study of galaxy morphology obsolete,
there are still limitations in the use of spectra in the study of galaxy structure.
High-quality data and specialized equipment are required to obtain the necessary
information, and the analysis process can be time-consuming and computationally
intensive. So IF spectroscopy can be used on a small sample of galaxies, while the

structural and morphological analysis of galaxies can be applied to large data-sets.
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The most comprehensive method for the study of galaxy structure would thus
consist of a combination of high-resolution IF spectroscopy and morphological

analysis techniques.

3.1.2 Morphological types

Galaxy morphology classification is, as it has been mentioned, based on two visual

properties: the symmetry of the light distribution and the presence/absence of a

disk ( , : , ). In this section we define the
main four morphological types, adopting the descriptions provided in ( )
and ( ).

3.1.2.1 Elliptical galaxies

The light distribution of elliptical galaxies is typically symmetric and smoothly
varying, with a steep decline in brightness toward the outskirts of the galaxy.
They exhibit a circular or elliptical shape, and a high concentration of stars in
their central regions. These galaxies are predominantly composed of old stellar
populations, containing very little gas and dust. In addition, their effective radius,
central velocity dispersion, and mean effective surface brightness are linearly
related to each other into a plane known as the fundamental plane (

, ). The light distribution of elliptical galaxies is typically symmetric
and smoothly varying, with a steep decline in brightness toward the outskirts of

the galaxy.

Elliptical galaxies are commonly divided further into sub-classes based on their
projected ellipticity, denoted as FE,,, as defined in Hubble’s classification scheme.

The parameter is calculated as:

Em:10<1—9),
a

where a and b represent the semi-major and semi-minor axes of the galaxy’s
isophotes, respectively, yielding a measure of the galaxy’s flattening factor. The
parameter m is an integer ranging from 0 to 7, indicating the apparent flattening
of the galaxy, with higher values of m corresponding to galaxies with a more

elongated shape and 0 corresponding to a circular object.

( ) proposed a more quantitative approach to classify
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elliptical galaxies based on their velocity anisotropy. A property is anisotropic
if it varies with the direction in which it is measured. The velocity anisotropy
correlates with the size of the deviations of the isophotes from an elliptical fit.
If the relative amplitude of the deviation is positive, the isophotes are pointed
and oval in shape, and the galaxy is classified as E(d). On the other hand, if the
relative amplitude is negative, the isophotes are boxy and oval in shape, and the
galaxy is classified as E(b) ( : ). It has been found that boxy
ellipticals, E(b), have more velocity anisotropy than disky ellipticals, E(d).

The luminosity profiles of large and luminous elliptical galaxies can be effectively
described by the Sérsic profile (r'/") with different values of n greater than 3
( , ). These galaxies exhibit high values of concentration
(~ 4.4) and low values of asymmetry (~ 0.02) and smoothness (~ 0.0) in terms of
their morphological coefficients ( , ). Additionally, elliptical galaxies

have lower values of Gini and My, compared to other types of galaxies.

3.1.2.2 Spiral galaxies

Spiral galaxies are characterized by the presence of a rotating disk of stars and
gas, featuring a central bulge and extending spiral arms. The arms contain most
of the dust and gas and therefore they host most of the star formation regions
in the galaxy. A notable characteristic of these galaxies is the transition from a
redder bulge region, predominantly comprised of older stars, to a distinct disk

region that is dominated by a younger population of stars.

The morphology of spiral galaxies is often classified based on Hubble’s classification
system ( , ), which describes the apparent spiral structure in
terms of the smoothness of arms, pitch angle, and degree of winding, ranging
from Sa to Sd, where Sa is characterized by the tightest, largest, and smoothest
arms and Sd correspond to loosest, smaller, and fainter arms. Sb and Sc are
intermediate classes ( , ). Spiral galaxies that have bars in the
center are classified as SBa, SBb, SBc, or SBd. Moreover, the strength of the
bulge decreases as the arms become more extended and clumpy from Sa to Sd,
resulting in the designation of Sa-Sb types as early-type disks (i.e. disk galaxies
with a significant bulge component) and Sc-Sd types as late-type disks (i.e. disk

galaxies resembling pure disk) as mentioned in ( ).
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( ) proposed a fitting function for the luminosity profiles of spiral
galaxies, consisting of a combination of an exponential disk and a central bulge
component, with the latter being more dominant in early-type disks. Compared
to elliptical galaxies, spiral galaxies have lower concentration values, with early-
type disks having C' ~ 3.9 and late-type disks having C' ~ 3.1; higher values of
asymmetry, with early-type disks having A ~ 0.07 and late-type disks having
A ~ 0.15; and higher clumpiness, with early-type disks having S ~ 0.08 and
late-type disks having S ~ 0.29. Additionally, spiral galaxies exhibit lower values
of concentration and the Gini coefficient and higher values of My, coefficients

compared to ellipticals ( ).

3.1.2.3 Lenticular galaxies

Lenticular galaxies, also referred to as SO galaxies, possess a hybrid morphology
that combines features of both spiral and elliptical galaxies. Similar to spiral
galaxies, they have a disk-shaped structure, albeit lacking prominent spiral arms,
and their bulges are bigger than those of spirals. A central bar and a surrounding
disk of stars are common to lenticular galaxies, but the disk is dominated by older,
redder stars and lacks the gas and dust typically found in spiral galaxies, resulting
in negligible star formation. With these characteristics, lenticular galaxies are
assigned the SO designation due to the fact that they share properties with both
Sa and E7 in the Hubble and de Vaucouleurs classification systems. Therefore,

lenticulars are also considered as early-type disks.

It has been proposed that lenticular galaxies, which share many similarities with
spiral galaxies, may be formed by the removal of gas from a spiral galaxy (
| 2009; ,2010) or by mergers ( , 2015,

Y ? Y )

When inspecting them visually, face-on lenticular galaxies may easily be confused
with elliptical galaxies. At high redshift, they may also be confused with red
spiral galaxies (passive or nonstar forming spiral galaxies, ).
As a result, the detection of SO galaxies through visual classification is challenging
and constitutes one of the main sources of uncertainty in the morphological

classification.

Lenticular galaxies possess luminosity profiles that are intermediate between
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those of elliptical and spiral galaxies. In terms of non-parametric morphological
coefficients, lenticular galaxies typically have intermediate values of the C, A, S,
G, and My coefficients.

3.1.2.4 Irregular galaxies

[rregular galaxies are galaxies that do not have a distinct shape like elliptical,
spiral, or lenticular galaxies. They lack the spiral arms and central bulge of spiral
galaxies, and they do not have the smooth, symmetrical shape of elliptical or
lenticular galaxies. Instead, irregular galaxies have a chaotic, asymmetric shape,
with no apparent structure or pattern. They are often characterized by a high
level of ongoing star formation, which gives them a bright, patchy appearance.
Irregular galaxies are often originated through galaxy collisions, tidal interactions,
and gas accretion. Irregular galaxies may have originally been spiral or lenticular

galaxies that were disrupted by gravitational interactions with other galaxies
( , 2003).

These galaxies have been classified into two sub-types ( , ). Irregular type
I (Irr T) galaxies lack symmetry or well-defined arms, but exhibit some degree
of structure such as bright knots or arms. Irr I galaxies have two sub-types:
spiral-like (Sm) and non-spiral-like (Im). Irregular type II (Irr II) galaxies are

asymmetric objects that lack any type of structure.

Irregular galaxies have a wide variety of luminosity profiles, which can be influenced
by their recent star formation activity and interactions with other galaxies. High
values of asymmetry are common among irregular galaxies, which often exhibit
irregular shapes and lack a clear bulge-disk structure. The C, A, S, G, and
My coefficients of irregular galaxies can vary widely, depending on their specific

morphology and recent star formation activity.

3.2 The Law of Cosmological Surface Brightness
Dimming

The intensity or surface brightness of a source is defined as the flux per unit solid
angle. In astronomy it is commonly measured in magnitudes per square arcsecond

or solar luminosities per squared parsec. The observed flux can be related to the
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observed surface brightness > as:

S = —, (3.2.1)

ol

where Q = A/d? is the solid angle of the source and A = (D /2)? = 7R? is the
area of the source in the sky (D is the diameter of the source). We can then write

the flux of a source in terms of its luminosity distance (dy):

__L (3.2.2)
drd? o
Then, we can express surface brightness as:
Yo L/ (4md3)] _ L — L dj — Lo (da i (3.2.3)
"R/ Andd ax ()& 7R \dp) -

where d 4 is the angular distance. Both luminosity distance and angular distance

are defined in Appendix A.

Notice that the L/(wR?) term is the intrinsic surface brightness (). We further

write:
0= " (d—;‘) , (3.2.4)
0= ( ZdL) , (3.2.5)
by
Yo = A+ (3.2.6)

So the observed surface brightness of a source at redshift z is (1 + 2z)™* lower
than if it were at z = 0. This implies that distant galaxies smaller and fainter
than their counterparts in the local Universe just as a consequence of the cosmic

expansion.
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Chapter 4

The Data

The focus of this study is the morphological evolution of galaxies in low-density
environments, and for this purpose we built a sample from the five fields of the

Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey, CANDELS
( , 2011; , 2011).

CANDELS is an observational program that obtained deep images (mosaics) of the
GOODS-S, GOODS-N, EGS, COSMOS, and UDS fields using the Hubble Space
Telescope (HST) WFC3/IR and ACS cameras over a period of 902 orbits. The
CANDELS HST imaging survey was chosen for this study for three main reasons.
Firstly, the survey covers a large area of about 130arcmin? and 720arcmin?
in its deep-mode and wide-mode, respectively, containing images of more than
250,000 galaxies, allowing for high statistics that are necessary in the study of the
morphological mixing in the field. Secondly, the photometric depth in the F160W
(H) band is high, reaching up to ~ 27.0 magnitudes, which allows us to obtain
high-quality structural information on galaxies ( , ) that is crucial
for this study. Finally, the CANDELS fields have been extensively explored by
the scientific community, and this has resulted in a large amount of high-quality
public datasets containing photometric and spectroscopic redshifts, stellar masses,
rest-frame colors, morphological classifications and Sérsic structural parameters.
The accumulation of a vast library of ancillary data from these fields allows for
contextualization and comprehensive comparisons of the results obtained in our

study with other results already published in the recent literature.

The selection criterion employed in our study of the CANDELS sample defines



4.1. Parent Sample 25

all galaxies within the redshifts range 2z = 0.4 — 3.0 and with H-band magnitudes
in the AB photometric system ( : ) less than 24.5. These
criterion yielded a sample of 25,456 galaxies with stellar masses ranging from
log(M,) = 9.00 to log(M,) = 12.00.

To analyze the morphology of the sample, we relied on the visual-like morphological
classifications provided by ( ), who utilized a
convolutional neural network (CNN) architecture to classify all objects in the five
CANDELS fields. The CNN algorithm was trained with the visual classifications
provided by ( ) and produced a series of values between 0 and
1, indicating the likelihood of each galaxy belonging to one of the morphological
classes defined in ( ) ): dominant spheroid ( f;,,), dominant disk
(faisk), dominant irregular (f;,), dominant point source (f,s), and unclassifiable
(fune)- To convert the set of five morphological frequencies to a single morphological

class label, we followed the criterion proposed in ( ):
e Spheroid: f,,, > 2/3 and fz. < 2/3 and f;,, < 1/10.
e Late-type disk: f,,, <2/3 and fags > 2/3 and f,,, < 1/10.
e Early-type disk: fy,, > 2/3 and fgq > 2/3 and fi,, < 1/10.
e Irregular: f,,, <2/3 and f;, > 1/10.

As explained in ( ) the thresholds are calibrated
through visual inspection to make sure that the intervals corresponded to distinct

morphological classes.

4.1 Parent Sample

In order to quantify the impact of CSBD and to develop effective correction
methods, we constructed a parent sample that comprises 206 galaxies from the
GOODS-S field ( , ) located at z = 0.2 — 0.4. We selected a parent
sample of galaxies with H < 24.5 AB, corresponding to the limit used by

( ). The physical properties of the control sample, such as
their coordinates, stellar mass, bulge mass, Sérsic indices, redshift, star formation

rate and others, were obtained from the published catalog associated with the
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3D-HST Treasury Program ( , ).

We use the F160W photometric band mosaic of the GOODS-S field retrieved
from the 3D-HST Treasury program ( , ; , ;

, ; , : , ), which is
available in the Mikulski Archive for Space Telescopes (MAST) data archive’; to
visually classify all objects from the parent sample. To facilitate the classification
of the 206 objects, we extracted postage stamp images of each galaxy from the
F160W band mosaic. Each postage stamp is centered in the object and its size is
set to four times the geometric mean of the semi-major axis and the semi-minor

axis of the Petrosian ellipse’.

4.2 Simulating the Surface Brightness Dimming

In 1930, ( ) conducted observational comparisons of the surface
brightness of elliptical galaxies in three clusters at varying distances to test
the expansion of the Universe. His study revealed that the surface brightness
of extended objects in the sky, such as galaxies, is affected by the expansion
of the Universe. The surface brightness of a source at optical, near-UV
and near-IR wavelengths is typically measured in magnitudes/arcsec™ or
ergsec”tem™2 arcsec™? and is expected to decrease as (1+ z)~* (as demonstrated
in Chapter 3). The first (1 + z) factor is attributed to time dilation, which causes
a decrease in the number of photons received per unit of time, while the second
factor is due to the decrease in the energy carried by photons as they shift to
lower wavelengths when they travel through space. The remaining two factors
are due to the object appearing larger in two dimensions, being closer to us by
a factor of (1 + 2)? at the time the light was emitted ( : ). This
phenomenon, CSBD effect consists in that the observed surface brightness >y of

an extended source with intrinsic surface brightness >, located at redshift z, is

given by equation 3.2.6 ( , ).

As outlined in the introduction, one of the primary effects attributed to the surface

! Available here.

2 Available here.

3The Petrosian ellipse is an ellipse that encloses a fixed fraction of the total flux of a galaxy,
regardless of its shape. The Petrosian flux is the amount of light that falls within the Petrosian
ellipse.


http://arcoirix.cab.inta-csic.es/Rainbow_navigator_public/
https://archive.stsci.edu/prepds/3d-hst/
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brightness dimming is the systematic under-detection of low-surface brightness
high-redshift galaxies. Various investigations, including works by

( ) and ( ), have suggested that the CSBD does not significantly
influence the observed size of galaxies, but instead introduces a detection bias

against fainter sources.

Our objective is to examine whether the CSBD results in a substantial source of
bias in identifying the morphological and structural traits of non-compact galaxies,
such as irregular or disk galaxies. To this end, we have artificially degraded our
parent sample of 206 galaxies based on the CSBD law. By comparing the original
images with their simulated versions at higher redshifts, one can quantify the

impact of CSBD and develop methodologies to correct its effects.

To simulate the impact of CSBD on our galaxy sample, we utilized the software
DOPTERIAN ( , ). DOPTERIAN is a Python
implementation of the IDL routine FERENGI ( , ), which
simulates high-redshift observations of low-redshift galaxies. DOPTERIAN
achieves this by accounting for changes in the source’s angular size and surface

brightness, as briefly described in the following steps:

1. The input image, of pixel size p; (angular size of the pixel in arcseconds), is
modified for cosmological effects (i.e. changes in the source’s angular size
and surface brightness) by re-binning the image into an output-image of
pixel size ps, while preserving the galaxy’s physical scale and the image total

flux.

2. The flux of each pixel is scaled to correct for the effect of surface brightness
dimming, as described by equation (3.2.6). In addition, the evolution
of surface brightness dimming across redshift is taken into account by

introducing a luminosity evolution factor. This factor is obtained from the

work of ( ).

3. Creation of a point spread function (PSF) convolution kernel to compensate
for the differences between the input and output PSFs. This step is critical,
since with the shrinking and degrading of the images performed in the
previous two steps, the original PSF is also shrunk. The output and shrunken
input PSFs are transformed into the Fourier space and the spectrum of the

former is divided by that of the latter. This is equivalent to a deconvolution
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Figure 4.2.1: Postage stamps of a parent sample galaxy across different redshift
bins. The pixel scale of each stamp varies, while preserving the physical scale of
the image. As redshift increases, there is a gradual loss of the characteristic spiral
morphology in the observed galaxy.

of the output PSF by the shrunken input PSF. The obtained spectrum is
transformed back to the spatial domain, providing in this way the convolution

kernel for the degraded image.

4. The kernel is convolved with the corrected and re-scaled image. Poisson
noise is added randomly, and the galaxy is then placed on top of an image

of an empty patch of the sky derived from the original image.

The simulations also incorporate changes in resolution and signal-to-noise ratio.
However, we hereafter will refer to these modifications that may also affect
the surface brightness of the source simply as CSBD. For further details and
information on the working procedures of DOPTERIAN and FERENGI, the
reader is referred to the works of ( ) and

( ), respectively. An example of the simulations performed on one of the

galaxies in the parent sample is illustrated in Figure 4.2.1.

Each postage stamp was simulated at random redshifts within six predefined
redshift bins, resulting in six artificially redshifted versions of each of the 206
galaxies in the parent sample. The redshift bin ranges are presented in Table 4.2.1.
From now on, we use the terms parent sample and original sample interchangeably

when referring to the 206 galaxy images that have not been artificially redshifted.
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Bin | (210w — Zhign) | Intermediate z

0 0.2-0.4 0.3

1 0.4-1.0 0.7

2 1.0-1.25 1.125
3 1.25-1.5 1.375
4 1.5-2.0 1.75
5 2.0-2.5 2.25
6 2.5-3.0 2.75

Table 4.2.1: Redshift ranges of each bin. The intermediate z indicates a
representative redshift for every bin.

4.3 The Comparison Sample: Illustris-TNG50

simulation

According to the standard ACDM cosmological paradigm, the first structures of
the Universe are thought to have formed from matter over-densities, where there
was an excess of matter compared to the average density of the Universe (

, ). These over-densities gravitationally collapsed and eventually led to
matter-condensation and thus the formation of small structures ( ,

). One of the prevailing theories of galaxy formation suggests that galaxies
formed hierarchically ( , ), as smaller structures merged together.
However, understanding the formation and evolution of galaxies in detail is a

highly complex task.

The evolution of these structures is influenced by a variety of physical processes,
such as gravitational, radiative, hydrodynamical, and magnetic effects, like star
formation, gas cooling and heating, chemical enrichment, and feedback mechanisms
(e.g. supernovae, AGN, and outflows). Furthermore, all of these phenomena can
act simultaneously and with varying degrees of dominance in different epochs of

the Universe.

In recent years, various analytical and semi-analytical models and numerical
simulations have been developed to model the evolution of the Universe, providing
estimates of physical and cosmological parameters and building a cosmic scenario
consistent with observations. Among the most significant of these simulations
is the Mlustris-TNG50 project ( , ; , ), which

is an updated successor to the original Illustris simulation ( , ;
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, ,1). The project uses large-scale magneto-hydrodynamic
simulations to realistically model the cosmic evolution of the Universe, taking
into account the effects of gravity, fluid dynamics, magnetic fields, gas diffusion,
radiative phenomena, and structure formation, including stars, galaxies, galaxy

clusters, and black holes.

( ) trained a model based on a convolutional neural network
on simulated images of galaxies produced from IllustrisTNG-50 to classify them
morphologically. The morphological scheme that these authors used is similar to

( ) and for this reason we use the publicly released

catalog of galaxy morphologies as a comparison sample for CANDELS.

4.3.1 Galaxy Formation and Evolution in IlustrisTNG

The Illustris simulation encompasses various essential aspects, including
hydrodynamics, employing the quasi-Lagrangian moving mesh code AREPO
( , ), gas heating and cooling models, ultraviolet (UV) background
radiation, star formation, chemical enrichment, supernovae kinetic feedback, black
hole growth and merging, as well as radio and quasar-mode AGN feedback. The
general objective of the Illustris project is to establish an effective theory for
galaxy formation across a broad range of masses, redshifts, and environments.
To achieve this, the simulation is calibrated to reproduce the observations of
the Universe’s specific star formation rate (sSFR) evolution. The aim extends
beyond the creation of realistic galaxies, as it also encompasses considerations of
the hierarchical growth of structures (such as mergers, accretion, etc.) and their
implications for large-scale structure formation. If the simulation successfully
captures the average galaxy population, it can be employed as an invaluable
exploratory tool, facilitating investigations into various phenomena related to

galaxy formation and evolution.

Nevertheless, the Illustris simulation is subject to three main limitations: i) the
overprediction of the specific star formation rate (sSFR) at z < 1 (

; ); i) the overprediction of the low- (Mx < 10'°M,) and high-ends
(Mx > 10" M) of the galaxy mass function toward z < 1 ( , );
and i) the failure to reproduce the bimodality in galaxy colors for galaxies
with Mx > 10°M at z ~ 0 ( ) ). In order to address
these issues, the IllustrisTNG project builds upon the foundation of the Illustris
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framework and incorporates numerical improvements and new physical models.
In particular, IllustrisTNG introduces magneto-hydrodynamics, black hole-driven
winds, and refined galactic wind feedback. These additions aim to more accurately
capture the morphology, color, metallicity, and magnetic field distribution within
the simulated galaxies. IllustrisTNG provides predictions of galaxy interactions,
as demonstrated by the predominant role of satellite accretion and mergers in
the mass accumulation of the most massive galaxies. Remarkably, these galaxies
acquire more than half of their total mass through such mechanisms, surpassing
the significance of internal star formation processes as the primary driver of their

mass growth ( : ).

4.3.2 The Illustris-TNG50 sample

The present investigation employed the highest resolution product of the
MustrisTNG project, namely the IllustrisTNG-50 simulation ( ,
; , ), which consists of a simulated volume of 50 Mpc.
The choice of this particular version of the simulation was motivated by the
availability of morphological measurements of some of the galaxies in the associated
supplementary data catalogs. These catalogs were published by
( ) and ( ), who used a similar convolutional neural
network model developed by ( ) and described in
Chapter 4 to perform the morphological classification of galaxies. Specifically,
they applied this model to six snapshots (25, 29, 33, 40, 50, and 67) of the
TNGH0 simulation, corresponding to redshifts z = 3.0, 2.4, 2.0, 1.5, 1.0 and
0.5, respectively. The algorithm was applied to synthetic CANDELS-like galaxy
images generated from the IllustrisTNG-50 products.

( ) used the SKIRT radiative transfer code ( , )
to create these images in four different HST filters (F435W, F606W, F775W,
F160W) and mimic the properties, depth, and resolution of a CANDELS-like
observational sample. The resulting catalog provides the probabilities (frequencies)
for each galaxy to belong to one of three major morphological classes, namely
dominant disks (fask), dominant spheroids ( f,p), and irregulars (fi,). We use
these probabilities to obtain a single dominant class label for each galaxy in our

study, following the same criteria suggested in ( ):

e Spheroid: if f;,;, > 0.5 and fgsx < 0.5.
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e Early-type disk: if f,,, > 0.5 and fgs > 0.5 and f;,,, < 0.5.
e Late-type disk: if f,,, > 0.5 and fgs < 0.5 and f, < 0.5.
e Irregular: f;.. > 0.5.

The resulting simulation sample comprises a total of 10,487 galaxies with stellar
masses in the range 9.0 < log(M.. /M) < 12.0.

4.4 Star-forming and Quiescent Galaxy Separation

To divide all of our samples into star-forming and quiescent galaxies, we used
a log,o(SFR) cut. To account for the evolution of the SFR of main-sequence

galaxies with redshift, we adopted the parametrization provided by

(2015):
log,o(SFRys[Me/yr])) = m —mg + agr — ai[max(0,m —my — apr)]?, (4.4.1)

where r = log,(1 + 2), m = log,o(M. /10° M), mg = 0.5+ 0.07, ap = 1.5+ 0.15,
a; = 0.3£0.08 and m; =0.36 £ 0.3 and ay, = 2.5 + 0.6.

Assuming that galaxies along this main-sequence follow a normal SFR distribution
with standard deviation ogppg, we initially consider that all galaxies that are 3ospg
below the main sequence are quiescent. In the resulting star-forming sample, we
fit a non-parametric curve using a Gaussian process (a mathematical tool that
models the relationship and patterns within a set of data points, assuming that
their values are distributed according to a Gaussian distribution), assuming that
the SFR is a normal distributed variable. Then we split again the sample into
star-forming and quiescent galaxies, now having a new value for the standard
deviation about the main sequence, o,. We again define as quiescent every galaxy
that is now below 30,. We keep fitting a non-parametric curve and repeating
the above 3 — o clipping procedure until no more objects are removed from the

star-forming subsample and added to the quiescent subsample.
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Chapter 5
Analysis and Results

The present chapter describes the methods developed for the analysis of the CSBD
and its effects on galaxy morphology and presents the results on the redshift and

stellar mass evolution of the morphological fractions.

To investigate the impact of CSBD on the estimation of morphological fractions,
we developed two approaches for quantifying and correcting this effect. The
first approach is based on the comparison of the visual classification assigned to
the original and redshifted galaxies, while the second approach is based on the
displacement of objects in the G-Ms, plane, specifically the change in the positions
of the galaxies in this plane between bin 0 (z ~ 0.3) and a higher redshift bin.
Using the information from the parent sample’s original and simulated images,
the first method yields a set of correction percentages for false-positive and false-
negative classifications, while by following the second method we generate a G-Ms
plane position correction probability distribution. These methods can be applied

to any other sample to obtain CSBD-corrected morphological estimates.

Before explaining both methods, it is important to introduce the morphological
scheme used in the analysis. We initially classified galaxies into seven morphological
classes: ellipticals, lenticulars, early-type disks, late-type disks, irregulars, point
sources and unclassifiable /artifacts. The initial subdivision in these morphological
classes was revised in order to align our results with those of previous studies
(e.g. : ; : ; :

; : ; , ; , )-

Specifically, we merged the lenticular and early-type spiral classes into early-type
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disks. Additionally, we eliminated from our parent sample all objects that were
categorized as unclassifiable/artifacts or point sources in any given redshift bin.
As a result of these modifications, our parent sample was reduced to 157 objects

and categorized with a 5-class morphological classification scheme:

e Spheroids: Galaxies with a smooth and round/elliptical appearance that

is centrally concentrated. This class includes only ellipticals.

e Early-type disks: Galaxies with a distinct flat disk structure that may or
may not exhibit visible spiral arms. They also feature a significant central

bulge. This class includes Sa and Sb spirals and lenticulars.

e Late-type disks: Galaxies with a distinct flat disk structure that may or
may not exhibit visible spiral arms. The also feature a small or no bulge.

This class includes Sc and Sd spirals.

e Irregulars: Objects that do not have a regular structure, are neither
spheroidal nor have a disk-dominated morphology. They may exhibit
asymmetries, tidal tails, merging features, or other signs of morphological

disturbances. This class includes only irregulars.

e Point sources and unclassifiable: Point sources are round-like sources
whose internal structure cannot be resolved due to their small size. Objects
may be labeled as unclassifiable due to a variety of reasons such as image
issues (e.g. satellite trail, proximity to a bright star or galaxy, etc.),
spuriousness of the object (e.g. part of a diffraction spike), or extreme

faintness of the object that makes it impossible to discern any structure.

5.1 Morphological Fractions

The morphological fractions are defined as the ratio of the number of objects of
a specific morphological type to the total number of objects considered within
each redshift bin. In a statistical framework, these fractions can be understood
as the success rate proportion in a Bernoulli probability distribution. Here, the
number of objects belonging to the target morphological type is considered as the
successes, while the total number of objects in the redshift or stellar mass bin
is the sample size i.e. the total number of trials. The measured success rate is

obtained from a sample that is part of a population, and hence, is referred to as
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the sample proportion, denoted as p = k/n.

If we were to randomly choose different samples of the same size, we would obtain
various values for the observed sample proportion, which would follow a specific
probability distribution. We assume the existence of an unknown population
proportion p, whose point estimator is the measured proportion p. Since the point
estimate of the population proportion is sensitive to the selected sample, it is

essential to present the estimate p with a range of uncertainty.

The Beta distribution is a normalized version of the likelihood of observing the

ratio k/n for a given value of p, and has the form:

B(a,b) = (a(‘i)l!’ (;i)i)! pleHg-b, (5.1.1)

Assuming that all values of p are equally likely (P,qior = 1, for 0 < p < 1), the
Beta distribution can be used to estimate the credibility intervals of p from the
observed sample proportion p, as done in ( ). The lower (p;) and
upper (p,) limits of the credibility interval of p, for a confidence level ¢ = 1 — «,

are given by:
DI o 1 a
/ B(a,b)dp = = and / B(a,b)dp = —. (5.1.2)
0 2 - 2

The morphological fractions can be interpreted as the population proportion in a
hypothetical experiment in which k£ galaxies of a given morphological type are
randomly drawn from a sample of n galaxies. In this work we consider the mean
of the Beta function as the best estimator for the morphological fractions and we
adopt a confidence level of £68% for the estimation of the uncertainties on the
fractions. Following ( ), in the extreme cases k = 0 and k = 1 we

take the median of the distribution as the estimate for the fractions.

Number counts in limited regions of the sky such as those probed in the CANDELS
survey may be affected by cosmic variance. In order to determine the importance
of this source of error in the number counts of the parent sample we used the
method described in ( ) and implemented in an on-line

calculator, to derive the fractional errors arising from cosmic variance in the
GOODS-South field at z = 0.2 — 3.0. We obtained the values 0.15 (z ~ 0.3), 0.14
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Bin/Class Spheroids | Early-type disks | Late-type disks | Irregulars
Bin 0 (z ~ 0.3) 9 80 44 24
Bin 1 (2 ~ 0.7) 25 80 34 18

Bin 2 (z ~ 1.125) 42 83 13 19
Bin 3 (z ~ 1.375) 57 75 2 23
Bin 4 (z ~ 1.75) 63 56 1 37
Bin 5 (z ~ 2.25) 60 36 0 61
Bin 6 (z ~ 2.75) 55 17 0 85

Table 5.2.1: Morphological counts for every redshift bin.

(2 ~0.7),0.13 (2 ~ 1.125), 0.13 (z ~ 1.375), 0.13 (z ~ 1.75), 0.12 (z ~ 2.25) and
0.12 (2 ~ 2.75).

We also estimated the cosmic variance and Poisson noise budget for each redshift
bin in the CANDELS sample, finding 0.13 (z ~ 0.3), 0.08 (z ~ 0.7), 0.06
(z ~ 1.125), 0.07 (z ~ 1.375), 0.06 (z ~ 1.75), 0.06 (z ~ 2.25) and 0.02 (z ~ 2.75).
The mean fractional errors given by equation 5.1.2 for every redshift bin are 0.08
(2 ~0.3),0.03 (2 ~0.7), 0.04 (z ~ 1.125), 0.04 (z ~ 1.375), 0.02 (z ~ 1.75), 0.03
(z ~2.25) and 0.05 (z ~ 2.75).

5.2 First Method: Visual Classifications

A group of four classifiers (DS, PC, FO, CG)' assigned a morphological class
to all the galaxies in the original image set, as well as the artificially redshifted
ones. The morphological type of each object was defined as the mode of all the
classifications. The objects for which all the classifications were different from
each other (43) and was not possible to derive the mode were reclassified by DS.
The results of the visual classifications in the F160W band can be found in Table
5.2.1.

For a significant proportion of galaxies the visual morphological type changes with
redshift as a result of CSBD: for only ~ 19% (or 30 galaxies) in the parent sample

the visual type remained unchanged across all redshift bins.

The change in the morphological type for galaxies initially assigned to the same
morphological class in bin 0 is shown in Figure 5.2.1. For instance, in the upper

left panel of the figure it can be seen the visual classification change of all galaxies

!Diego Salvador, Pierluigi Cerulo, Felipe Oyarzo and Caleb Gatica.
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Figure 5.2.1: Evolution of initial classifications as a function of redshift. Each
panel displays all galaxies that share a morphological label in the bin 0. This
diagram provides insights into which morphological classes each morphological
type is commonly confused with and in what quantity.

classified as spheroids in bin 0. The plot helps visualizing the number of galaxies
that were misclassified in each redshift bin. It is evident from the results that at
higher redshifts, spheroids are frequently misclassified as irregular galaxies. On
the other hand, irregular galaxies and early-type disks are often misclassified as
spheroids and irregular galaxies, respectively. Additionally, late-type disks are

occasionally misidentified as early-type disks.

The misclassification may be primarily attributed to two confusion channels:
galaxies tend to either look more bulge-dominated or their apparent structure
becomes more irregular. The former channel likely accounts for the
misidentification of spheroids and early-type disks, while the latter translates into
the misidentification of irregular galaxies. We will expand more on this in the

discussion section.

5.2.1 Morphological Count Correction

Results from Figure 5.2.1 provide strong evidence that in the analysis of

morphological counts of high-redshift sources it is important to account for the
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effect of CSBD as it can lead to misclassification of galaxies and hence compromise
the reliability of the estimated morphological fractions. Thus, it is important
to take into account the possibility that galaxies may be assigned an erroneous
morphological type at high redshift. In particular the following situations can

happen:

1. Objects in bin ¢ that are actually of the target class A, are classified as class

A. This group is called true-positives (TP).

2. Objects in bin ¢ that are not actually of the target class A, are not classified

as class A. This group is called true-negatives (TN).

3. Objects in bin ¢ that are actually of the target class A are classified as being
of another class B. This group is called false-negatives (FN).

4. Objects in bin ¢ that are actually of class B, are classified as type A. This
group is called false-positives (FP).

Correcting the observed morphological fractions for the effect of the CSBD bias
implies, then, correcting for the false positives and false negatives cases described
above. Let us now define the correction factors or percentages for false positives

and false negatives.

e False positives (F'P). The true-positive rate is defined as the number n; 4
of objects of type A observed in bin ¢ that are actually of class A, divided by
the total number of sources of class A observed in the same bin, /V; 4. Then,
the correction factor for false-positives for galaxies of type A in bin 17 is:

niA

FP,=(1-TP)=1— (5.2.1)

i,A

e False negatives (F'N). Of the N, g objects of type B observed in bin i,
n;p.4 actually belong to class A. Then, the false-negative correction factor

for galaxies of type A that are classified as type B in bin ¢ is given by:

Ni B,A

FNiap = (5.2.2)

i,B

e Thus, the corrected number of counts of type A galaxies in bin i, IV; 4, is
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Figure 5.2.2: Visual morphological counts of the parent sample as a function of
redshift. Each color corresponds to a specific morphological class, as indicated in
the legend. The dark solid lines represent the observed counts, while the opaque
solid lines represent the CSBD-corrected counts. The corrected counts maintain
a consistent value, equal to the counts in bin 0, indicating that the correction
successfully retrieves the unbiased morphological counts at all redshifts. The error
bars show the bias introduced by Poisson error and cosmic variance.

given by:

Nia=Xia— (Xja-FPa)+ (Z Xic - FN@',A,C) , (5.2.3)
c

1, A ni,c,A
=Xja— | Xia-[1——= Xic-—=—=—1]. 5.2.4
A { A ( N@A)] + (; C Neg ) (5.2.4)

where 7 is an integer between 1 and 6, and C' corresponds to all morphological
classes, excluding class A (e.g.: if A =spheroid, then C' ={early-type disk,
late-type disk, irregular}). Here X; 4 and X, ¢ correspond to the number of

galaxies of class A and C, respectively, observed in bin i.

Figure 5.2.2 plots the observed and corrected morphological counts for the sample

of 157 galaxies in all redshift bins.
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5.2.2 Results in CANDELS

This section presents the morphological fractions as a function of redshift observed
in the CANDELS sample in the F160W band, and those corrected for the effect
of CSBD with the first correction method. The analysis also includes a detailed
investigation of the evolution of the morphological fractions over time of the

star-forming and quiescent subsamples.

Figure 5.2.3 presents a plot of the observed and CSBD-corrected morphological
fractions as a function of redshift for the CANDELS sample. The observed
morphological fractions are shown as dashed lines, while the CSBD-corrected
fractions are represented by solid lines. A first analysis reveals that the irregular
galaxies exhibit the most notable variations. At redshift z = 0.3—0.7, the observed
and corrected fractions are nearly identical, but the latter fraction is overestimated
by a factor of four at z = 2.25 — 2.75. The CSBD correction significantly impacts
the trend of irregular galaxies, which goes from decreasing in fraction from high-
to low-redshift to increasing by approximately 20% from z ~ 2.75 to z ~ 0.3.
The observed fraction of spheroids remains relatively constant throughout the
redshift range, but according to our correction, it is overestimated by around
10%. The corrected fraction of early-type disks, on the other hand, decreases from
approximately ~ 40% at z = 2.75 to ~ 20% at z ~ 0.3. The observed fraction
of late-type disks increases steadily from ~ 5% at z = 2.75 to ~ 40% at z ~ 0.3,
while the corrected fraction exhibits a less steep increase from approximately
~ 30% at high redshift to nearly 40% at z ~ 0.3. It is evident that CSBD has a
significant impact on the observed morphological fractions, particularly at z > 1.0,

and that this effect increases toward higher redshifts.

In order to analyze the morphological fractions of star-forming and quiescent
galaxies separately, we implemented a division of the CANDELS sample into two
distinct subsamples based on their star formation rate, as explained in Chapter
5.4. A total of 23,235 galaxies were classified as star-forming in this subsample,
while the remaining galaxies were classified as quiescent, comprising 2,220 objects.
It should be noted that we did not divide the parent sample into quiescent and
star-forming galaxies to derive the correction terms for the two subsamples. This
decision was primarily driven by the limited number of quiescent galaxies available,

rendering the correction factors statistically unreliable.
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Figure 5.2.3: Morphological fractions in the CANDELS sample as a function
of redshift. The observed morphological fractions are depicted by dashed and
opaque lines, while the CSBD-corrected fractions are represented by solid lines.
The influence of CSBD on the observed morphological fractions is clearly evident,
indicating a significant impact on the interpretation of visual galaxy morphologies.

The results for star-forming and quiescent galaxies are presented in Figures 5.2.4
and 5.2.5, respectively. The observed and corrected morphological fractions of
the star-forming subsample closely resemble those of the total CANDELS sample,
both qualitatively and quantitatively. This is expected since the star-forming
subsample constitutes about 84.39% in CANDELS at the redshifts considered in
this work. In contrast, the quiescent subsample exhibits a distinct trend compared
to that of the whole sample. Specifically, in the uncorrected sample, the dominant
morphological class throughout all the considered redshift range is that of the
spheroidal galaxies, with their fraction ranging from ~ 30% to ~ 50%. After
applying the CSBD correction, the fraction of spheroids does not exceed 20%,
with a value lower than 10% at z = 2.75 and increasing to ~ 20% at z > 0.7.
The early-type disk fraction displays an increasing trend, from ~ 10% at redshift
~ 2.75 to ~ 40% in the lowest redshift bin. However, after correcting for CSBD,
early-type disks become the dominant class, with a relatively constant fraction
of approximately 40 — 50% across all redshifts. The morphological fractions of
late-type disks show a trend similar to that of early-type disks, with an initially low
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Figure 5.2.4: Same as Figure 5.2.3, but for the CANDELS star forming
subsample.

uncorrected fraction, and a corrected fraction remaining close to approximately
30%. Finally, it can be observed that the fraction of irregular galaxies in the
sample decreases from approximately 60% at z ~ 2.75 to nearly ~ 0% at z ~ 0.3,

whereas after applying the correction, it remains relatively constant at less than
20% across all redshift bins.

5.2.3 Results in the Illustris-TNG50 simulation

The morphological classifications of the TNG-50 sample are obtained from
( ), who trained a CNN model on CANDELS-like mock images produced
from the IllustrisTNG-50 simulation (see Chapter 4) to obtain morphological

probabilities resembling visual classifications for six TNGH0 snapshots.

The morphological fractions as a function of redshift in IllustrisTNG-50 are plotted
in Figure 5.2.6. We compared the observed and corrected fractions of the TNG5H0
sample with those obtained from the CANDELS sample and found good agreement
between them. Specifically, we observe that the fraction of irregular galaxies in
the observed sample decreases from a dominant value of approximately 95% at
2 =3 to ~ 20% at z = 0.5, while the corrected fraction increases from ~ 20% in

bin 6 to ~ 50% at z = 1.0 and then decreases to ~ 20% in the lowest redshift bin.
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Figure 5.2.5: Same as Figure 5.2.3, but for the CANDELS quiescent subsample.

In the case of late-type disks, we find that the observed fraction is underestimated
by up to 20%; the corrected fraction shows an increase of approximately 20%
from high to low redshifts. On the other hand, early-type disks are almost absent
in the observed fraction, but they are the dominant class at high redshift in the
corrected fraction, decreasing from approximately 40% to approximately 20% from
z = 3 to z = 0.5. Finally, we found that the corrected and uncorrected fractions

of spheroids were very similar and remained at around 5% at all redshifts.

We further divided the TNG50 sample into quiescent and star-forming subsamples
based on the criterion described in Chapter 5.4. The star-forming subsample in
the TNG50 simulation comprises approximately 76.53% of the total sample. We
observed in Figures 5.2.7 and 5.2.8, that the sat-forming subsample morphological
fractions are similar to those of the whole sample. In contrast, the quiescent
subsample reveals a consistent pattern wherein early-type disks maintain
dominance across all redshift bins, comprising approximately 40% of the population.
Conversely, the fraction of spheroids gradually rises until around z ~ 1.125, at
which point their population undergoes a rapid increase to approximately 20%.
Late-type disks and irregulars, on the other hand, exhibit a relatively stable fraction

of approximately 25% and 15%, respectively, throughout the entire redshift range.
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Figure 5.2.6: Morphological fractions in the TNG50 sample as a function of
redshift. The observed morphological fractions are depicted by dashed and opaque
lines, while the CSBD-corrected fractions are represented by solid lines. The effect

of CSBD on the observed morphological fractions is just as significant as for the
CANDELS sample.
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Figure 5.2.7: Same as Figure 5.2.6, but for the CANDELS star forming
subsample.
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Figure 5.2.8: Same as Figure 5.2.6, but for the CANDELS quiescent subsample.

5.3 Second Method: Morphological Coefficients

In this section, we investigate the evolution of morphological fractions using the

non-parametric coefficients to distinguish between different galaxy types.

5.3.1 Morphological Coefficients

The Gini coefficient and M, are particularly useful for accurately measuring
disturbances in galaxies with irregular morphologies that may not exhibit circular
symmetry. As opposed to the CAS (concentration, asymmetry, and clumpiness)
coefficients, which assume symmetry, G and My, do not rely on any assumptions
regarding the analytical form of a galaxy’s light distribution ( , ,

), making them well-suited for quantifying the morphology of disturbed
galaxies or ongoing mergers. The morphological coefficients and their properties

were discussed in Chapter 3.

In this study, we employed the STATMORPH Python package, developed by
( ), to compute the morphological coefficients of the
206 galaxies in both the parent and CANDELS samples. To run STATMORPH,

we required a segmentation image of each galaxy, which was obtained by running
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SExtractor ( , ) on all the images. We also performed pre-
processing of the input images for STATMORPH by removing nearby neighbors

in both the science and segmentation images.

5.3.2 K-Correction

Up to this point, our analysis has neglected the influence of morphological K-
correction (i.e. the change of galaxy appearance as a function of wavelength), as
our focus was on determining the effects of CSBD. Nevertheless, in our second
correction method, we have taken into account the effect of the morphological
K-correction in estimating the morphological coefficients and, consequently, the

morphological counts.

To achieve this, we redshifted the galaxies of the parent sample using different
photometric bands, with each band selected to be the closest to the rest-frame in
a specific redshift bin. Specifically, we used images in different photometric bands
as input for DOPTERIAN, according to the desired simulated redshift bin. The
filters used for each redshift bin are outlined in Table 5.3.1. It can be noted that

not all CANDELS fields have the same set of optical filters.

Since the signal-to-noise ratio of the images decreases towards bluer wavelengths
and higher redshifts, STATMORPH was able to determine the morphological
coefficients up to bin 6 only for 60 objects. By extending the measurement of
the morphological coefficients to a sample of 683 objects in all CANDELS at
0.2 < z < 0.4, we were only able to increase the sample to 83 galaxies with

coefficients estimated up to z ~ 3.

If we drop the requirement of considering the morphological K-correction, we end
up having a larger sample, but the results on the variation of the morphological

coefficients with redshift do not change significantly.

5.3.3 Determination of the CSBD correction for the
Morphological Coefficients

After estimating the morphological coefficients G and My, for both the original

and simulated galaxies in the parent sample, we obtain 83 pairs of coefficients in

bin 0 (Gy and M) and 83 pairs in a higher redshift bin X (Gx and My). To
simplify the notation, we denote My as M, and so AM = Mg pino — Moo pinx -
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GOODS-S/GOODS-N | COSMOS/AEGIS/UDS

Bin 1 F775W FS14W
7z—0.7
Bin 2

1195 F606W F606W
Bin 3

1375 F606W F606 W
Bin 4

175 F435W F606W
Bin 5

9 95 F435W F606 W
Bin 6

’T5 F435W F606W

Table 5.3.1: The photometric band images used for each redshift bin determined
based on the CANDELS field.

As represented in Figure 5.3.1, as the redshift increases, galaxies tend to shift
toward lower values of G and higher values of Msyy. This positional change arises
due to the cosmological effects under investigation, namely the K-correction
and the CSBD. Consequently, when estimating the morphological coefficients of
galaxies at higher redshifts, we are obtaining biased values as a result of these
effects. By exploiting the positional shift of objects in the parent sample within
the G — My, plane as a function of redshift, we develop our second correction
method.

We define the difference scalars AG = Gy—G x and AM = My— M, and introduce
a correction vector 7 = (AG,AM), such that (Go,My) = (Gx,Mx) +7 =
(Gx + AG, Mx + AM).

The available data provide us with 83 estimates of AG and AM. These differences
are used along with the Bayes’ theorem to construct a generative model that
enables the determination of the most likely values of AG and AM for any given

pair of measured coefficients G; and M; in a particular redshift bin.

The generative model is represented by the following probability distribution
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Figure 5.3.1: The distribution of parent sample galaxies within the G — My
plane. The coefficients obtained from the observed data are represented by the
red color, while the corrected coefficients are depicted in blue, and the coefficients
from the initial bin 0 are shown in gray. The orange lines displayed on the plot
indicate the morphological geometric division defined by ( ) for
the G — My, plane. This visualization allows for a comparative analysis of the
morphological properties of galaxies based on their positions within the G — My
parameter space.
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function:

x p(Gy, M;|r)p(r), (5.3.2)
x p(Gi| M, AG, AM)p(M;|AM)p(AG, AM), (5.3.3)
x p(GiIM;, AG, AMp(MIAM)HAGI(AM),  (53.4)

where we have assumed that:

1. G; is linearly dependent on M; as:

Gi=a+p-M,. (5.3.5)

2. M, is the independent variable.
3. AG and AM are correlated (see Figure 5.3.2).

We assume that the likelihood term p(G;|M;, AG, AM) follows a normal

distribution, N(py,0;), with parameters:

and with o; being the variance obtained by fitting a Gaussian to the distribution
of AG. The term p(M;|AM) follows a normal distribution, N (tm,0.,), with
parameters:

L = M; — AM, (5.3.7)

and with o, being the variance obtained by fitting a Gaussian to the distribution
of AM. Finally, each of the prior probabilities p(AG) and p(AM) is assumed to
be Gaussian where the parameters are the best fit to the observed distribution of

each parameter in each bin.

Two important points should be noted. Firstly, the probability distribution that
we seek is conditioned on the values of the unique o and § parameters for each
redshift bin, as well as on the observed coefficients. Secondly, it is assumed that

all terms in equation 5.3.4 follow a normal distribution.

Note that 83 galaxy is not a large sample, specially when compared to the

CANDELS sample. Thus, we re-calculated the morphological coefficients for the
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Figure 5.3.2: Spearman correlation test conducted to assess the relationship
between the variables AG and AM. The results indicate a significant correlation
between these two variables.

683 galaxy sample but only using the F160W band, i.e. without considering
the morphological K-correction effect. We were able to increase our sample to
226 galaxies. We further compared the estimated and corrected morphological
coefficients of the galaxies that are both in the original 60-galaxy sample and the
new 226-galaxy sample, and found no major differences. We therefore proceed
our analysis considering the 83-galaxy sample, since this sample accounts for the
effects of both CSBD and K-correction.

To determine the values of AM and AG that maximize the probability distribution
expressed by equation 5.3.4 for a specific pair of observed coefficients G; and M;;,
we employ a gradient descent algorithm. After obtaining the optimal values of
AG and AM, we add them to the observed coefficients GG; and M, respectively,
to obtain the morphological coefficients that are free from the CSBD bias. The
median values for AG and AM,, are presented in Table 5.3.2. The influence of the
correction process on the coefficients of the parent sample can be clearly observed
in Figure 5.3.1. The corrected coefficients, represented by the blue dots, tend
to resemble the coefficients of bin 0 more closely compared to the uncorrected

estimated coefficients, plotted as red dots.



5.3. Second Method: Morphological Coefficients

o1

Bin | Redshift | Median G | Median My, | Median AG | Median A My

0 0.3 0.518)551 | —1.8185:302 - -

1 0.7 0.5099527 | —1.6215392 | —0.0049508 —0.2560-03%
2 1.125 | 0.482093%7 | —1.3879315 | —0.008)1 —0.3785-0%,
3| 1375 | 047100 [ —1.320032 | —0.01190L, | —0.347005
I 15 | 047A00 [ 1326050 | 0.0070%, | —0.68014
51 225 | 048000 | —1.336030 | 0.029002 | —0.7060152
6 | 275 | 04810058 | —1.3310307 | 0.0450025 | —0.781017

Table 5.3.2: Median values of G, Myy, AG and AMyq for every redshift bin in
the CANDELS sample.

5.3.4 Morphological Labels from Morphological Coefficients

The G — My, diagram provides a continuous distribution of galaxies, thereby
morphological coefficients provide information beyond a discrete morphology
assignment. This diagram shows a majority of galaxies distributed along a main
sequence, representing a continuum of morphologies that span the transition from
disk-dominated to spheroidal structures ( , ). However, in
order to differentiate the G — My plane into three distinct regions corresponding
to early-type (E-S0-Sa), late-type (Sb-Irr), and merger morphologies,

( ) introduced the following criterion:
e Mergers: G > —0.14 M5y + 0.33.
o £/S0/Sa: G < —0.14Mag + 0.33 and G > 0.14Myg + 0.8
o Shb-Irr: G < —0.14Myy + 0.33 and G < 0.14M5y + 0.8.

Nevertheless, the morphological classification introduced by ( ) was
developed for a low-redshift sample (0.05 < z < 0.25). Therefore, if morphological
coefficients evolve with redshift, this classification criterion may not be applicable

even if one uses CSBD-corrected values.

), who
employed Principal Component Analysis (PCA) to identify the main sequence of

To address this issue, we adopt the methodology of (

the G — My, diagram. The first principal component (PC1) is used to capture
the highest amount of variance in the data and is aligned with the main sequence,
while the second principal component (PC2) measures the distance perpendicular
to it. PC1 is then correlated with the Gini coefficient. Galaxies with high Gini

coefficients have a high concentration of light in their central regions, indicating
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the presence of a prominent bulge. Additionally, PC1 is negatively correlated
with the My, coefficient. Galaxies with high M, values are more likely to have
a disrupted or irregular morphology, which is associated with disk-dominated
systems. Thus, by combining information from both G and Msj, one can deduce
that PC1 provides a robust measure of the bulge strength of a galaxy. On the
other hand, galaxies located above the G — Ms; main sequence (with high values
of G and Myy) are likely perturbed systems undergoing mergers, while galaxies
lying below the main sequence (those with low values of G and My) are of diffuse
or unresolved types. Therefore, PC2 provides a measure of the level of disturbance

of a galaxy:.

In ( ) galaxies were defined as having high bulge dominance
if PC1 > 1 and as highly disturbed if PC2 > 1. To further investigate the
relationship between PC1 and the bulge-to-total (B/T) ratio, we performed a
Spearman correlation test on galaxies in the CANDELS dataset. Our analysis
revealed a significant negative correlation between the two variables, as can be seen
in Figure 5.3.2. Based on these results, we established the following classification

criterion:
e Spheroid: if PC2 <1 and PC1>1and B/T > 0.8.
e Early-type disk: if PC2 <1 and -1 < PCl <1 and 0.2 < B/T <0.8.
e Late-type disk: if PC2 <1 and PC1 < —1 and B/T < 0.2.
e Irregular: if PC2>1and 0 < BT < 1.

Hence, we differentiate spheroids, early-type disks, and late-type according to the
dominance of their bulge and identify a galaxy as irregular if it displays high levels
of perturbation, regardless of its B/T value. The evolution of the PC1 — PC2

parameter space is shown in Figure 5.3.3.

The classification criterion based on the ( ) approach is based
on relative distances (between each object and the G — Myy main sequence), while
the ( ) criterion uses fixed limits, which have been proven not to
hold at z ~ 0.6 ( : ). Since the ( ) criterion only
takes into account the position and scatter of the G — My, main sequence, which
may change with redshift, we decided to employ it in our study of morphology as

a function of redshift.
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Figure 5.3.3: The PCA parameter space which illustrates the distribution of
the CANDELS sample, both corrected and uncorrected. The x-axis represents
the first principal component (PC1), which is associated with the strength of the
galactic bulge. On the other hand, the y-axis corresponds to the second principal
component (PC2) and represents the degree of disturbance or perturbation
exhibited by each galaxy.
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Figure 5.3.4: The G — My, plane for the observed (red) and corrected (blue)
morphological coefficients of the galaxies in the CANDELS sample. Orange lines
represent the geometric morphological division from ( ).

In order to guarantee equal weighting of the G and My, parameters during the
Principal Component Analysis (PCA), a normalization of these coefficients is
necessary to set them on the same scale. The normalization process involves
computing the mean and variance of the distribution of each parameter in each
bin. From each measurement, the sample mean is subtracted and the result is

divided by the variance, resulting in a normalized data set.

5.3.5 Results in CANDELS

We now present the morphological fractions using the second CSBD-correction
method and the classification criterion described in the previous sections. Figure
5.3.4 illustrates the application of the second correction method to the CANDELS
sample. It is noteworthy that the corrected coefficients tend to exhibit smaller
values of My and larger values of the G. As it was mentioned earlier, the observed
values of G decreased with redshift while those of My increased. So this indicates
that the second correction method successfully shifts the galaxies toward the

expected location of the unbiased coefficients. This is represented in Figure 5.3.5.

We now present the morphological fractions as a function of redshift and stellar
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Figure 5.3.5: Distributions of observed (red) and corrected (blue) morphological
coefficients G (top panels) and My (bottom panels), for bin 1 and bin 6, within
the CANDELS sample. It is worth noting that in bin 1, the corrected and
uncorrected distributions appear similar, indicating that cosmological effects can
still be disregarded. However, in bin 6, a noticeable difference between these
coefficients is evident, with the corrected coefficients exhibiting higher values of
My and lower values of G.
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Figure 5.3.6: Morphological fractions in the CANDELS sample estimated using
the G-My plane as a function of redshift. The observed fractions are depicted
with dashed lines, while the corrected fractions are represented with solid lines. It
can be seen that the difference between observed and corrected fractions is little.

mass obtained with the morphological coefficient classification method, as well as

an analysis of the median of the distribution of some coefficients.

Results from Figure 5.3.6 show that early-type disks have a mostly constant
fraction at ~ 40% at all redshifts. Late-type disks, on the other hand, decrease
their fraction from ~ 45% at 2z ~ 2.75 to z ~ 25% at ~ 0.3. Also, irregulars and
spheroids increase their fraction from about ~ 5% at z ~ 2.75 to ~ 20% at the
lowest redshift bin, whit irregular fraction growing progressively and the spheroid
fraction have a steeper slope at z < 1.125. One of the most important results
concerning the corrected morphological fractions is the absence of a significant
difference between the observed and corrected fractions, unlike what was obtained
with the first correction method. We will dive into this discrepancy between both

outcomes in the discussion chapter.

In Figures 5.3.7 and 5.3.8, we present the uncorrected and corrected morphological
fractions for the star-forming and quiescent subsamples. As observed, both the
corrected and uncorrected morphological fractions of the star-forming subsample

resemble the fractions of the entire sample, as a result of the larger population of
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Figure 5.3.7: Same as Figure 5.3.6 but for the star-forming subsample.

star-forming galaxies in CANDELS.

When analyzing the quiescent subsample we see a striking decrease in the fraction
of late-type disks, from ~ 75% at z ~ 2.75 to ~ 20% at z ~ 0.4. Early-type
disks and irregulars have a constant fraction of ~ 50% and ~ 15%, respectively,
trough out all redshift bins. Finally, spheroids increase their fraction from almost
~ 0% at the highest redshift bin to ~ 30% at z ~ 0.3 These trends suggest that
galaxies with a larger bulge component tend to dominate the quiescent sample at
low redshift, in agreement with the scenario in which galaxies grow their bulge

over time.

As the visual-like correction method is only correcting morphological counts, we
lose information about the stellar mass distribution of each morphological class.
On the other hand, the morphological coefficient-correction method does not suffer
this loss of information because the classification is made after the correction of
the coefficients. We can then only derive corrections for the types defined in the

G — My plane as a function of stellar mass. The results are presented in Figure
5.3.9.

It can be seen that there is trend in which spheroids, a morphological class

that corresponds to a high bulge fraction, tend to occupy the heavy end of the
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Figure 5.3.8: Same as Figure 5.3.6 but for the quiescent subsample.

stellar mass ranges. Notably, the fraction of high-mass spheroids increases at
lower redshifts, suggesting that their mass is built up over cosmic time, likely
through dry-minor or major mergers ( , ; , ;

, ). While the there are less massive late-type disks
toward lower redshift, there is a transition in the morphological fraction as a
function of stellar mass for the early-type disks class, where most early-type disk
are in the lowest mass bins at high redshift, but the most populated mass bins at
low-redshift (z < 1.375) are those of highest mass. Late-type disks populate the
low stellar mass bins as at redshift (except for bin 6). We also find weak evidence

for irregular galaxies populating low-stellar mass bins toward lower redshifts.

Figures 5.3.10 and 5.3.11 show the morphological fractions as a function of mass
for the star-forming and quiescent galaxies, respectively. We find no significant
difference between the whole sample morphological fractions as a function of
stellar mass and that of the star-forming sample. For the quiescent subsample
we note that, broadly speaking, both spheroids and early-type disks increase
their population in all stellar mass bins. Similarly to the star-forming fractions,
late-type disks dominate the low-end of the stellar mass function and irregulars

also do not show any particular trend with redshift or mass.

Although the morphological classifications derived using the G-Msy, plane should
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Figure 5.3.9: The morphological fractions as a function of the logarithm of stellar
mass in the CANDELS sample are presented in different panels, each representing
a distinct morphological type. The redshift evolution of the morphological fractions
is depicted by displaying the fractions of each redshift bin using different colors.
The morphology in these plots is defined according to the location of galaxies in
the G-Ms, plane.
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Figure 5.3.10: Same as Figure 5.3.9 but for the star forming subsample.
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Figure 5.3.11: Same as Figure 5.3.9 but for the quiescent subsample.

be taken into account with the previously mentioned caveats, the corrections that
we have derived provide us with useful information about the light distribution of
the galaxies in our sample. Figure 5.3.12 displays the median and the 1o widths of
the distributions of G, My, shape asymmetry, and half-light radius as a function
of redshift. It can be observed that, in general, as the redshift increases, G and
the half-light radius decrease and, as a result of that, galaxies may appear fainter
and smaller. Conversely, My, and the shape-asymmetry increase, suggesting a

clumpier and more asymmetric appearance for high redshift objects.

Although these results may explain why galaxies tend to be misidentified as
irregular galaxies at higher redshifts when visually inspected, and thus the
results obtained from the corrected morphological fractions derived with visual
inspection, the observed and corrected median values of G and My fall within
the uncertainty range, indicating that the difference is not statistically significant.

Further elaboration on this topic will be provided in the discussion chapter.

5.3.6 Results in the Illustris-TING50 Simulation

In this section, we present the morphological fractions of the TNG50 sample. We
used the morphological coefficients estimated in the HST-like images of TNG50

simulated galaxies published in ( ).
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Figure 5.3.12: The median values and the 1o width of the observed G, Ms,
shape asymmetry and half-light radius are displayed in the top to bottom panels,
respectively. The median of the corrected G and My, values are shown as green
lines.

We observe in Figure 5.3.13 that the early-type disks constitute the dominant
class across all redshift bins. Their fraction remains almost constant at ~ 70%.
Conversely, late-type disks, irregulars and spheroids exhibit a roughly constant

fraction of ~ 15% throughout the entire redshift range.

The trends of the morphological fractions as a function of stellar mass, represented
in Figure 5.3.14, are considerably more intricate than those observed with the
visual classification. In the TNG50 sample there appears to be no discernible
evolutionary trend in the fractions as a function of stellar mass across different
redshifts for spheroids, late-type disks and irregulars. However, it is remarkable
that early-type disks start to populate higher stellar mass (M, > 10'°M,) bins

toward lower redshifts, implying a positive mass evolution for early-type disks.

We also looked at the trends of the star-forming and quiescent subsamples; however,

we find inconclusive results and a large scatter in both subsamples.
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Figure 5.3.13: The morphological fractions of the TNG50 sample, estimated
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and corrected fractions are shown in dashed lines and solid lines, respectively.
The observed and corrected morphological fractions again exhibit a high degree of
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Each panel represents a particular morphological type. The morphological fraction
as a function of stellar mass for every redshift bin are shown in different colors.
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Chapter 6

Discussion

6.1 The Effects of Cosmological Surface Brightness

Dimming on Morphological Classifications

The comparison between the observed and CSBD-corrected morphological fractions
in CANDELS and Hlustris show that CSBD introduces a significant bias in the
visual morphological classification of galaxies. Figure 6.1.1 illustrates the difference
between observed and corrected morphological fractions in the CANDELS sample.
The fractions of irregular and spheroidal galaxies are overestimated, where
spheroids exhibit a consistent but slightly lower overestimation of approximately
20%, while irregular galaxies are greatly overestimated, reaching up to 60% at
high redshifts and gradually declining to nearly 0% in the lowest redshift bin. On
the other hand, both observed late-type and early-type disks are underestimated
by up to 40%. The overestimation or underestimation of these fractions becomes
significant at z > 1, suggesting that CSBD plays a progressively more important

role beyond this redshift in morphological measurements.

We also find that for a given redshift bin, high-stellar mass (M, > 10'°M)
spheroids are more prone to overestimation, whereas low-stellar mass (M, <
10'°M,,) irregular galaxies tend to be more overestimated, when compared to the
whole sample. However, for early- and late-type disks, the magnitude of the effect
of CSBD seems to have little dependence on stellar mass. This suggest that CSBD

effect is stellar mass dependent only for spheroids and irregular galaxies.



6.1. The Effects of Cosmological Surface Brightness Dimming on Morphological

64 Classifications

2 LIy f— Spheroids

9 = | gte-type Disks

g = Early-type Disks

-;é, 0.4 Irregulars

°>’ —— Al

g - M. =101,

g 027"" M*<1010Mo —-—___._---"-'_~~~~

—_ " —y

5 e ——— _—

< -—-T- D "R EE ey g amm .."""‘--=F

S Overestimation

g 00 —

£ 5 Underestimation

©

9 —

8 -0.2

o

<

o

s

< —0.41
0.7 1.125 1.375 1.75 2.25 2.75
bin 1 bin 2 bin 3 bin 4 bin 5 bin 6

Redshift [z]

Figure 6.1.1: Amount of over/underestimation of the observed morphological
fractions in the CANDELS sample for each morphological type, as a function of
redshift. Dotted, dashed and solid lines represent the low-stellar mass sample
(M, < 10'"M,), high-stellar mass sample (M, > 10'°M) and the whole sample,
respectively. The y-axis represents the difference between the observed and
corrected fractions. In this context, the light-gray region corresponds to an
underestimation of the observed morphological fractions, while the white area
indicates the overestimation zone. Notably, the differences between the observed
and corrected fractions increases with redshift, with the exception of the spheroid
class.
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One of the main highlights we have found regarding the effect of CSBD on
morphological classification is that it is a significant source of confusion for
visual classifications but not for coefficient-based morphological classification, as
the corrected and uncorrected morphological fractions obtained with the second
correction method do not vary significantly. We argue that this is a result of the
fact that the original and the artificially redshifted galaxies that appear different

in visual classification may, in fact, have similar morphological coefficients.

When artificially degrading a galaxy image, we modify its surface brightness and
its pixel scale. The Gini coefficient is sensitive to the cumulative distribution of the
flux of the galaxy pixels, while My is sensitive to the width of the light distribution
among the pixels. The degradation factor of (1 + 2)~* can be understood as a
simple multiplication of the pixels flux values by a constant. Consequently, we
expect that the changes in the cumulative pixel distribution and the width of the
light distribution not to be significant. However, after degradation, the values
of the G and My, coefficients may be affected when the pixel flux values fall
below the source detection threshold, i.e. equal to or lower than those of the sky
background. In such cases, the pixels are no longer within the detection area,
resulting in changes in the values of the least bright pixels of the galaxy and

consequently affecting the values of the coefficients.

Figure 6.1.2 shows the changes in visual appearance and the estimated
morphological coefficients between bin 0 (z ~ 0.3) and bin 6 (z ~ 2.75) for
an spheroid, a late-type disk and an irregular galaxy from the parent sample.
Notice how there is a noticeable change in visual appearance with redshift (e.g. the
evident spiral arms and the irregular shape for the late-type disk and the irregular
galaxy, respectively, in bin 0 disappear completely by bin 6) but a only small
change in morphological coefficients. This suggests that changes in morphological
coefficients due to the change in pixel scale and pixels falling below the detection
threshold are not significant, and that the human eye is unable to distinguish
the light distribution when the pixel flux is comparable to the sky noise. This
explains why coefficients G and My, do not change significantly in value, despite
the significant visual difference perceived by the human eye. On the other hand,
the shape asymmetry coefficient exhibits the highest variation as its value depends
on the segmentation image, which does vary due to the increased likelihood of

confusion between parts of the galaxy and the sky.
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Figure 6.1.2: Example of the change of visual appearance and the value of
morphological coefficients with redshift. Top row shows the image of three galaxies
of the parent sample at bin 0, while bottom row shows the same galaxies artificially
redshifted to bin 6 (z ~ 2.75). Each panel shows the morphological coefficients
estimated for that galaxy in the bottom left corner and its segmentation image in
the top right corner. Notice how, despite the great change in visual appearance of
all galaxies, the morphological coefficients do not vary significantly.
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The analysis of Figure 5.3.12 reveals that galaxies at high redshifts display a
combination of characteristics: higher My and asymmetry values, smaller effective
radii, and a decrease in the Gini coefficient. This combination suggests that some
of these galaxies may appear smaller and fainter when compared to galaxies at low
redshifts, resembling low-mass elliptical galaxies. Other galaxies may have lower
values of G and higher shape asymmetry due to the presence of sub-structures
(such as disordered spiral arms and tidal tails) or a stronger confusion between
galaxy pixels and background pixels, and thus may have a less concentrated light
distribution, resembling an irregular galaxy. However, it is important to note that
the evolutionary trends of both the observed and corrected median values of G
and My fall within the range of uncertainties. Therefore, the slight changes in the
median values of these coefficients with redshift are not statistically significant.
Nevertheless, we have also discussed the existence of a notable visual morphological
change that does not correspond to a significant change in the morphological
coefficients. This suggests that the human eye tends to "exaggerate” the small
evolutionary trend of the morphological coefficients, i.e. CSBD and noise make
galaxies at higher redshift look either rounder and fainter or asymmetric and

fainter to the human eye.

Therefore, based on the information provided by Figures 5.2.1, 6.1.1 and 5.3.12, we
propose two confusion channels to explain these results. Regardless of their true
morphology, galaxies tend to be visually misclassified as spheroids or irregulars.
Galaxies can be mistaken for spheroids because the observed surface brightness
of extended structural features, such as the disk, may fall below the sky level
and consequently not be discerned during the visual inspection. This leads an
observer to classify a galaxy as spheroid. On the other hand, galaxies could be

misclassified as irregular galaxies because they appear fainter and asymmetric.

A recent study by ( ) does address the correction for
CSBD in a CANDELS sample using Galaxy Zoo classifications and a decision
tree algorithm. They found that the corrected fraction of spirals increases by a
factor of 10 when going from z = 2.5 to z = 0.5. The fraction of spirals shows
a rapid increase below z ~ 1.5, but the corrected fraction exhibits a shallower
behavior that is more similar to our results. With the visual-like classification we
found that, as seen in Figure 6.1.1, the corrected fraction of spirals increases with

respect to the observed fraction by up to a factor of 20. These results show that
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there is indeed an underestimation of disks galaxies at high redshift.

6.1.1 Morphological Fractions

Our findings on the morphological fractions of CANDELS field galaxies with the
visual-classification method (Figure 5.2.3) suggest that galaxies do experience
morphological transformations since z = 3. The main evolution found is that
early-type disks decrease since z = 2.75 toward z = 0.3, while irregulars increase
their fraction in the same redshift range. Also spheroids start to increase their
fraction around z ~ 1.125. The star-forming subsample shows very similar trends,
while in the quiescent subsample, early-type disks, late-type disks and irregulars
maintain a constant fraction at all redshift, while spheroids increase their fraction
significantly from ~ 10% at z ~ 1.125 to ~ 40% at z ~ 0.3. This result implies
that star-forming early type disks decreasing fraction is due to morphological

transformation into either star-forming irregulars or quiescent spheroids.

The results from the morphological coefficient-classification method (Figure 5.3.6)
suggest a different morphological evolution history. Early-type disks are found
to have a constant fraction in the redshift range considered, while late-type disk
decrease their fraction by about ~ 20% from the highest to the lowest redshift
bin. Irregulars and spheroids experience a ~ 20% increase toward z ~ 0.3, with
irregulars having a more mildly evolution. Again, we find that the star-forming
subsample display very similar evolutionary trends. On the other hand, the
quiescent subsample shows a strong decrease in the fraction of late-type disk
alongside a increase in spheroids toward the lowest redshift bin. This result
suggest that quiescent late-type disk transform into non-star-forming spheroids.
The quiescent subsample also shows a slight increasing trend for early-type disks,

and thus late-type disks might also transition morphologically to this class.

Several studies have been conducted to explore the evolutionary patterns of
morphological fractions in distant field galaxies. ( ) performed
visual classifications of H-band HST-images of galaxies in the Hubble Deep North
and South Fields, up to z ~ 3. Their findings revealed a dominant fraction of
peculiar galaxies, those galaxies characterized by perturbations or indication of
merger activity ( , ), at redshifts z > 2. However, this fraction
showed a steep decline, accompanied by an increase in the fractions of elliptical and

spiral galaxies. ( ) observed a similar trend in CANDELS up to
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z ~ 3, utilizing visual classifications from (2015). They observed
a power-law increase in the fractions of spheroids and disks from approximately
25% at z = 2.5 to over 45% and 35 — 40% at z = 0.5, respectively, while the
fraction of peculiar galaxies exhibited a linear decrease from approximately 45%

at z = 3.0 to approximately 15% at z = 0.5.

The evolutionary trends of the uncorrected visual-classified morphological fractions
in CANDELS obtained in our study are in agreement with these results, excluding
the steep rise of spheroids toward low redshift. This discrepancy may be attributed
to the fact that previous studies considered ellipticals and lenticulars as spheroids,
whereas we classify SO galaxies as early-type disks and treat ellipticals as a
distinct class. Furthermore, peculiar galaxies, although seemingly irregular at
first order, are a different class from irregular galaxies. In contrast, the corrected
fractions in CANDELS supports a scenario in which disks are more prevalent and
irregulars are less present at higher redshifts. It should be noted that disparities
between our results and previous investigations may arise from two factors: i) the
broader and fundamentally different spheroids/disks/peculiar classification scheme
employed in these studies, and/or i) the omission of explicit considerations
for the effects of CSBD on the morphological measurements. Given that the
uncorrected morphological trends obtained in our study do partially align with
the aforementioned previous investigations, we propose that the discrepancies

primarily stem from our explicit consideration and correction of the CSBD effect.

The morphological mixing trends obtained through visual classification methods
by ( ) and ( ) exhibit, however, significant
discrepancies when compared to our morphological coefficient-based morphological
fraction evolution. However, as previously mentioned, visual classifications are
strongly influenced by the effects of CSBD and limitations in human visual
perception due the loss of information, and thus a direct comparison must be

done carefully.

The forthcoming generation of high-redshift surveys, such as the JWST, ELT and
LSST, presents an opportunity to expand upon the present study and effectively
assess the impact of CSBD at lower and higher redshifts. These surveys will benefit
from enhanced resolution and depth (for example, LSST will be very deep after
10 years of observations), enabling more accurate and comprehensive quantitative

as well as qualitative morphological classifications. Additionally, they will provide
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an initial glimpse into the morphology of high-redshift galaxies. Therefore, these

surveys hold great promise in advancing our understanding of the subject.

Recent investigations utilizing images from JWST have already shed light on the
morphological fractions of field galaxies at z > 3. For example, ( )
employed visual classifications on a sample of field galaxies ranging from z = 0.8
to z = 5.4. They found that, for galaxies with stellar masses above 10% M, there
is a steeply decreasing trend from ~ 80% at z ~ 5 to ~ 20% at z < 2.55 for
peculiar galaxies, a mostly ~ 20% constant fraction of spheroids at all redshift
ranges, and an increasing fraction of early-type (disk-+spheroid) and late-type
disks. These findings align with recent CNN-morphological measurements derived
from JWST images by ( ), who revealed a substantial
fraction of regular galaxies (comprising disks and bulges) at high redshifts within
the higher mass ranges (10.5 < log(M, /M) < 11.5). In particular, they found
the same decrease of irregular galaxy fraction from z ~ 5 to z ~ 2, a sort-of
constant fraction at ~ 20% for spheroids and late-type disks, and an increase of
the early-type disk fraction, from ~ 20% at z ~ 5 to ~ 40% at z ~ 1. Additionally,
? has shown morphological coefficient-estimated morphological fractions with
JWST images for the SMACS-0723 galaxy cluster, finding a decreasing spheroid
trend, an increasing peculiar fraction and a constant disk fraction from z ~ 5 to
z ~ 2. The fact that disk and spheroids are more common at z > 2, compared to
what is seen with HST measurements, challenge the build-up timescale of the of

Hubble-sequence.

( ) have also found that galaxies at high redshift exhibit high levels
of asymmetry in comparison to their local counterparts. The increased asymmetry
observed in these high-redshift galaxies may be attributed to a greater frequency
of ongoing interactions and mergers, which in turn contribute to morphological
transformations. This aligns with the findings of ( ), who
reported a rise in the proportion of post-merger galaxies within the redshift range
of 0.5 < z < 2.5, ranging from approximately 20% to 25% depending on the mass
of the galaxies. However, in our investigation, we have discovered that the higher
asymmetry observed in galaxies at higher redshifts could be attributed to CSBD.
Therefore, it is imperative to conduct a thorough investigation into the effects
of CSBD on asymmetry in order to validate the true nature of asymmetry in

high-redshift galaxies.
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The results from these studies align, to some extent, with our results. However
some discrepancy is expected as these studies do not account for the effect of
CSBD. Considering that the CSBD law follows a (1 + z)~* relationship, it is
expected that the CSBD effect will be even more influential on visual classification
of galaxies at z > 3. Consequently, the fractions of spiral galaxies could be
even higher, while the fractions of elliptical galaxies may be lower than what has
been observed. Given that we have demonstrated the impact of CSBD at lower
redshifts, it is crucial to incorporate these corrections when analyzing data from
higher redshifts. The high-redshift visual morphological fractions measured in the
studies previously mentioned show a decrease in peculiar galaxies, which should be
overestimated according to our conclusions. In the same manner, the increasing
fraction of disks should be underestimated. We, nevertheless, do not find an
increase of late-type disks. We stress that this might be due to our morphological
coefficient-classification criterion being too strict for classification of late-type
disks galaxies at low redshift. Finally, we find an agreement with a sort-of constant
low-fraction of spheroids, which among all the other morphological classes, is the

one that is least affected by CSBD.

Given that the impact of the CSBD is more significant in visual classifications
than in the classification based on morphological coefficients, we have chosen to
rely on the results obtained from the second classification method for our analysis.
Quantitative classification proves to be more robust and reliable compared to
visual classification, particularly when dealing with "intermediate classes" such as
the distinction between early-type disks, late-type disks, and spheroids. Therefore,
we expect that the second classification method is able to capture subtle variations

in light distribution and thus accurately characterize the morphology of galaxies.

6.1.1.1 Morphological Fractions as a function of Stellar Mass

A more thorough analysis can be provided by considering the morphological
fractions as a function of stellar mass. The observational findings reported by

( ) indicate that spheroids at z > 1 have stellar
masses exceeding 10'°M . However, lower-mass spheroids become more prevalent
at z < 1. Early-type disks progressively gain mass as we approach the present
epoch, reaching a fraction of approximately 50% in the highest mass bin at

z = 0 — 1. Late-type disks, on the other hand, exhibit an increase in their number
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in the intermediate mass range, spanning from 10° to 10'° solar masses toward
the current era. Finally, irregular galaxies have a higher fraction in the low-mass
segment of the mass function, with a fraction close to 100% between z = 3 and
z = 6. Nonetheless, this fraction declines to approximately 70% for redshifts below
1. Also, ( ) finds a similar trend, with spheroids dominating the
high-mass end at high redshift (z ~ 0.9), and early-type disks (SO-Sa) becoming

more massive at z = 0.

Interestingly, ( ) found similar trends for spheroids and early-type
disks for the star-forming and quiescent subsamples. However, they found that
irregulars and late-type disks have a higher fraction in both subsamples, with the
fraction of late-type disks becoming higher at high masses and that of irregulars

increasing in low stellar masses bins at z = 0.

We do find specific evolutionary trends in our morphological fractions as a function
of stellar mass. In particular, spheroids and early-type disks tend to populate the
higher stellar mass bins toward lower redshifts, while late-type disks and irregulars
populate the low-mass bins at all redshifts. We stress here that our sample is

limited in stellar mass, so this result is not simply a consequence of survey depth.

When looking at star-forming morphological fractions as a function of stellar mass,
we find the same results than those of the whole sample. For the the quiescent
subsample, we find different trends. Broadly speaking, all spheroids and early-type
disks stellar mass bins get more populated with decreasing redshift. Late-type

disks have a similar trend compared to the star-forming subsample.

While our results might be inconclusive regarding irregular, our main result is
in agreement with previous studies: late-type disks typically have masses lower
than 10°M,, and early-type disks and spheroids become more massive toward low

redshift. This is in agreement with the well known bulge-growth of galaxies.

6.1.2 Morphological Fractions in Simulations

Simulations provide another useful source for comparison. Some studies, such as

( ) and ( ), show that the fractions
of spheroids, early-type and late-type disks increases with stellar mass at lower
redshift, while irregulars galaxies constitute the majority of the galaxy population

at z > 1.5 with a fraction of up to ~ 80%, decreasing to ~ 20% at z = 0.5.
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From ( ), it can be seen that the star-forming TNG50 subsample
has a very similar trend to that of the whole sample, while the quiescent subsample
displays a much more complex behavior. At first order, we can distinguish that
early-type disks and spheroids become more prominent in lower mass bins toward

lower redshifts, and the same happens for late-type disks.

In the TNG50 sample, we also obtain complex results for the redshift evolution.
Nevertheless, it is possible to discern that early-type disks tend to occupy the
high-mass end of the mass function, while spheroids, late-type disks and irregulars
do not show any evolutionary trend. In general terms, our results for CANDELS
and Illustris are consistent within each other and with

( ); ( ) regarding early-type disks.

Making a direct and quantitative comparison between our results and those
of previous studies becomes challenging. The lack of consistent morphological
fraction information in the literature due to the different classification methods
and schemes, and the limited consideration of CSBD in previous studies highlight

the need for careful interpretation when comparing results.

We further emphasize that our arbitrary boundaries to distinguish morphological
types, based on the method from ( ), are conservative, and
we might be only capturing the subset of any morphological population with
higher bulge fraction or higher concentration. Trying different definitions for
morphological classes is beyond the scope of this work, whose principal aim is to
determine the way in which CSBD affects the classification of the morphology of

distant galaxies.

6.2 Morphological Transformations and Star-

Formation Quenching

The results previously discussed imply that high-redshift quiescent late-type disks
are transforming into quiescent spheroids and some others into early-type disks
toward z ~ 0.3. Also, star-forming late-type disks are transitioning into irregular
galaxies. For this scenario to be viable, we require evidence of high-redshift
late-type disks to undergo a morphological transformation in a timescale shorter

than ~ 11Gyr and, in some cases, to quench their star-formation.
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Figure 6.2.1: The median values of the bulge stellar mass for the whole, quiescent
and star-forming samples (from left to right).

Minor and major merger events are good candidates to explain both morphological
transformation paths for late-type disks. Dry major mergers can completely disrupt
a late-type galaxy’s disk, transforming the galaxy into an spheroid, or smooth out
the disk structure, transforming the galaxy into an early-type disk. On the other
hand, wet minor mergers may give rise to irregular substructures, and thus give

the late-type disk a more asymmetric structure.

If we examine the medians of the bulge stellar mass distributions for the whole
sample and the quiescent and star-forming subsamples, shown in Figure 6.2.1, we
can note that in general all star-forming galaxies regardless of the morphological
type have a lower bulge mass than non-star-forming galaxies. In particular,
note that high-redshift quiescent late-type disks have more massive bulges than

star-forming disks.

This suggest that high-redshift late-type disks undergo merger events, increasing
their bulge mass and thus getting quenched while they also undergo a morphological
transformation into spheroids or early-type disks, depending how strong is the
merger. Alternatively, disk galaxies may undergo secular evolution, with mass

being gradually accreted by the bulge from the disk.
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Previous studies, for example ( ), have examined the role of bulge
growth in the process of star formation quenching. They find that the stellar
mass of the bulge is the primary predictive parameter for quenching, surpassing
the significance of other quantities such as the disk mass, the total stellar mass,
and the bulge-to-total ratio (B/T'). Consequently, it can be inferred that the
quenching of star formation is driven by mechanisms that take place in the bulge
such as AGN.

Extensive analyses in the literature have focused on the process of bulge-growth
through mergers in galaxies (e.g. ;
). It has been found that galaxy-satellite collisions increase the Sérsic index

n and the bulge mass proportionally to the satellite mass ( ).

Notably the same is seen in simulations. ( ) conducted
a study utilizing the IllustrisTNG simulation and demonstrated that the majority
of massive galaxies exhibit a higher proportion of ex-situ stellar mass. Given the
consistency of our findings with the results obtained from the IllustrisTNG-50
simulation, it can be inferred that the mechanisms governing galaxy formation,
evolution, and morphological transformations as represented in the IllustrisTNG

model are capable of accurately predicting such transformations.

Another bulge-growth explanatory mechanism that has been proposed is the
radio-mode active galactic nucleus (AGN) feedback. In this process, the accretion
of material onto a supermassive black hole (SMBH) generates powerful outflows of
energy. These outflows expel or heat the surrounding gas, effectively suppressing

star formation ( ) ).

Recent determinations of the growth rate of massive black holes in comparison to
the cosmic star formation rate density suggest that the peak of black hole accretion
is consistent with the peak of star formation, indicating a close relationship between
stellar formation quenching and black hole growth ( , ).
According to more recent research, ( ) conducted a study using
the IustrisTNG-50 simulation and discovered a correlation between supermassive
black hole (SMBH) activity and the morphological transformation of massive
galaxies. They found that when the SMBH enters a low-accretion state, known
as the kinetic-feedback mode, gas is rapidly depleted, increasing the observed

central mass density of the galaxy and eventually resulting in quenching. Another
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study by ( ) supports this idea, stating that
morphological transformation plays a crucial role in the quenching process. They
explain that during galaxy mergers, the transformation of disks into bulges occurs,
which simultaneously feeds the SMBH. Star-forming galaxies, with a SMBH in
quasar-mode, experience an increase in SMBH mass through mergers until a radio
mode nuclear activity is reached. This nuclear activity is capable heating the
surrounding gas, preventing gas cooling and thus resulting in the quenching of star
formation. Consequently, galaxies undergo an inside-out quenching process (e.g
, : , : , ). An important aspect
to consider is the presence of star-forming spheroids and quiescent disks within
both the CANDELS and TNG)H0 samples. This observation aligns with the findings
of ( ), who investigated the assembly of galaxies using the
specific star formation rate versus Sérsic index (n) plane. They classified galaxies
into four populations: star-forming/quiescent disks and star-forming/quiescent
spheroids. Their analysis demonstrated that a model incorporating bulge growth
through both disk instabilities and mergers provides a better fit to the observed
distribution of these four populations within the CANDELS dataset.

Furthermore, ( ) discovered evidence supporting different
formation processes for quenched disk-like galaxies and quenched spheroids.
Quenched disk-like galaxies are more likely undergoing secular processes, such as
internal dynamical instabilities, while quenched spheroids have likely experienced
more violent interactions, including major or minor mergers, which may have
influenced their star formation histories. Additionally, the presence of blue cloud
ellipticals ( , ), which are predominantly found in low-density
environments ( , ; , ), suggests the occurrence
of post-merger objects or post-rejuvenation processes that have led to their current

properties.

In line with these findings, ( ) discovered a decreasing fraction of
AGN observed in quiescent late-type galaxies over time, indicating the role of AGN
feedback in maintaining quiescence in these systems. Conversely, the high fraction
of AGN observed in star-forming elliptical galaxies implies the involvement of
positive AGN feedback. In this scenario, AGN-driven outflows compress the gas,
leading to its collapse and subsequent formation of new stars, thereby triggering

star formation ( , : , ). It is also
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important in this context to assess the role of the local environment, since the
field comprises a variety of large-scale structures encompassing groups, filaments
and voids. The environment affects the quenching of star formation since galaxies

may interact with their neighbors.

Several studies have investigated the factors influencing quenching timescales,
stellar mass, and the role of the environment in star formation quenching and
morphological transformations. ( ) and ( )
focused on satellite and central galaxies in clusters, respectively, and found that
more massive galaxies exhibit shorter quenching timescales. ( )
demonstrated that quenched galaxies tend to have higher stellar and halo masses,
as well as larger effective radii. Furthermore, ( ) highlighted the
importance of stellar mass as a dominant variable in quenching massive galaxies
at high redshifts (z > 1), whereas environmental quenching is more effective for

low-mass galaxies at lower redshifts (z < 1).

( ) reported distinct mass distributions and local environment density
distributions between quiescent and star-forming galaxies at z < 1.5 for a given
morphological type. They also found that, for a given star formation status,
bulge and disk galaxies have different mass distributions but similar local density
distributions. These findings suggest that stellar mass plays a crucial role in
quenching and morphological transformations at high redshifts, while local galaxy
density primarily affects quenching but has a lesser impact on morphological
transformations. This indicates that galaxy morphology is more closely related
with star formation rather than the environment at high redshifts. Nonetheless, as
time progresses, the influence of a galaxy’s mass on its morphology becomes less

prominent as environmental quenching gains more significance ( ).
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Chapter 7

Conclusions

7.1 Summary of the Results

The structure of galaxies is one of their fundamental properties, since it is related
with their star formation and internal dynamics. The evolution of galaxies is
the result of complex physical mechanisms that affect and modify their physical
properties with time. The physical drivers of the evolution of galaxies may have
both internal and environmental origins, and one of the key problems in modern
astrophysics is the assessment of the relative importance of the internal and

environmental processes that change the physical properties of galaxies.

The structural properties of galaxies may change as a result of internal processes,
such as the quenching of star formation induced by AGN outflows or the growth
of bulges triggered by instabilities in the disk, and as a consequence of the
interactions of galaxies with their surrounding environment, as in the case of
galaxy mergers and tidal interactions. Internal and environmental mechanisms
are not independent: for instance, ( ) showed that AGN are
more frequent among galaxies in pair, suggesting that the activation of a SMBH

is favoured during this interaction.

Thus, the study of the structure of galaxies is key to in the investigation of galaxy
evolution, since by looking at the change of the morphological mixing of galaxies
with redshift one may try to infer what the main physical mechanisms responsible

for the structural evolution of galaxies are.
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The present thesis presents estimations of the morphological fractions of field
galaxies at 0.2 < z < 3.0 from the CANDELS survey. We conducted a detailed
analysis of the effects of CSBD on the morphological classification and on the
measurements of morphological coefficients. For this purpose, we selected a sample
of 157 galaxies from the GOODS-S field at redshift 0.2 < z < 0.4 and simulated
them at higher redshifts, accounting for changes due to CSBD, resolution and
signal-to-noise ratio. We used two characterizations of galaxy morphology, namely

the visual classification and the G — My plane.

For the visual classification, a group of four classifiers assigned a morphological
type to each galaxy in both its original (bin 0, z ~ 0.3) and simulated versions
(bins 1 trough 6, or z ~ 0.7 to z ~ 2.75). By comparing the reference morphology
(bin 0, z ~ 0.3) with the morphology assigned at higher redshift, we estimated

correction terms for false positives and false negatives.

For the G — Myy-based morphology we compared the two morphological coefficients
G and My for the original and simulated galaxies. We then developed a
probabilistic method through which a correction term was applied to high-redshift
galaxies to recover the unbiased values of the Gini coefficient and My,. We
further assigned a morphological class to each galaxy based on the values of their

coefficients, following the criterion proposed by ( ).

We studied the morphological fractions in CANDELS and compared our results
with those obtained on mock images built from the [llustrisTNG-50 simulation.
We investigated the morphological fractions as a function of stellar mass. Finally,
we studied the change in redshift of the morphological fractions for the entire
galaxy population and for the subsamples of star-forming and quiescent galaxies

Our main findings are the following:

e CSBD is a significant source of bias regarding the visual morphological
classification of galaxies. The confusion between morphological types
manifests itself in the fact that at high redshifts the numbers of spheroidal
and irregular galaxies are overestimated by 20% and 60%, respectively, while
the numbers of early- and late-type disks are underestimated by up to
40%. Thus, human classifiers and, probably, machine learning and deep
learning models trained on visually labeled samples tend to classify distant

galaxies more easily as spheroids or irregulars than as disk-dominated. The
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magnitude of this effect becomes significant at z ~ 1.375 and increases at
higher redshifts.

There are two primary confusion channels that result from CSBD on the
visual morphological classification of galaxies. The first channel comprises
the spheroid vs disk confusion, which consists in the fact that the lowest
surface brightness features in galaxies, such as the disks, may fall below
the sky level, giving to an actual disk galaxy the appearance of a spheroid.
The second channel consists in the irregular vs regular confusion, which
stems from the increase in Msy and shape asymmetry and the decrease in G
which cause that a galaxy, regardless of its actual morphology, would appear
irregular to a human classifier or would be classified as such by an algorithm

trained on a visual classification.

The CSBD affects does not have a significant impact on the estimation of the
morphological coefficients G and Msy. We found that dimming of galaxies,
the dropout of pixel with fluxes under the source detection threshold and the
change of pixel scale does not affect significantly the cumulative distribution
of the pixels flux and the flux distribution width. Therefore, morphological
coefficients are able to trace the light distribution of a galaxy much better

than the human eye for low-surface brightness objects.

Higher redshift galaxies tend to exhibit lower values of the Gini coefficient
and half-light radius, and higher values of M,y and shape asymmetry,
indicating that distant galaxies appear smaller, fainter, clumpier and more
asymmetric than their low-redshift counterparts. However, these trends are

not statistically significant.

Morphological fractions based on the morphological coefficients-classification
method show that early-type galaxies have a ~ 40% constant fraction from
2z ~ 2.75 to z ~ 0.3 and that late-type disks decrease their fraction about
~ 20% monotonically in the same redshift range. Also, irregular and spheroid

galaxies increase their fraction up to ~ 20% toward z ~ 0.3.

When dividing the CANDELS sample into star-forming and quiescent
galaxies, we see that the trends with redshift of the morphological sample
in the former case resemble those of the entire CANDELS sample. On the

other hand, quiescent galaxies are predominantly late-type disks at z > 2.75.
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However, this fractions decreases at the exchange of a strongly increasing

fraction of spheroids and an slight increase in the fraction of early-type disks.

e When examining the morphological fractions as a function of the stellar
mass of the galaxies, we found that spheroids and spheroids tend to populate
the higher stellar mass bins (M, > 10'9M) toward lower redshifts, while
late-type disks and irregular galaxies populate the lower-mass bins. The
same trends are found for the star-forming galaxies and the quiescent sample,

although the trends are much more weak in the latter.

e Our results suggest that high-redshift quiescent late-type disks are
transforming into non-star-forming spheroids and/or early-type disks, while
star-forming late-type disks transform into irregulars. We consider that
Dry major mergers and wet minor mergers are the best candidates to
explain the morphological evolution of late-type disks. As the quiescent
subsample has more massive bulges that the star-forming subsample, we
propose that galaxies increase their bulge mass through merger events and

undergo quenching thereafter via AGN-feedback or black-hole feedback.

e Notably, the findings in the CANDELS sample align to some extent with
those observed in the [llustrisTNG-50 sample, suggesting that the prediction

of MlustrisTNG on the structural evolution of galaxies are reliable.

We do find discrepancies between our results and the morphological fractions as
a function of redshift and stellar mass measured by previous studies. We argue
that these discrepancies are mainly due to the fact that most of the morphological
fractions in literature do not account for the effect of CSBD, which we have prove
to be a very significant source of bias for visual morphological classifications at
z > 1. Also, our classification criterion using morphological coefficients, based on
the method of ( ), has arbitrary boundaries that needs to be
tuned to have a better match with visual or quantitative morphology. We are
currently working on refining the classification boundaries in the G-Ms, plane so

we avoid over- and under-estimation of morphological classes.
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7.2 Ongoing Work and Future Perspectives

The next steps in our research are the refinement of the boundaries of early-type
and late-type disks in the G-Msy plane and the construction of an empirical model
for the physical interpretation of the results and trends reported in this work for

the morphological fractions.

In order to achieve statistical significance in our findings, our aim is to conduct
these experiments using a larger parent sample. However, the inclusion of a larger
sample leads to the utilization of automation techniques. In the present study,
the parent sample comprised 206 galaxies, and required the visual classification
of a total of 1,442 galaxies. Thus, we emphasize the importance of developing a
methodology capable of effectively addressing the bias introduced by CSBD when

dealing with extensive datasets.

As discussed in this thesis, the morphology of galaxies is related to their star
formation rate and stellar mass. It is also known that the density of the local
environment affects the structural properties of galaxies since mechanisms such as

mergers and tidal interactions may disrupt or transform the morphology.

We are currently elaborating a toy model in which the morphology is a variable
that depends on the stellar mass, star formation rate and local number density of
galaxies. All this variables are being treated as randomly distributed according
to probability densities that are calibrated on the observations. The discussion
of such a model is beyond the scope of this thesis and will be the subject of a

forthcoming work.

We finally note that the present work has been developed within a collaboration
that is aimed at studying the structural evolution in different cosmic large-scale
structures. A work on the morphological evolution of galaxies in a sample of
clusters at z = 0.2 — 0.9 from the Cluster Lensing and Supernova Survey with
Hubble (CLASH, : ) is currently being led by Pierluigi Cerulo
who is supervising this thesis. By comparing the results obtained in clusters with
those presented here, we will be able to draw a picture of the structural changes

of galaxies in different environments.
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A1l Energy, luminosity- and angular distance

A source located at co-moving distance r; with luminosity L emits N photons of
energy F in a time interval At;. An observer receives those photons at a distance
aory from the source, where ag is the scale factor of the Universe at the present

epoch.

A1l.1 Energy and Scale Factor

The scale factor a describes how the universe expands with time. As light travels
from the source to the observer, its frequency increases because of the expansion
of the Universe. Redshift z can be defined as the fractional increase in wavelength

between the observed, Ay, and emitted, \A.,,, wavelengths of light:

)\obs )\em
=2 ' °7 Al.l
© )\em ’ ( )

One can also express the relation between the emitted and observed wavelengths
in terms of the scale factor as:

)\obs =a- >\em- (A12)

Substituting equation Al.1 in equation A1.2; we get:

: )\em - >\em
z:a/\—:a—l. (AL.3)
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A1l.2 Luminosity Distance

The relative velocity between the observer and the galaxy is given by
a
dv=Hdr=—, (A1.4)
a

where H is the Hubble-Lemaitre constant. The Doppler law enables one to
determine the variation in the wavelength of a photon, d\, as it moves between
the two locations, 5
v
—=— Al5
S (ALS5)
By using Equation A1.4 and A1.5 along with the formula for the travel time of
the photon, which is expressed as dt = dr/c, we find:
d\  adr

a
— = —— = —dt. Al.
A ac a (AL6)

Integrating the above we get that In(\) = In(a) + C, where C'is a constant. Thus:
A X a. (A1.7)
As the energy of a photon is directly proportional to its wavelength, we can write:

E = N x (A1.8)

where h is the Planck’s constant. This result implies that radiation will lose energy
proportionally to the scale factor a due to the redshift of photons. Using equation

A1.3, we can write the following relation:

ay E1
Ey=F — = Al19
0 lao 142 ( )

where Fj is the received energy and F; is the emitted energy. From the Friedmann
equation for a matter-dominated universe with no cosmological constant we derive

that: 5
a1 1

Aty = At;— = . Al1.10

0 1a0 142 ( )
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We now write an expression for the observed flux Fy, which is defined as unit
energy per unit of time per unit of area:
(N - Eo)/Aty (N - Ey/Ato) N - Eg

0 47 d? 47 (agry)? dmatr? Aty ( )

We now use equations A1.9 and A1.10 on the above expression:

L <Z—o> (N - By /At L L Al
0= — - - Y °
dmradri Aty (Z—é) dradr? (@)2 Aragri(l+2)*  Ardy

1 a1

where we have defined the luminosity distance, which is the distance at which a
source would have to be located in order for its observed luminosity to match its

intrinsic luminosity, as d;, = agri(1 + z).

A1.3 Angular diameter Distance

Another way to measure cosmological distances is through the angular diameter

distance. We can measure the angular size (Af) of an extended source as:

Af = 2, (r1 > D), (A1.13)

™

where D is the proper diameter or the physical diameter of the source and ry is

the proper distance. Then we can write:

D = (alrl)AG, (A114)
which follows: p
L
= — Al.15

With this we define the angular distance as:

D dr, dr
dy= - = = = , A1.16
A A@ aimr aq &0(1 + 2) (1 + 2)2 ( )

The angular diameter distance is the distance required for an object to look with

an angular size Af.
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A2 First Correction Method: Example

The spheroid correction percentage for false-negatives can be computed as one
minus the quotient of the number of authentic spheroids observed in bin 3 (10)
and the total number of spheroids observed in that bin (63):

FPg—=(1-TP) =135 1 10 g s19 (A2.1)

3,5 = = Ny & ~ 0 . .

To correct for false negatives in the irregular class, we calculate the fraction of
irregular galaxies in bin 3 that were classified as spheroids in bin 0, with respect
to the total number of irregulars observed in that bin (52 objects):
nsr,s 1

= — ~0.0192. A22
Ns; 52 (A2.2)

FN3sr=

The procedure for calculating the false negative correction term is similar for

unclassifiable objects.

aus _ 3 _ 5. (A2.3)

FN. =
3,8,U Now 6

We omit the details of the calculation for early-type and late-type disks since it is

evident that their correction factors are zero.

Based on the derived correction terms, the corrected morphological counts of
spheroids in bin 3 can now be obtained. Specifically, we subtract 84.12% of the
observed spheroids in bin 3 from the total number of spheroids observed in that
bin (63), and add the contribution of 1.92% of the irregular and 50% of the

unclassifiable objects observed in bin 3 (52 and 6, respectively).

Nyg = Xss— (X35 FPyg)+... (A2.4)
oo+ (Xsp - FNssq) + (Xsu - FNsso), (A2.5)

=63 — (63 -0.8412) + (52 - 0.0192) + (6 - 0.5), (A2.6)

= 14. (A2.7)

To summarize, in our initial sample, 14 galaxies were classified as spheroids in
bin 0, and 63 spheroids were observed in bin 3. After applying the correction

for the CSBD effect, we were able to recover the true number of spheroids in
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bin 3, which is 14. Please note that this example serves as an illustration to
demonstrate the effectiveness of our defined correction percentages in restoring
the initial morphological counts. It is important to emphasize that this is merely

a hypothetical scenario and not reflective of any specific data or research findings.
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