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Abstract

In this thesis, the goal is to disentangle the real morphological evolution
of galaxies from the observational effects, caused by redshift. This was
done by taking a sample of ∼ 1300 high-redshift (0.1 ≤ z ≤ 1.3) galaxies,
observed with HST (Hubble Space telescope), from the GOODS-south field
and then dividing them into six redshift bins of ∆z ≈ 0.2 and further into
absolute magnitude bins of ∆M = 0.5. The sample was then matched to
low-redshift (z ≤ 0.025) galaxies from the SDSS with the same comoving
number density per ∆M -bin to create a sample of galaxies of the possible
descendants of the high-redshift galaxies. Spectroscopic redshifts of the high-
redshift sample were fetched from data provided by the 3DHST project. The
low-redshift sample was then spatially scaled, dimmed and k-corrected to
simulate redshift effects caused by the accelerating expansion of space. To
appear as observed with the HST, the images were convolved with a new
point-spread function (PSF), created by deconvolving the HST PSF with
the SDSS PSF. This results in a change of the PSF 2D-distribution and a
resolution change from 0.396”/pix (SDSS) to 0.03”/pix (HST ). To achieve
this the FERENGI and the KCORRECT codes were used. All three (low-
redshift, high-redshift, redshifted) samples were then classified both visually
and with CAS (concentration, asymmetry, smoothness) parameters. The
results were compared between these samples. The redshifting process did
not produce clumpy structures in the low-redshift galaxies as seen in real
high-redshift galaxies. Visual classification becomes increasingly difficult
for z ≥ 0.55. The concentration index hardly changes with redshift. The
asymmetry of the high-redshift galaxies seem to be genuinely higher than
that of the low-redshift galaxies. The smoothness parameter values increase
with redshift, implying an increasing clumpiness, but some of the change
could be due to the redshift effects. For the high-redshift sample, all the
CAS parameters between redshift bins show very little evolution for a given
morphological type and could be used to differentiate between them. We
also note that we found a significant amount of “clumpy” galaxy types,
already in the nearest redshift bin of 0.1 ≤ z ≤ 0.3, as opposed to previous
studies.
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1 Introduction

Since the beginning of the telescopic era, images of objects in the sky have
improved both in resolution and depth steadily. At some point, it became
clear that not all deep-space objects were stars, but the explanations on
the nature of the non-stellar objects were speculative. At the beginning of
the 20th century many of these “nebulae” were shown to have clear signs
of structure which led to more interest in their actual essence. In 1926
Edwin Hubble proved that these “nebulae” were in fact extra-galactic objects
and that were indeed galaxies themselves, similar to our own Milky Way
(Hubble, 1926). Because the data available then was basically a very rough
estimate of the distance, simple spectra and the visual shape in the optical
wavelengths, an obvious method of studying these objects was morphological
classification. For this there were multiple methods but Hubble created his
own, a rather simple classification scheme called the “Hubble sequence” or
“Hubble tuning fork” (Figure 1.1). He divided the galaxies into elliptical and
spiral shaped. The spirals were further divided into barred and non-barred.
Ellipticals were still divided according to the ellipticity and spirals according
to how open or tight the spiral arms were. Later, he added a fourth main
class for lenticular galaxies which were somewhere between ellipticals and
spirals (Hubble, 1936).

Figure 1.1: The Hubble tuning fork from the original work (Hubble, 1936).

This was the most used method for classifying galaxies for a long time.
Telescopes however improved and the galaxies started to show ever more
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detail. So much detail that the Hubble sequence was expanded by Gérard
de Vaucouleurs in 1959 to classify subtler features, for example, intricate
differences in the spiral arm properties and the ring and lens structures
(Vaucouleurs, 1959). At this point with colour sensitive photographic plates,
and especially after the application of charge-coupled device (CCD) to as-
tronomy during the 1970s, the photometry of galaxies made possible mea-
suring some physical quantities such as colours. With these observations,
it was shown that there is a correlation between the morphological classifi-
cation and these physical quantities. For example, ellipticals were red and
massive and spirals were blue and less massive (Roberts, 1963; Holmberg,
1958). This was an important result because without correlation with physi-
cal measurements, the visual classification could hardly be used as a starting
point to produce galaxy formation and evolution theories.

For a few decades, galaxies were classified and measured with greater
and greater detail. In 1978, Butcher & Oemler found evidence that galaxies
did not always look like they do now. In their study of objects with redshifts
up to z ≈ 0.5, they found that clusters with the same characteristics of, for
example, the present day Coma Cluster, were bluer than if they were made
of similar galaxy populations. They concluded that these blue galaxies were
possibly the progenitors of the present-day red galaxies. This was done solely
with photometry because at that time the image resolution did not allow for
morphological classification at high-redshifts (Butcher & Oemler Jr, 1978).

This changed when the Hubble Space Telescope (HST ) was launched in
1990. In addition to extremely accurate instruments, it was in the low-
Earth orbit so the atmosphere did not interfere with the observations, en-
abling seeing-free, very high-resolution imaging with great depth in multiple
band-pass filters. The HST has enabled many different surveys such as the
GOODS (Great Observatories Origin Deep Survey; Giavalisco et al. 2004),
GEMS (Rix et al., 2004) and COSMOS (Scoville et al., 2007). A few years
after the launch of HST, in 1996, it was shown that increasing number
of galaxies between 0.3 ≤ z ≤ 0.9 do not fit the traditional classification
scheme (Abraham et al., 1996). In addition to seeing the familiar elliptical
and spiral galaxies, other object morphologies were identified such as clumpy
galaxies (Elmegreen et al., 2004), chain (Cowie et al., 1995; Elmegreen &
Elmegreen, 2006), double (Elmegreen et al., 2007a) and tadpole (Van Den
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Bergh et al., 1996). This could be due to genuine (star formation, gas accre-
tion, clump coalescence and feed-back processes), external (major and minor
mergers) physical phenomena but also due to observational effects caused
by redshift (angular size change, surface brightness dimming and band-pass
shift). However, to what extent does each of these effects factor in when the
galaxies form and evolve? A major difference between low- and high-redshift
galaxies is that high-redshift morphology is dominated by giant star-forming
clumps (Elmegreen et al., 2005, 2007b, 2007a). These morphologies resemble
the local dwarf galaxies but have been shown to appear in massive galaxies
(Block et al., 2002). Some of these clumpy galaxies could be extended merg-
ers (Chapman et al., 2003), but in most cases the formation of the clumps
seems to be in situ, ruling out the possibility for major merger related origin
(Förster Schreiber et al., 2011; Wuyts et al., 2012). So it is clear that mor-
phologies indeed are different at the high-redshift than they are at z = 0.
The question is then when does the Hubble sequence form and what drives
it.

For distant objects, it is clear that the apparent brightness and the an-
gular size (up to redshift z ∼ 1.5) is decreased with distance. Due to the
accelerating expansion of the universe, also the light is redshifted. Thus
the optical rest-frame of high-redshift galaxies falls in the infrared and what
the optical telescope observes is the ultraviolet rest-frame, which may im-
ply a change in the visual morphology. So with increasing distance, vi-
sual morphology becomes increasingly difficult to classify and prone to bi-
ases. To counter this, some early studies of the HST data suggested using
non-parametric classification methods in addition to the visual morphology
(Abraham et al., 1996; Conselice et al., 2004). To differentiate between
the observational effects and genuine physical phenomena some studies have
used artificially redshifted images of nearby galaxies (Conselice et al., 2011b;
Barden et al., 2008; Hung et al., 2014). These simulated observations do
not take into account the internal evolution of the galaxy nor the possibility
of mergers, but we can use them to understand how certain features change
when viewed at cosmological distances and to understand the actual mor-
phology of the objects. With the knowledge of the morphological evolution,
we can further increase our understanding on the structural evolution of the
galaxies in the cosmic time frame.
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Figure 1.2: Examples of the typical morphologies at high-redshift. From top to
bottom: chain, double, tadpole, clumpy, spiral, elliptical. (Elmegreen et al. 2007)

In this thesis a modified de Vaucouleurs visual classification, the non-
parametric classification (CAS), and the artificial redshifting mentioned
above are utilized to study the morphological evolution of galaxies to dis-
tinguish between the genuine morphological evolution and the observational
effects. In particular, we checked how the visual and non-parametric classi-
fications relate to each other between the low-redshift, redshifted and high-
redshift galaxies. The applied process is described briefly as follows:

1. A sample of morphologically classified galaxies from the GOODS-
South field is binned into redshift bins of ∆z ≈ 0.2 between 0.1 ≤
z ≤ 1.3 (total of six bins).
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2. Each of the subsamples in a ∆z ≈ 0.2 bin are further binned into
absolute magnitude bins of ∆M = 0.5.

3. For every GOODS band-pass filter, the rest-frame peak wavelength
at the middle of each redshift bin is calculated and then compared to
every band-pass filter of the SDSS at z = 0, to find best matching
pairs.

4. The magnitude bins are plotted against the local universe luminosity
function of the relevant band-pass filter to find the possible progen-
itors of the high-redshift sample by matching the comoving number
densities. This is used to create a low-redshift sample that matches
the high-redshift sample.

5. All the images are masked for unwanted bright objects.

6. All the low-redshift sample galaxies are artificially redshifted to the
middle of the matching redshift range i.e. z = [0.2, 0.4, 0.6, 0.8, 1.0, 1.2]

7. All the images are convolved with a new PSF, created by deconvolving
the HST PSF with the SDSS PSF to simulate the instrument change.

8. All low-redshift, high-redshift and redshifted samples are classified as:
spiral, edge-on, elliptical, clumpy, chain, double, tadpole or “other”.

9. All low-redshift, high-redshift and redshifted samples are measured ac-
cording to the concentration, asymmetry and smoothness parameters
(CAS).

10. The results are quantified and plotted to track the evolution between
real high-redshift galaxies and artificially redshifted galaxies and to
possibly disentangle the intrinsic evolution and the observational ef-
fects due to redshift.

The process will be explained in detail in the following sections.

This work is based on observations taken by the 3D-HST Treasury Program
(GO 12177 and 12328) with the NASA/ESA HST, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS5-26555.
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2 Methods

2.1 Cosmology

At cosmological scales, we measure the redshift in order to estimate the
distances. The redshift is a very useful quantity as it can be transformed to
a variety of parameters such as time, distance and velocity. The redshift is
defined as the relation between the observed and the rest-frame wavelengths:

z = λo
λe
− 1 = ve

vo
− 1, (1)

where λo and vo are the wavelength and frequency of the observed pho-
ton and λe and ve are the wavelenght and frequency of the emitted photon.
Wavelengths of distant objects are redshifted due to the expansion of the uni-
verse which was discovered by Lemâıtre and Hubble (Lemâıtre, 1927, 1931;
Hubble, 1929). Although it was a surprising result, physically it was well
motivated. From Einstein’s Field equations, multiple solutions were found
and one of the most important was Alexandr Friedmann’s equations which
describe the evolution of the scale factor, a (Friedmann, 1999a, 1999b). The
scale factor is a dimensionless time-dependent variable which describes the
rate of expansion or contraction of the dimensions of space. The evolution of
the scale factor is controlled by the energy densities of the various universe
components such as radiation, matter (baryonic and dark matter) and the
cosmological constant.

To calculate distances at cosmological scales we start by writing down
the Friedmann equation:(

ȧ

a

)2
= H(t)2 = 8πG

3c2 ε(t)−
κc2

R2
0a(t)2 , (2)

where a(t) is the scale factor, H(t) is the Hubble-Lemâıtre parameter, G
is the gravitational constant, c is the speed of light, ε is the sum of all the
energy densities, i.e. ε(t) =

∑
i
εi(t), κ is the curvature term and R0 is

the curvature radius of the universe at t = t0. The parameter κ defines the
nature of the curvature of the universe. κ = 1 =⇒ the universe is positively
curved. κ = −1 =⇒ the universe is negatively curved. κ = 0 =⇒ the
universe has no curvature i.e. the universe is spatially flat. We then define
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a critical density for a flat universe energy density with κ = 0:

εc(t0) = 3c2H2
0

8πG . (3)

Using the critical density, a dimensionless density parameter is defined for
each of the energy density components:

Ω(t) = ε(t)
εc(t0) . (4)

The energy density of matter is related to the scale factor as εm = εm,0/a(t)3.
This is intuitive since the amount of matter does not change in a given
volume element but the dimensions of the element scale with a(t) reducing
the density by a factor of a(t)3. The energy density of radiation scales as
εr = εr,0/a(t)4. The difference with the matter density is the additional
power resulting from the fact that since the space itself is expanding, the
wavelength of each individual photon is also increasing, thus reducing the
energy. The cosmological constant (Λ), introduced by Albert Einstein to
make the universe static, is a constant property of the space and, even
though the space is expanding, the density of the Λ parameter does not
change i.e. εΛ = εΛ,0. The Friedmann equation can be expressed in terms
of the density parameter:

1− Ω(t) = − κc2

R2
0a(t)2H(t)2 . (5)

For the present day we define a relation for curvature and density:

1− Ω0 = − κc2

R2
0H

2
0

=⇒ κ

R2
0

= H2
0
c2 (Ω0 − 1). (6)

With these relations and with the definition of density parameter we can
write the Friedmann equation without an explicit curvature term:

H(t)2

H2
0

= Ωr,0
a(t)4 + Ωm,0

a(t)3 + 1− Ω0
a(t)2 + ΩΛ,0. (7)

The galaxy samples used in this thesis are in the redshift range 0.1 ≤ z ≤ 1.3
making the radiation energy-density negligible (Mo et al., 2010). Thus, we
adopt a spatially flat two-component ΛCDM model of the universe. In this
thesis, in all calculations, the following parameters are used: Ωm,0 = 0.3,
Ωr,0 = 0, ΩΛ,0 = 0.7, κ = 0 =⇒ Ω0 = 1 and H0 = 100.0 km s−1Mpc−1
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and h = H0/(100 km s−1Mpc−1) = 1.0. These values were chosen according
to Montero-Dorta & Prada (2009). We continue by multiplying the above
equation by H2

0 and taking the square root to define:

H(t) = H0[Ωm,0a
−3 + ΩΛ,0]

1
2 . (8)

And since (1 + z)−1 = λe/λo = a(te)/a(to) we can rewrite Equation 8 as a
function of the redshift:

H(z) = H0[Ωm,0(1 + z)−3 + ΩΛ,0]−
1
2 = H0E(z). (9)

To measure the distance between two events or objects in a homogeneous
and isotropic evolving universe, we use the Friedmann-Lemâıtre-Robertson-
Walker metric in a flat geometry, i.e. Ω0 = 1, to define the comoving distance
to an object from z′ = 0 to z′ = z as:

DC = c

H0

z∫
0

dz′

E(z′) , (10)

and from this we can define the luminosity distance, and the comoving
volume for the whole sky out to redshift z (Mo et al., 2010):

DL = (1 + z)DC, (11)

VC = 4π
3 D3

C. (12)

The complete derivation of these equations require dwelling into general
relativity and is out of this thesis scope. Equation 10 is solved numerically
and results may vary to a degree, depending on the cosmological parameters
used. However, only parameters that deviate a lot from the standard model,
results in significant errors in distance determination. In this thesis, we
deviate from the standard model by using H0 = 100.0 km s−1Mpc−1, as
opposed to the established value of H0 = 67.74±0.46 km s−1Mpc−1 (Planck
Collaboration, 2016). This is done to match our data to the luminosity
function data in Montero-Dorta & Prada (2009). The difference in the value
results in an underestimation of the spatial distance by a factor of ∼ 1.5 and
the volume by a factor of ∼ 3, but does not affect the overall conclusions as
the H0 = 100.0 km s−1Mpc−1 value is used consistently everywhere.
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Figure 2.1: Diagram of the FERENGI redshifting process. Based on Paulino-
Alfonso et al. (2016).

2.2 FERENGI

Redshift changes three main features on an image: the spatial scale, the
flux and the wavelength. Due to cosmological dimming, to achieve a deep
high-redshift image, we also have to deal with increased Poissonian noise.
To simulate the same effects that a real redshift would have on observations
of local galaxies, the FERENGI (Full and Efficient Redshifting of Ensembles
of Nearby Galaxy Images) code was used (Barden et al., 2008). It takes low-
redshift multi-band images as an input. With the PSFs of the low-redshift
images and the PSF of the target instrument, it produces a new image as
viewed at the desired redshift with the desired instrument and band-pass
filter, simulating the cosmological dimming, angular size change and band-
pass shift. The redshifting process goes as follows.

2.2.1 Angular size scaling

Usually, the further an object is from the observer, the smaller it looks for
objects up to z ∼ 1.5. The distances of the galaxies studied here, are at
cosmological scales so we need to account for the expanding space using the
equations derived in Section §2.1. Therefore the relation between angular
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sizes of the input image a0 and the output image az at redshift z is:

az
a0

= DL,0/(1 + z0)2

DL,z/(1 + z)2 , (13)

where DL and z are the luminosity distance and redshift, respectively. Since
we are scaling images that are made of pixels, and the input images are to
be scaled to the size of the output image, we use the relation:

az
a0

= pznz
p0n0

=⇒ nz
n0

= DL,0/(1 + z0)2

DL,z/(1 + z)2
p0
pz
, (14)

where p is the pixel size and n is the size of the image in pixels, respectively.

2.2.2 Surface brightness dimming

The surface brightness of the object is reduced by the distance. So to keep
the absolute magnitude constant as we change the redshift, we need to make
sure the following condition is satisfied:

M = m0 − 5 log10(DL,0)− c = mz − 5 log10(DL,z)− c. (15)

m is the apparent magnitude and c is a zero point which can be set to c = 0.
From the definition of the magnitude we can find the relation between the
observed integrated fluxes of the input image f0 and the output image fz:

2.5 log10

(
fz
f0

)
= m0 −mz = 5 log10

(
DL,0
DL,z

)
=⇒ fz

f0
=
(
DL,0
DL,z

)2

. (16)

2.2.3 Band-pass shift

By definition, redshift stretches and shifts the observed rest-frame band-
pass filters. In this thesis, the input images were taken with a different
instrument (SDSS) and filters (u, g, r, i, z), than the simulated instrument,
in this case HST s Advanced Camera for Surveys (ACS) and z, i, V,B filters.
So to “change the filters and light”, we have to do a k-correction of the data
by transforming the apparent magnitude m in R band to absolute magnitude
M in Q band. This conversion is defined as:

mR = MQ + 5 log10

[
DL

10pc

]
+KQR, (17)
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where mR is the apparent magnitude in band-pass R, MQ is the absolute
magnitude target band-pass Q, the third term is the so-called distance mod-
ulus and KQR is the actual k-correction term. The purpose of the distance
modulus is to take into account the cosmological effects such as the change
in angular diameter distance, surface brightness dimming and the difference
between the distance to the galaxy and the distance of ten parsecs, which
we use to define the absolute magnitude. It calculates the difference in mag-
nitudes between the rest-frame magnitude and the apparent magnitude of
a distant object. FERENGI calculates the k-corrections using the KCOR-
RECT code by Blanton et al. (2007). It takes low-redshift images from
multiple band-pass filters as an input data. Then it projects linear combi-
nations of template spectra through the same band-pass filters as the input
images, and tries to reproduce the low-resolution spectra as obtained from
the images. The best match is then redshifted and projected through the
ACS filters to find magnitudes of the input data on a different filter at a
different redshift. All redshifting in this thesis was done using all five band-
pass filter of the SDSS. For a more detailed explanation of the k-correction
process and KCORRECT, see Blanton et al. (2007).

2.2.4 Point-spread function and noise

To accurately simulate the redshift and change of instruments we also need
to consider the difference in point-spread function (PSF) and noise. The
point spread function describes the distribution of light in the focal plane
of the telescope for an arbitrarily small point-like source. PSFs are often
modelled with Gaussian distributions or combinations of them, with some
exponential and/or power-law wings, depending on the instrument. The
wider the distribution, the more the light from the point source is spread
in the observed image. Therefore, the best possible PSF is a Dirac delta
function which would result in a point source being observed as a single
pixel. This is not possible in practice, and the PSFs in actual instruments are
complicated distributions. While for the point like sources such as quasars
or low-surface-brightness objects, a very detailed knowledge of the PSF is
important, in this thesis we can work with less accurate PSFs as we are
studying only the high-surface-brightness features of galaxies. The goal is to
create an output image with a PSF as close to the actual target instrument
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Figure 2.2: Point-spread functions of the SDSS g-band (left) generated from the
SDSS psField files and GOODS z-band (right) created using TINYTIM. The SDSS
PSF is focused tightly in the center area and therefore closer to the ideal Dirac delta
function. In the GOODS PSF, more complicated structures can be seen, such as
faint rings and therefore imply a “worse” PSF. However, the pixel size of the HST
is ∼ 13 times smaller than that of the SDSS and therefore when scaled to these
sizes the HST PSF is much more point-like. The black solid line indicates a size
of 2.8 arcseconds

PSF as possible. This is achieved by creating a convolution kernel that
produces the target PSF when applied to the input PSF. Essentially, this
is the same as de-convolving the output PSF with the input PSF to create
a convolution kernel which can be applied to the input image. Since this
is a sensitive process involving Fourier transforms, harmonics and aliasing,
it presents problems in some specific cases. Problems may arise when the
input and output PSF have a similar resolution scale which may produce
artifacts such as rings from background noise or mathematical ghost images
near bright sources. This is mainly a problem at the low-redshift range.
(Barden et al., 2008)

An increase in the noise when redshifting images, also has to be taken
into account, when transforming SDSS images into HST -like images. The
noise in the SDSS images is reduced during the redshifting, due to flux
dimming in the same manner as the flux of the object. However, since we
are simulating an increased integration time in the GOODS HST images,
Poissonian noise is also increased and thus needs to be added to the final
image. There are two main sources of noise: the sky and the object (dark
current and readout noise are negligible in this case). The high-redshift sky
noise was added to the input image by sampling empty areas in the corners
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of the real high-redshift images to create a sky image, and then placing the
FERENGI output image on top of that sky image. The noise in the output
images is calculated simply by adding random Poissonian noise with σ2 of
the galaxy flux per pixel. This is not a perfect method since the Poissonian
statistics should be used on the added values of the sky and the object and
the values should be normalized. However, the resulting higher noise affects
only the areas where sky and object contribute equally to the noise i.e. at
the very faint edge of the galaxy. And since we are studying the bright
features, this is not a problem.

In this thesis the high-redshift PSFs were created using TINYTIM,
a program provided by the Space Telescope Science Institute. The high-
redshift PSF is the same for all galaxies since there is little to no difference
in the seeing conditions in space. The low-redshift PSFs were generated indi-
vidually for every galaxy from the psField files, following the recommended
method by the SDSS project.

2.3 Classification

Since the usual Hubble classification does not work well at higher red-
shifts, we need to use a different classification system. To do this we follow
Elmegreen et al. (2007), and use a new classification scheme. The cate-
gories of this scheme are as follows: spiral (SP), edge-on spiral (ED), ellip-
tical (EL), clumpy (CL), chain (CH), double (DB), tadpole (TP), “other”
(OT). Spiral and elliptical types follow their usual definitions in the de Vau-
couleurs scheme. In addition, we differentiate between face-on and edge-on
spirals since morphologically they are very different. The other classifica-
tions are rather self explanatory. Clumpy morphologies are dominated by
large bright clumps. Chain galaxies are linear structures which also show
features of clumpy structures. Double galaxies feature two large clumps
which dominate the structure. Tadpole galaxies have one large clump which
extends in a similar manner as tidal tails. “Other” is left for the galaxies
where morphology is unidentifiable such as very small, very faint, low reso-
lution or just unclear structures in general. Examples of each morphological
type is shown in Figure 2.4.
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2.4 CAS

Visual morphology is an excellent way of classifying galaxies in the local
universe but this might not be the case at higher redshifts. Distant galax-
ies are physically different and observations are affected by redshifting and
cosmological dimming, making the images of lesser quality. This makes vi-
sual classification more prone to biases with increasing redshift so it is also
beneficial to use some numerical methods to counter the subjectivity and bi-
ases. We will make use of the CAS parameters (concentration, asymmetry,
smoothness) following Conselice (2003) and Holwerda et al. (2014). The
parameters are defined in the following subsections. Graphical examples of
the definitions are shown in Figure 2.3.

2.4.1 Concentration

Concentration is defined as:

C = 5 log10

(
r80
r20

)
. (18)

Where r% is the radius of the aperture which contains the respective per-
centage of the total light from the object. Most previous studies use the
Petrosian radius with circular apertures to determine the size and luminos-
ity of the galaxy. However, in this thesis the total luminosity was determined
by calculating the fixed-ellipse luminosity profile as it has been show to not
greatly affect the result when compared to circular apertures (Abraham et
al., 2003). This was achieved as follows:

1. Calculate the luminosity profile using the ellipse procedure of IRAF
with varying ellipticity and position angle.

2. The actual ellipticity and position angle of a galaxy, were determined
by adopting the ellipticity and position angle of a galaxy at large radii.

3. Then the ellipse procedure was ran again, now using the measured
constant values for ellipticity and position angle.

From the luminosity profiles we measured the radius re where luminosity
decreases by a factor of e from the center. The radius of the galaxy was
then defined as 2.5re. The radius re then was used to determine the total
luminosity of the galaxy and to define the r80 and r20.

14



2.4.2 Asymmetry

Asymmetry is defined as:

A =
∑
i,j |I(i, j)− I180(i, j)| −

∑
i,j |B(i, j)−B180(i, j)|

2
∑
i,j |I(i, j)| , (19)

where I(i, j) is the pixel value of the image I in position [i, j], I180 is the im-
age rotated by 180◦ around the center of the galaxy, B(i, j) is the pixel value
of a background image and B180(i, j) is a rotated background image. The
original image is rotated and subtracted from the original image. Then the
values of every element are summed and divided by the sum of the element
values of the original image. There is some asymmetry in the background
which was removed by calculating asymmetry of small empty areas in the
corners of the images and then subtracting it from the total asymmetry
(Conselice, 2003). The removal of the background asymmetry affects the
average values by ∼ 0.01.

2.4.3 Smoothness

Smoothness is defined as:

S =
∑
i,j |I(i, j)− IS(i, j)| −

∑
i,j |B(i, j)−BS(i, j)|∑

i,j |I(i, j)| , (20)

where I(i, j) is the pixel value of the image I in position [i, j], IS is a
smoothed version of the original image, B(i, j) is a sky image from an empty
part of the original image and BS(i, j) is the smoothed sky image. For
historical reasons we call it smoothness even though it actually represents
the clumpiness as the larger the value, the less smooth the object is. There is
no well-established method for the smoothing, but many previous studies use
a Gaussian smoothing with a kernel size comparable to the Petrosian radius
with some constant scaling factor. This results in FWHMs that in physical
distances are on the order of 100-300 pc (Holwerda et al., 2013). In this
thesis for the Gaussian kernel, a constant size of 3 pixels was used to achieve
smoothing windows of size 140-500 pc. Different smoothing window sizes
were tried to measure the variation between 50-700 pc, which did not change
the results drastically. The smoothness of the background was subtracted
by calculating the smoothness of the empty corners in the images and then
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subtracting it from the total smoothness. The removal of the background
smoothness affects the average values by ∼ 0.02.

Figure 2.3: Graphical representation of the CAS parameters for two galaxies. Based
on Conselice et al. (2003)
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Figure 2.4: Examples of each morphological type at various redshifts. From top to
bottom: spiral, edge-on spiral, elliptical, clumpy, chain, double, tadpole, “other”.
The image demonstrates well the difficulty of visual classification when the distance
increases, i.e., the redder the object is, the more distant it usually is and the more
difficult it is to classify.



3 Data and sample selection

Bandpass Exposure time (s) Zero-point Mean wavelength (Å)
z850 18232 24.862 9085.8
i775 7028 25.654 7730.6
V 606 5450 26.486 6034.9
B435 7200 25.673 4348.0

Table 3.1: Details of the GOODS-south HST ACS observations.

Our goal is to artificially change the redshift and the observation instrument
of well resolved nearby galaxies and compare their morphological properties
to actual high-redshift galaxies. We start by making a sample of high-
redshift galaxies. For this, we use data from the GOODS project (Giavalisco
et al., 2004), redshift data from the 3DHST project (Brammer et al., 2012;
Momcheva et al., 2016) and morphological classification data of the GOODS-
south field, created by Juho-Petteri Lesonen and Eva Taivalsaari, at the
University of Oulu during 2015. The classifiers agreed on ∼ 60% galaxies
and most of the confusion was deciding between type “other” and something
else, i.e. with very unclear galaxies. The GOODS is a survey that combines
observations from the Hubble Space Telescope, the Spitzer Space Telescope
and the Chandra X-ray Observatory, with additional observations from space
and ground-based telescopes from two fields: the Hubble Deep Field north
and the Chandra Deep Field south with a total size of ∼ 160 arcmin2. In
this thesis, we use the optical images taken with the HST ACS. The band-
pass filters and exposure times of the observations are described in Table
3.1. We chose the HST because of the resolution of 0.03”/ pixel, which is
very useful when observing galaxies at high-redshift.

First, a catalogue of all the classified GOODS-south galaxies was com-
piled. The data contained apparent magnitudes for each ACS filter (z, i,
V , B), which needed to be converted into absolute magnitudes, defined as:

Mx = mx − 5(log10DL − 1), (21)

where Mx and mx are the absolute and apparent magnitudes in band x and
DL is the luminosity distance defined in Section §2.1. To determine the
luminosity distance DL, we need to know the redshifts of each galaxy. For
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this, data from the 3DHST project was used. The GOODS and 3DHST
data do not use a common identification for the objects, so they had to
be identified from the data. To do this, the angular distance from every
object in our classified catalogue, as given by the GOODS catalogue, was
calculated to every object in the 3DHST catalogue. The distances are not
linearly dependent of right ascension and declination. To put it simply, the
radius of a parallel near the pole is smaller than near the equator. We
calculate the angular distance between two points from:

∆θ = arccos[sin(δ1)sin(δ2) + cos(δ1)cos(δ2)cos(α1 − α2)], (22)

where α is the right ascension and δ is the declination of the objects. Since
the pixel resolution of the HST is 0.03”/pixel, we defined the spectra to
match the object, if the distance was less than 0.03 arcseconds. Some ob-
jects matched with multiple spectra, which is probably due to multiple mea-
surements of the same object, focused on a different region. These were
excluded from the consideration to be certain. This combination of the data
resulted in finding a redshift for 84% of the classified objects, with limiting
magnitudes of 27.18 in the i-band and 27.46 in the z-band. To measure
the uncertainties in this process, the redshifts which we identified from the
3DHST data, were compared to the redshifts in ESO/GOODS-south Red-
shift Master catalogue (Balestra et al., 2010). If the redshifts did not match,
it was counted as an error. 9% of our redshifts did not match the ones in
the ESO/GOODS-south Redshift Master catalogue, which is considered ac-
ceptable in the frame of this thesis, where the sample size is > 1000 objects.

We continue by dividing the high-redshift catalogue into six redshift bins
of ∆z ≈ 0.2 between 0.1 ≤ z ≤ 1.3. The size of each redshift bin was set to
have roughly the equal number of objects. This is why, in the second and
third redshift bins, between 0.3 ≤ z ≤ 0.7, we deviate from the bin size of
∆z = 0.2. To create the high and low-redshift sample, which we can compare
with confidence, we can not simply take a random sample of well resolved
nearby galaxies, since the galaxy populations might not be related. To
find comparable samples, we asumme the high and the low-redshift sample
galaxies to conserve their rank order in luminosity. This means that the
most massive or the most luminous galaxies at high-redshift are the most
massive or most luminous at low-redshift, assuming little incidence of major
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mergers, thus possibly representing a similar galaxy type (Van Dokkum et
al., 2013). We need to decide, what magnitude we use to rank the galaxies.
Earlier studies have found that fixed stellar mass, at different redshifts,
could be used to relate the progenitors and the decendants. However, at the
higher range of redshifts, it can drastically underestimate the mass evolution
(Van Dokkum & Franx, 1996). For this reason, we use the comoving number
density (Van Dokkum et al., 2010; Patel et al., 2013; Leja et al., 2013). The
comoving number density, ρC , is defined as the number of objects, within
some absolute magnitude range, in some comoving volume. We calculate
the comoving number density using the following two equations:

ρC = N

VdCMb
, VdC = Vz1 − Vz2

4π Ω, (23)

where N is the number of objects, VdC is the comoving volume where the
objects reside, Mb is the size of the magnitude bin, Vz1 and Vz2 are comoving
volumes out to redshifts z1 and z2 for the whole sky and Ω is the solid angle
which we are observing, in this case the size of the GOODS-South field.
Essentially, we calculate the volume of a comoving “shell” from which we
then separate a smaller volume using the solid angle and then we divide the
number of objects with the comoving volume to obtain a comoving number
density.

Bandpass Exposure time (s) Zero-point Mean wavelength (Å)
u 53.9 24.63 3543
g 53.9 25.11 4770
r 53.9 24.80 6231
i 53.9 24.36 7625
z 53.9 22.83 9134

Table 3.2: Details of the SDSS observations.

For two galaxies to be identified as the progenitor and the descendant,
we require them to have the same comoving number density. For the low-
redshift sample, we used data from the SDSS project because of the enor-
mous catalogue of galaxies and well documented redshifts. The SDSS survey
covers over 35% of the total sky and has over three million objects. The de-
tails of the SDSS observations are described in Table 3.2. Images were
fetched from the SDSS server using the SDSS SkyServer Search Form.
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Band comparison at z = [0.2, 0.4, 0.6, 0.8, 1.0, 1.2]
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Figure 3.1: The filter+CCD response curve comparison diagram for different red-
shift bins. The ACS filters have been scaled to a lower quantum efficiency by a
factor of 2, to more easily compare the wavelengths.

Redshift bin SDSS filter GOODS filter
0.1 - 0.3 r i

0.3 - 0.55 r z

0.55 - 0.7 g i

0.7 - 0.9 g z

0.9 - 1.1 g z

1.1 - 1.3 u i

Table 3.3: Best band-pass filters to compare between the SDSS filters and GOODS
filters for each redshift bin.

We need to decide which pairs of band-pass filters we use to compare
the absolute magnitudes between the SDSS images and the GOODS images.
This is not straight-forward since we are comparing two different instruments
and different redshifts. The best filter pairs to compare, were determined
by calculating the rest-frame curve of each HST filter+CCD response curve
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at each redshift. These were then compared to all the filter+CCD response
curves of the SDSS and best matches were chosen. This means, for exam-
ple, that when the i-filter of the HST observes an object at z = 0.6, it
is observing similar rest-frame wavelengths as the SDSS g-filter, at z ∼ 0.
The results of the filter-curve comparisons are shown in Figure 3.1 and the
best matching pairs are shown in Table 3.3. This method is not completely
accurate, since redshift also changes the shape of the curves, but it gives us
a satisfactory estimate.

To create the sample of local galaxies, we continue by describing the
galaxy luminosity function of the local universe, using the Schechter lumi-
nosity function (Schechter, 1976):

φ(L)dL = φ∗
(
L

L∗

)α
exp

(
− L

L∗

)
dL

L∗
, (24)

which in our case is more convenient when converted from luminosities to
magnitudes:

Φ(M) = 0.4 log(10)Φ∗10−0.4(M−M∗)(α+1) exp
[
− 10−0.4(M−M∗)], (25)

where M∗ is a characteristic magnitude, Φ∗ is the normalization parameter
which is in the units of number density and α defines the slope of the faint
end of the function. In this thesis we used the parameters from Montero-
Dorta & Prada (2009) which are shown in Table 3.4.

Band Φ∗(10−2h3Mpc−3) M∗ − 5 log10 h α

u 4.16 -17.79 -1.01
g 1.40 -19.53 -1.10
r 0.90 -20.73 -1.23
i 1.09 -20.97 -1.16
z 0.89 -21.43 -1.26

Table 3.4: Parameters used for the Schechter function from Montero-Dorta & Prada
(2009).

The high-redshift catalogue was then further divided into absolute mag-
nitude bins of ∆M = 0.5. We make the implicit assumption that the mag-
nitude bins are not stretched due to redshift. This might not be true and
the effects of the possible stretching should be studied in following projects.
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Then, for each magnitude bin, the comoving number density was calculated
and compared to the local universe luminosity function of the best match-
ing band-pass filter according to Table 3.3. The luminosity functions and
comoving number densities are plotted in Figures 3.2 and 3.3. We then
created both the low and the high-redshift sample by picking galaxies with
the same comoving number density as the high-redshift bins according to
the luminosity function. We tried to avoid the high-luminosity bins in the
high-redshift sample because the binning could introduce large errors, when
applied to the steep part i.e., the bright part of the luminosity function. In
the last redshift bin 1.1 ≤ z ≤ 1.3, avoiding the high-luminosity bins was
not possible due to the large number of bright high-redshift galaxies com-
pared to the low-redshift luminosity function. We also tried to avoid the
very low-luminosity galaxies. The brightest and the faintest magnitude bins
used for each redshift bin is indicated with green and blue dashed lines in
Figures 3.2 and 3.3.

After the first sample selection, both the low-redshift sample and high-
redshift sample consisted of ∼ 1800 galaxies, totalling ∼ 3600 galaxies. From
these, images where the objects were near the edges of the fields or obscured
by QSOs or stars, were removed from the samples and the remaining galaxies
were defined as the final sample of ∼ 200 galaxies per redshift bin, total-
ing ∼ 2600 galaxies. Since the total sample size is > 1000 galaxies, the
GOODS-south field consists of mostly field galaxies with a few over den-
sities (Salimbeni et al., 2009), and the depth of the redshift bins are over
∼ 100 Mpc as demanded by the cosmological principle, we conclude that our
sample represents the universe well, in the relevant magnitude range. As a
results of our sample selection, we have 6 samples with ∼ 200 galaxies per
bin in high-redshift and 6 samples of ∼ 200 matched local galaxies.

Details of the magnitude bins selected for the LOW and HIGH sample can
be found in Appendix A: Tables
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Figure 3.2: Comoving number density of the GOODS galaxies as a function of
absolute magnitude and the luminosity function of the local universe. Uppercase
letters indicate the low-redshift band-pass filter and lowercase letters indicate the
high-redshift band-pass filter. The line is a continuous Schechter function and the
dots indicate magnitude bins of ∆M = 0.5. The green and the blue dashed lines
indicate the brightest and faintest bins considered in the high-redshift samples.
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Figure 3.3: Comoving number density of the GOODS galaxies as a function of
absolute magnitude and the luminosity function of the local universe. Uppercase
letters indicate the low-redshift band-pass filter and lowercase letters indicate the
high-redshift band-pass filter. The line is a continuous Schechter function and the
dots indicate magnitude bins of ∆M = 0.5. The green and the blue dashed lines
indicate the brightest and faintest bins considered in the high-redshift samples.



4 Results

All the six subsets of the low-redshift sample were artificially redshifted using
the process described in Section §2.2. Therefore, we have three datasets: the
low-redshift set (hereafter: LOW), the high-redshift set (hereafter: HIGH)
and the artificially redshifted set (hereafter: SHIFT). Then each galaxy in
each sample was classified using the visual classification scheme and the
CAS parameters. All in all ∼ 3900 images were analysed. In this section,
we present the results in the following manner. First we inspect the results
of the redshifting process visually. Then we present the results of the mor-
phological classification and CAS parameters of the each data set. Then the
results will be compared between samples and redshifts.

4.1 Redshifting

In Figure 4.1, we present random examples of the LOW and the SHIFT
images. The top row images are from the LOW sample with z ≈ 0. Then,
continuing downwards, images from the SHIFT sample, with each row rep-
resenting the redshift bins. The band-pass filter of the images also changes
between the rows according to the Table 3.3. In Figure 4.3, we show random
example images of the HIGH sample. The rows represent the redshift bins
from top to bottom. The bottom two rows in Figure 4.3 represent the same
redshift bin. We make the following remarks:

1. The SHIFT images seem to degrade with increasing redshift in the
same manner as the HIGH sample.

2. The SHIFT images seem less noisy than the HIGH images.

3. The clumps, often observed in real high-redshift images, are not seen
in the SHIFT images.

4. The HIGH galaxies do not seem to have very bright central areas, as
opposed to the LOW and the SHIFT galaxies.

5. The SHIFT and the LOW galaxies show extending faint disc structures
which are not often observed in the HIGH galaxies.

6. Some of the SHIFT galaxies have very clear spiral arms even at z = 0.8
and to a degree, at z = 1.2, unlike the HIGH galaxies.
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Figure 4.1: Example of the redshifting results. The first row of images are from the
LOW sample (z ≈ 0) and downwards images are the artificially redshifted galaxies
from the SHIFT sample at z = [0.2, 0.4, 0.6, 0.8, 1.0, 1.2] respectively. The band-
pass filters of the images from top to bottom: g, i, z, i, z, z, i. The magnitude ranges
are not the same in the images to make the feature degrading more easily observed.
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Figure 4.2: Five galaxies from the LOW sample redshifted to each redshift bin. The
first row of images are from the LOW sample (z ≈ 0) and downwards images are
the artificially redshifted galaxies from the SHIFT sample at z = [0.2, 0.4, 0.6, 0.8,
1.0, 1.2] respectively. Image scaling is a square root with minimum value of 10.0e−6
and maximum value of 10.0. The pixel units of the redshifted images are counts
per second. The band-pass filters of the images from top to bottom: g, i, z, i, z, z, i.
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Figure 4.3: Examples of galaxies from the HIGH sample, with increasing redshift
(0.1 ≤ z ≤ 1.3) from top to bottom with the last two rows being the same redshift
bin. The band-pass filters of the images from top to bottom: i, z, i, z, z, i, i. The
magnitude ranges are not the same in the images to make the feature degrading
more easily observed.



4.2 Morphology and CAS: LOW

The LOW sample consists of six bins with different bandpass filters and dif-
ferent distributions of absolute magnitude with some overlap. The redshift
range of the sample is 0.0011 ≤ z ≤ 0.0248, to ensure that it represents the
local universe well. The data is very uniform in terms of quality, with only
slight differences between the images taken during different eras of the sur-
vey. The classification was done using a randomized list of the whole LOW
sample to avoid biases. For the first bin galaxies (0.1 ≤ z ≤ 0.3), to esti-
mate the error of our morphological classification, the results were compared
to the classifications of NASA/IPAC Extragalactic database when available
(201 of 211). The error was estimated to be ∼ 6%. The only confusion found
between our results and the NASA/IPAC database, was between elliptical
and S0 galaxies. The visual classification and the CAS parameters for the
LOW sample are shown in Figure 4.4. The bins are named according to
the high-redshift bin, to which they were matched with and their band-pass
filters are described in Table 3.3. From these results, we make the following
remarks:

1. The fraction of galaxies of each morphological type remains almost
constant throughout the bins and spirals are the most abundant galaxy
type.

2. The clumpy, double, chain, tadpole and “other” types are almost non-
existent and are therefore therefore unreliable when studying the CAS
parameters.

3. The concentration parameter seems to differ very little between band-
pass filters for each reliable morphological type i.e. spiral, edge-on and
elliptical.

4. The asymmetry and smoothness parameters seem to depend on the
band-pass filter by scaling differently but the relative variations of the
asymmetry and smoothness as a function of morphological type, are
similar between filters.

5. The band-pass filter of the bin 1.1 ≤ z ≤ 1.3 (magenta), is the u-filter.
In this filter, the asymmetry and smoothness values seem to differ
quite a lot from those in the other filters.
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Figure 4.4: Average distribution and the standard deviation of the class, the con-
centration, the asymmetry and the smoothness for every bin of the LOW sample.
Band-pass filters for each bin from top to bottom: r, r, g, g, g, u. (SP: spiral, ED:
edge-on, EL: elliptical, CL: clumpy, DB: double, CH: chain, TP: tadpole, OT:
“other”



4.3 Morphology and CAS: SHIFT

The artificially redshifted sample is made of the LOW sample. The orig-
inal band-pass filters and the redshifted band-pass filters of each bin are
described in Table 3.3. The CAS parameters for the SHIFT sample were
calculated in the same manner as with the LOW sample. The results are
shown in Figure 4.5 and are as follows:

1. The number of spirals decreases with increasing redshift.

2. Some evolution can be seen in the edge-on class but it is difficult to
conclude the actual effect.

3. The number of ellipticals seem to increase slightly with redshift.

4. The clumpy, double, chain, tadpole and “other” types are almost non-
existent and are therefore considered unreliable when studying the
CAS parameters.

5. The number of “other” types increases with redshift with basically the
same rate as the spiral types decrease.

6. The concentration parameter seems to differ little between the redshift
bins with the spiral, edge-on, elliptical and “other” types but no clear
correlation with the redshift bins can be seen.

7. The asymmetry parameters differ quite a lot between redshift bins for
each morphological type and might be increasing with redshift.

8. The smoothness parameters evolve with the redshift bins but show
very little variation between morphological types.

9. The bin 1.1 ≤ z ≤ 1.3 (magenta) has very different results for the
asymmetry and smoothness parameters when compared to the other
bins.
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Figure 4.5: Average distribution and the standard deviation of the class, the con-
centration, the asymmetry and the smoothness for every bin of the SHIFT sample.
The original band-pass filters for each bin from top to bottom: r, r, g, g, g, u. The
current band-pass filters for each bin from top to bottom: i, z, i, z, z, i. (SP: spiral,
ED: edge-on, EL: elliptical, CL: clumpy, DB: double, CH: chain, TP: tadpole, OT:
“other”



4.4 Morphology and CAS: HIGH

The HIGH sample was created from the GOODS-south field data. One
problem with the data are the border areas of the original data images.
Objects near these borders have multiple bright artifacts which might affect
the CAS parameters. These artifacts were masked as much as possible, but
the result might not be perfect. The HIGH galaxies were classified as a one
random set to avoid biases. The CAS parameters were calculated in the
same manner as with the LOW and the SHIFT samples. The results are
shown in Figure 4.6 and we make the following remarks:

1. The number of spirals decreases very smoothly with increasing red-
shift.

2. The number edge-ons and ellipticals also decrease with increasing red-
shift but not as much as spirals.

3. The number of clumpy types is large already in the nearest redshift
bin 0.1 ≤ z ≤ 0.3 and starts to increase rapidly after z = 0.7.

4. The number of double, chain and tadpole types is quite low and are
therefore considered unreliable when studying the CAS parameters.

5. The number of type “other” increases with redshift very linearly but
not very drastically.

6. The concentration, asymmetry and smoothness parameters of spiral,
edge-on, elliptical, clumpy and “other” types evolve very little with
redshift, except for the last bin 1.1 ≤ z ≤ 1.3.

7. The values of the CAS parameters between the different morpholog-
ical type which are considered reliable (spiral, elliptical, clumpy and
“other”), are quite well distinguishable and could be used to classify
galaxies numerically.

In Figure 4.7, we plot the CAS parameters of the HIGH sample for five
redshift bins 0.1 ≤ z ≤ 1.1 to see if the different types can be distinguished
from each other.
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Figure 4.6: Average distribution and the standard deviation of the class, the con-
centration, the asymmetry and the smoothness for every bin of the HIGH sample.
Band-pass filters for each bin from top to bottom: i, z, i, z, z, i. (SP: spiral, ED:
edge-on, EL: elliptical, CL: clumpy, DB: double, CH: chain, TP: tadpole, OT:
“other”
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Asymmetry of GOODS objects as a function of Concentration (0.1 < z < 1.1).
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Smoothness of GOODS objects as a function of Concentration (0.1 < z < 1.1).
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Smoothness of GOODS objects as a function of Asymmetry (0.1 < z < 1.1).
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Figure 4.7: The average distribution and the standard deviation of the concen-
tration, asymmetry and smoothness of the HIGH sample in the “CAS -space” for
spiral, edge-on, elliptical, clumpy and “other” types, with five redshift bins between
0.1 ≤ z ≤ 1.1 where the different symbols indicate the bin (x, circle, diamond, tri-
angle, square) and the colors indicate a morphological type.



4.5 Comparison of samples

In Figure 4.8 we plot average distribution of the number of galaxies per clas-
sification bin, and CAS parameters in all redshift bins. The LOW sample
distribution was subtracted from all the distributions to make the compar-
ison between them easier. In the nearest two redshift bins, 0.1 ≤ z ≤ 0.55,
the number of morphological types in the LOW and the SHIFT sample are
very similar. After z = 0.55, the number of spiral types in the SHIFT
sample starts to decrease rapidly and the number of “other” types increases
almost at the same rate. The HIGH sample has noticeably lower number
of spiral types and a larger number of clumpy types when compared to the
SHIFT and the LOW samples. The amount of “other” type galaxies also in-
creases in the HIGH sample but not as rapidly as in the SHIFT sample. The
concentration parameter shows very little evolution in every sample. The
concentration in the HIGH and the SHIFT sample is slightly lower in every
morphological type and in every redshift bin compared to the LOW sample
and the difference is almost the same. The asymmetry parameter values are
higher in every HIGH sample redshift bin except the last bin 1.1 ≤ z ≤ 1.3,
when compared to the LOW and the SHIFT samples. In the nearest two
redshift bins 0.1 ≤ z ≤ 0.55, the LOW and the SHIFT sample asymmetry
values are almost the same. The smoothness parameter values increase with
redshift in the HIGH and SHIFT samples when compared to the LOW sam-
ple. The last redshift bin 1.1 ≤ z ≤ 1.3 is very difficult to analyse, since all
the CAS parameters vary only slightly between morphological types.

Exact number of each morphological class and values of the CAS param-
eters for each sample can be found in the Appendix A: Tables.
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Figure 4.8: Average distribution of the number of galaxies per classification bin, and CAS parameters (from
left to right) in all redshift bins (from top to bottom). The lines correspond to the HIGH (black), SHIFT
(red) and LOW (blue) samples. The LOW sample distribution was subtracted from all the distributions to
make the comparison between them easier.



5 Discussion

In the sample selection, we see some very high luminosity galaxies. This
could be due to luminous infrared galaxies (LIRGs) and ultra-luminous in-
frared galaxies (ULIRGs), major mergers and error in the redshift inden-
tification. The distribution of morphologies in the HIGH and LOW sam-
ples are consistent with those in previous studies (Van Den Bergh et al.,
2000). The SHIFT sample has a disproportionally low number of clumpy
type galaxies compared to the HIGH sample already in the closest redshift
bin 0.1 ≤ z ≤ 0.3. This further confirms the result that clumpy galaxies
indeed are not regular spirals seen from a distance (Puech, 2010; Förster
Schreiber et al., 2011; Wuyts et al., 2012). The number of spirals in the
SHIFT sample starts to decrease only at redshifts larger than z = 0.55, indi-
cating, that by using a visual classification the total number of these galaxies
is underestimated at high redshift. The number of “other” type galaxies in
the SHIFT sample increases faster with redshift than in the HIGH sam-
ple. Since clumpy structures are not common in the local universe and the
redshifting does not produce them in regular galaxies, it stands to reason
that a lack of these clumps, makes the galaxies more featureless and thus
more difficult to classify and therefore increasing the number of type “other”
galaxies. Based on the LOW and SHIFT samples, it seems that even in the
lower redshifts, 0.1 ≤ z ≤ 0.55, the spiral types can be confused with el-
lipticals, but no to a great extent. The number of elliptical galaxies does
not seem to change much between the redshift bins and samples, indicating
that classifying them visually is not much affected by redshift and that their
total number has remained almost constant for . 5Gyr.

Multiple different ways of artificially redshifting objects have been used
in various papers (Abraham et al., 1994, 1996; Conselice, 2003; Conselice
& Arnold, 2009; Barden et al., 2008). So far, no standard method exists.
FERENGI is the only publicly available code, as far as we know, that com-
bines all the three major processes connected to redshifting: spatial scaling,
surface brightness dimming and band-pass shift. To evaluate our results, we
first compare them to other studies using FERENGI. In the original FER-
ENGI article, Barden et al. (2008), example images of four SDSS galaxies
were redshifted to similar redshifts and instruments (HST ACS) as in this
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Figure 5.1: Colour images of four galaxies taken from SDSS and then artificially
redshifted to multiple different redshifts using FEREGNI. We see a clear decrease
in quality of the objects at z = 0.5 in the same manner as in our results. Barden
et al. (2008)



thesis (Figure 5.1). In their images, we see a similar degradation of the fea-
tures to that in our results. They also found no systematic unwanted effects
in the redshifting process when measuring absolute magnitudes, radii, and
Sérsic indices. Similar results can be seen in other studies which also use
the FERENGI (Paulino-Afonso et al., 2016; Vika et al., 2013; Willett et
al., 2016). Therefore, we consider our redshifting process as a success and a
reliable way of transforming local nearby galaxy images to high redshifts. In
comparison to other methods, that in most cases consider only some of the
redshifting effects, our images seem to be slightly less resolved (Abraham et
al., 1994; Conselice, 2003). This is to be expected since they are including
only some of the degrading effects.

The available band-pass filters could present a problem in the redshifting
process (Conselice et al., 2011b; Delgado-Serrano et al., 2010). Already
for objects at z = 1.2, most of the observed light is from the rest-frame
ultraviolet which means that mostly the efficiently star-forming areas are
visible and others start to shift beyond the available band-pass filters, thus
making morphological studies difficult or even impossible (Conselice, 2014;
Delgado-Serrano et al., 2010). It has been shown that galaxies, especially the
disc galaxies, behave morphologically differently according to the wavelength
and since in this thesis we use only one band-pass filter for each redshift bin,
we can not address this (Muñoz-Mateos et al., 2009).

No studies of CAS parameters with artificial redshifting were found in
the literature eventhough studies in similar spirit have been done (Conselice
et al., 2004; Böhm et al., 2013). Therefore, the concentration, which is
related to Sérsic indices and radii, is the only comparable quantity between
this thesis and other works. For example, the concentration value of 5.2
is equal to de Vaucouleurs light profile I ∝ R−4 and the concentration
value of 2.7 indicates a pure exponential profile (Holwerda et al., 2013).
Previous studies found that within the margin of error, radii and Sérsic
indices are conserved or slightly underestimated in the redshifting process
and galaxies should retain their basic morphology (Paulino-Afonso et al.,
2016; Mosleh et al., 2013). Our results confirm this since the concentration
parameter shows very little evolution with redshift in both the SHIFT and
the HIGH samples and they indeed show slightly smaller values compared to
the LOW sample. When comparing results to other studies, the difference
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Figure 5.2: Concentration, asymmetry and smoothness for [−6, 0] = ellipticals and
lenticulars, [1, 6] = spirals from early to late type, [8, 10] = very late spirals and
irregulars. Solid circles indicate the mean value, faint circles indicate the values of
individual objects and lines are the root-mean-square (RMS) error bars. Holwerda
et al. (2013)

in methods calculating the concentration parameter, should be considered.
Many studies use the circular apertures as opposed to elliptical apertures
used in this thesis; no great difference has been found between circular and
elliptical apertures when calculating the concentration parameter (Abraham
et al., 2003; Bershady et al., 2000).

At the very high-redshift range (z ≥ 1.0), the asymmetry parameter
might not work as well as for the low-redshift range (Conselice & Arnold,
2009). This affects our results mainly in the last redshift bin, 1.1 ≤ z ≤ 1.3
where the asymmetry parameter values indeed, are roughly constant be-
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CAS parameters according to Conselice et al. (2003)
Type Concentration Asymmetry Smoothness

Ellipticals 4.4±0.3 0.02±0.02 0.00±0.04
Early-type (Sa-Sb) 3.9±0.5 0.07±0.04 0.08±0.08
Late-type (Sc-Sd) 3.1±0.4 0.15±0.06 0.29±0.13

Irregulars 2.9±0.3 0.17±0.10 0.40±0.20
Edge-on Disks 3.7±0.6 0.17±0.11 0.45±0.20

ULIRGs 3.5±0.7 0.32±0.19 0.50±0.40
Starbursts 2.7±0.2 0.53±0.22 0.74±0.25

Dwarf Ellipticals 2.5±0.3 0.02±0.03 0.00±0.06

Table 5.1: Concentration, asymmetry and smoothness according to Conselice et al.
(2003).

tween morphological types and samples, unlike in other redshift bins. How-
ever, in our results, this is probably caused by the observed wavelengths
representing the rest-frame ultraviolet wavelengths, that are usually very
un-evenly distributed in galaxies. The asymmetry and smoothness param-
eters have behaved very differently in different studies (Conselice, 2003;
Conselice et al., 2011; Holwerda et al., 2013). In Table 5.1 (Conselice,
2003) and Figure 5.2 (Holwerda et al., 2013), we see that the concentration
parameter values are similar. For example, the ellipticals have average pa-
rameter values of ∼ 4.5 and late-type spirals ∼ 3.0, in both Conselice et al.
(2003) and Holwerda et al. (2013). Clearly the concentration is related to
the morphology. The asymmetry and smoothness parameters in Table 5.1
are clearly increasing when morphologies go from ellipticals to early-type
spirals to irregulars. This is not the case in Figure 5.2, where the asymme-
try and smoothness parameters are not so distinct between morphological
types. There are some significant differences between our results and the
two studies mentioned above. When compared to Conselice et al. (2003),
our concentration parameter values are quite similar and the asymmetry
and smoothness parameters show similar evolution with the morphological
types. However, the absolute value differences between morphological types
are much larger in Conselice et al. (2003) than in our results. For example,
the mean asymmetry and smoothness of elliptical types in our samples are
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around 0.3 and 0.1 respectively, as opposed to their almost zero values. Our
asymmetry and smoothness results match better with the results in Holw-
erda et al. (2013). The only significant differences between our work and
Holwerda et al. (2013) are our less constant values of the asymmetry param-
eters. In our results, between the clumpy and “other” types the difference
in the asymmetry is around ∼ 0.4 as opposed to the maximum difference
between morphological types in Holwerda et al. (2013) being ∼ 0.15, thus
indicating that in our results, the morphological types are slightly more
distinguishable with the CAS parameters. The difference in values can be
attributed to the differences in methods and data. In Conselice et al (2003),
they remove the asymmetry and smoothness of the background as described
in Section §2.4.2 and §2.4.3. In Holwerda et al (2013), the background was
not removed since it was concluded not to affect their results much. In this
thesis we included the background removal but it does not seem to affect the
results greatly. The asymmetry and smoothness of the background change
the average values by ∼ 0.01 and ∼ 0.02 respectively and could possibly be
considered not important.

From our results we see that the HIGH sample is consistently (except
of the last redshift bin 1.1 ≤ z ≤ 1.3) more asymmetric than the LOW and
SHIFT samples, leading us to believe that the actual high-redshift galaxies
are genuinely more asymmetric than present-day galaxies. Similar results
can be seen in the smoothness parameters as after the z = 0.55 the val-
ues start to increase indicating a more clumpy structures. The increasing
clumpiness of the galaxies is consistent with previous studies (Abraham et
al., 1996). Overall the the CAS parameters show clearly distinct values for
some of the morphologies as seen in Figure 4.7. If we assume that we can
find the edge-on galaxies, for example during the ellipse fitting, and exclude
them from this consideration, at 0.1 ≤ z ≤ 0.55 within a “CAS-cube” de-
fined as: C: 0.5→ 2.4, A: 0.48→ 0.70, S: 0.18→ 0.28, ∼ 85% are clumpy
or “other” type galaxies and we miss ∼ 20% of clumpy and “other” type
galaxies. The result can be improved if the clumpy and “other” types can
be distinguished by some other means. However, in this way a large num-
ber of galaxies could be identified as spiral, elliptical, edge-on, clumpy or
“other” types in a mostly automated fashion.
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6 Conclusions

In this thesis, we created three data sets: a high-redshift sample (HIGH)
from the GOODS-south field, a low-redshift (LOW) sample by matching the
comoving number density of the low-redshift galaxies, to the high-redshift
sample to find the possible progenitors and descendants. The samples were
divided into six redshift bins of ∆z ≈ 0.2 between 0.1 ≤ z ≤ 1.3 and further
into absolute magnitude bins of ∆M = 0.5. Then, the LOW sample was ar-
tificially redshifted using the FERENGI code, which spatially scales the im-
ages, dims the surface brightness and k-corrects the wavelengths. All three
samples were then classified according to the following classification scheme:
spiral, edge-on, elliptical, clumpy, double, chain, tadpole and “other”. Then,
the concentration, asymmetry and smoothness (CAS) parameters were cal-
culated for each galaxy. The results were evaluated by studying the distribu-
tions of the morphological types and the CAS parameters between redshift
bins and samples. Simple statistics were produced and compared to those
in previous studies. The following remarks were made:

1. The distributions of the morphological types in the LOW and HIGH
samples are consistent with those in previous studies.

2. In the HIGH sample, we found a high density of clumpy type galaxies
already in the nearest redshift bin of 0.1 ≤ z ≤ 0.3. This is contra-
dictory with previous redshift ranges for an appearance of clumps at
z & 0.5.

3. Our redshifting process seems to work as intended when compared to
previous studies using the FERENGI and KCORRECT codes.

4. Using the concentration parameters as a comparison to other studies,
we conclude that our redshifting works as intended. That is, they
behave in a similar way.

5. The LOW and SHIFT sample show a good correlation between class
and CAS parameters with spirals, edge-on, ellipticals and “other”
types. The less represented classes clumpy, double, chain and tad-
pole are difficult to measure due to very low numbers.

45



6. The HIGH sample shows a very strong correlation between class and
CAS parameters with spirals, edge-on, ellipticals, clumps and “other”
types and possibly can be used to quantitatively classify them.

7. Overall, galaxies at high-redshift seem to be genuinely less smooth and
more asymmetric than those at low-redshift and it is not only due to
the observational effects.

8. The main change in both the CAS parameters and morphological
types happens around z ≈ 0.55. At lower redshifts, only the number
of clumpy type galaxies at the HIGH sample is significantly different
to the LOW and SHIFT samples. At redshifts higher than z ≈ 0.55,
the morphologies and CAS parameters start to clearly differ from local
ones.

9. When considering the amount of clumpy galaxies in the HIGH sample,
we conclude that the Hubble classification scheme might represent
most of the massive galaxies only at z ≤ 0.55 and possibly even later
at z ≤ 0.3.

From these we conclude that indeed the CAS parameters can be a reliable
way of classifying galaxies and possibly better than visual classification, es-
pecially in the high and very high-redshift range. It also seems that large
star-forming clumps, not often observed in the local universe, might have
survived longer than previously was believed. It could be argued that the
redshifts of some galaxies are not correct, but considering the amount of
clumpy types in all redshift bins in the HIGH sample, even the ∼ 9% mar-
gin of error in the redshift determination can not change this result. Since
the galaxy morphologies seem to be genuinely different at high redshifts, ex-
tending the usual visual classification schemes to high-redshift galaxies is not
found very useful. CAS parameters are more objective, less time consuming
to determine and not affected by biases. This is a useful result considering
upcoming large surveys, such as the EUCLID/ESA and the James Webb
Space Telescope (JWST)/NASA, which will increase the amount of avail-
able data exponentially and the range of redshifts also.

To improve the work done we suggest the following:
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1. Use multiple classifiers to get better consistency in visual morpholog-
ical classification.

2. Study all band-pass filters in each sample to study how the filter se-
lection changes the results.

3. Use cumulative comoving number density to remove the possible stretch-
ing of the Schechter function in the high-redshift samples.

4. Refine the visual classes, for example discard the less represented types
(chain, double and tadpole). Also adding a bar component to the
spiral types as well as some rough division between early and late type
spirals.

5. Studying other quantitative parameters such as Sérsic indices and
Gini/M20 parameters (Abraham et al., 2003).

For a future project, studying the evolution of the clumpy types could be in-
teresting. This could be done by studying observations in the lower redshift
range from 0 ≤ z ≤ 0.55 for example, to find when the clumpy types actu-
ally “disappear”. Since the amount of data for lower redshift ranges is much
larger than for the higher redshifts, this could not be done manually, but
since we have shown that there is a possible quantitative way of distinguish-
ing morphological types of galaxies, this could be automated to evaluate the
evolution of clumpy galaxies as a function of redshift very accurately.
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A Tables

Classifications (LOW)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 128 140 145 145 148 146
ED 30 33 30 38 32 38
EL 35 34 32 29 31 23
CL 8 0 5 2 0 2
DB 4 2 1 1 1 3
CH 4 1 1 0 0 0
TP 1 1 0 0 0 0
OT 1 4 2 1 4 4

Classifications (SHIFT)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 136 123 125 98 91 62
ED 36 37 27 29 20 10
EL 27 22 18 15 9 16
CL 1 1 4 1 1 5
DB 3 3 1 2 0 1
CH 0 0 0 0 0 0
TP 1 0 0 0 0 0
OT 12 30 41 63 92 117

Classifications (HIGH)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 84 96 89 74 57 42
ED 19 17 21 26 13 6
EL 19 11 14 20 14 8
CL 60 48 47 50 72 86
DB 2 3 2 4 5 4
CH 4 5 7 6 13 13
TP 2 9 6 11 9 14
OT 17 21 22 23 29 33

Table A.1: Number of each morphological type in each sample (LOW, SHIFT,
HIGH) and redshift bin.
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Concentration (LOW)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 3.14 3.16 2.97 2.96 3.06 3.02
ED 3.40 3.45 3.07 3.26 3.15 3.29
EL 4.20 4.28 4.30 4.12 4.22 4.26
CL 3.09 3.24 3.03 2.81 3.12 3.01
DB 2.98 3.81 3.58 3.85 5.28 4.35
CH 2.94 3.00 3.00 3.25 3.12 3.55
TP 3.37 3.52 3.80 3.25 3.12 3.55
OT 3.60 2.86 3.29 3.59 3.56 3.66

Concentration (SHIFT)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 3.71 3.30 1.35 1.40 0.92 1.54
ED 3.73 3.01 1.29 2.12 0.72 0.97
EL 3.94 3.18 1.76 1.75 1.18 1.24
CL 0.08 4.07 1.15 0.16 0.42 2.29
DB 2.97 3.85 0.01 1.24 0.27 1.86
CH 0.48 5.64 1.68 5.36 0.27 2.32
TP 3.55 5.64 1.68 5.36 0.27 2.32
OT 2.64 2.62 0.96 1.06 0.90 1.12

Concentration (HIGH)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 2.83 2.83 2.75 2.74 2.70 2.67
ED 2.64 2.86 2.67 2.22 2.21 1.08
EL 3.66 4.16 4.33 3.98 3.97 3.31
CL 1.78 1.70 1.70 1.64 1.88 1.81
DB 1.11 1.19 2.21 3.24 2.33 2.35
CH 2.32 2.12 2.15 2.15 1.69 1.82
TP 1.62 2.34 2.03 1.90 2.71 1.97
OT 1.32 1.28 1.49 1.19 1.25 1.58

Table A.2: The concentration parameter of each morphological type in each sample
(LOW, SHIFT, HIGH) and redshift bin.
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Asymmetry (LOW)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 0.36 0.33 0.23 0.21 0.20 0.20
ED 0.41 0.36 0.26 0.24 0.22 0.23
EL 0.36 0.31 0.24 0.20 0.18 0.19
CL 0.42 0.46 0.43 0.34 0.28 0.38
DB 0.53 0.35 0.45 0.19 0.40 0.32
CH 0.43 0.27 0.27 0.31 0.28 0.17
TP 0.43 0.43 0.46 0.31 0.28 0.17
OT 0.56 0.38 0.39 0.47 0.20 0.24

Asymmetry (SHIFT)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 0.52 0.56 0.58 0.60 0.61 0.62
ED 0.50 0.55 0.58 0.60 0.61 0.63
EL 0.48 0.55 0.57 0.60 0.61 0.62
CL 0.49 0.56 0.60 0.61 0.61 0.62
DB 0.60 0.58 0.60 0.61 0.62 0.64
CH 0.58 0.61 0.61 0.62 0.62 0.63
TP 0.68 0.61 0.61 0.62 0.62 0.63
OT 0.55 0.58 0.58 0.59 0.61 0.62

Asymmetry (HIGH)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 0.42 0.43 0.43 0.44 0.44 0.48
ED 0.45 0.44 0.45 0.51 0.50 0.60
EL 0.22 0.25 0.28 0.32 0.34 0.41
CL 0.55 0.59 0.55 0.55 0.55 0.56
DB 0.60 0.58 0.48 0.43 0.48 0.52
CH 0.45 0.53 0.53 0.54 0.53 0.56
TP 0.62 0.50 0.57 0.58 0.51 0.58
OT 0.61 0.59 0.60 0.61 0.60 0.61

Table A.3: The asymmetry parameter of each morphological type in each sample
(LOW, SHIFT, HIGH) and redshift bin.
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Smoothness (LOW)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 0.22 0.19 0.11 0.09 0.09 0.09
ED 0.25 0.20 0.13 0.11 0.10 0.10
EL 0.24 0.19 0.15 0.11 0.10 0.12
CL 0.19 0.32 0.11 0.09 0.16 0.10
DB 0.17 0.18 0.05 0.07 0.07 0.09
CH 0.23 0.11 0.11 0.12 0.16 0.11
TP 0.30 0.30 0.25 0.12 0.16 0.11
OT 0.37 0.17 0.21 0.05 0.09 0.11

Smoothness (SHIFT)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 0.44 0.46 0.49 0.50 0.51 0.52
ED 0.42 0.46 0.49 0.50 0.51 0.52
EL 0.41 0.46 0.48 0.50 0.51 0.52
CL 0.29 0.45 0.49 0.51 0.51 0.52
DB 0.40 0.47 0.46 0.50 0.53 0.52
CH 0.49 0.49 0.50 0.52 0.53 0.52
TP 0.36 0.49 0.50 0.52 0.53 0.52
OT 0.45 0.48 0.49 0.51 0.52 0.52

Smoothness (HIGH)
Redshift 0.1-0.3 0.3-0.55 0.55-0.7 0.7-0.9 0.9-1.1 1.1-1.3

SP 0.20 0.21 0.21 0.22 0.22 0.25
ED 0.23 0.22 0.23 0.26 0.27 0.32
EL 0.10 0.07 0.11 0.13 0.15 0.20
CL 0.29 0.31 0.29 0.28 0.29 0.29
DB 0.26 0.30 0.25 0.20 0.24 0.27
CH 0.21 0.28 0.27 0.28 0.28 0.30
TP 0.33 0.25 0.29 0.31 0.25 0.30
OT 0.32 0.31 0.32 0.33 0.32 0.32

Table A.4: The smoothness parameter of each morphological type in each sample
(LOW, SHIFT, HIGH) and redshift bin.
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0.1 ≤ z ≤ 0.3 0.3 ≤ z ≤ 0.55 0.55 ≤ z ≤ 0.7
HIGH LOW HIGH LOW HIGH LOW
-20.5 -21.5 -20.5 -21.5 -21.0 -20.5
-20.0 -21.5 -20.0 -21.5 -20.5 -20.5
-19.5 -21.0 -19.5 -21.0 -20.0 -20.0
-19.0 -21.0 -19.0 -21.0 -19.5 -20.0
-18.5 -21.0 -18.5 -20.5 -19.0 -20.0
-18.0 -20.5 -18.0 -20.0 -18.5 -19.0
-17.5 -20.5 -17.5 -19.5 -18.0 -19.0
-17.0 -19.5 -17.0 -19.0 -17.5 -18.5
-16.5 -19.0 -16.5 -18.5 -17.0 -17.0
-16.0 -18.0
-15.5 -16.0

Table A.5: Matched absolute magnitude bins for redshift bins 0.1 ≤ z ≤ 0.7 for the
HIGH and LOW samples.

0.7 ≤ z ≤ 0.9 0.9 ≤ z ≤ 1.1 1.1 ≤ z ≤ 1.3
HIGH LOW HIGH LOW HIGH LOW
-21.5 -20.5 -21.5 -20.5 -22.0 -19.0
-21.0 -20.5 -21.0 -20.5 -21.5 -19.0
-20.5 -20.0 -20.5 -20.0 -21.0 -19.0
-20.0 -20.0 -20.0 -19.5 -20.5 -18.5
-19.5 -19.5 -19.5 -19.5 -20.0 -18.5
-19.0 -19.5 -19.0 -19.0 -19.5 -18.5
-18.5 -19.0 -18.5 -18.5 -19.0 -18.5
-18.0 -18.0 -18.0 -17.5 -18.5 -18.5

Table A.6: Matched absolute magnitude bins for redshift bins 0.7 ≤ z ≤ 1.3 for the
HIGH and LOW samples.


