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Abstract

Determining the distribution dark matter structures, allows for the cosmological model of our uni-
verse to be refined, testing the widely accepted A cold dark matter model. Specifically, studying the
distribution of small dark matter ’clumps’, also known as sub-halos, in strongly gravitationally lensed
systems seems to be an incredibly promising marker. Recent studies on this topic have focused on
combining simulated lensed images with neural networks, in order to test the potential of the network
in inferring the sub-halo mass distribution in these strongly lensed system. One of the most recent
such studies is that by Wagner-Cerena et al [1], the study focuses on the development of the neural
network and simulation methods. In this thesis, the dependence of this neural network on galaxy
morphology is tested, in order to verify the reliability of the neural network. Through testing of the
network performance with various morphological markers, it is established that galaxy morphology
does not have any effect on the neural network developed by Wagner-Cerena et al [1].



4 Chapter 1 INTRODUCTION

1 Introduction

Cosmology is one of the most fundamental subjects in all of physics, dictating exactly how our uni-
verse evolved into what it currently is. The basis of cosmological theory serves as the basis for all of
modern theoretical physics, as it details the manner in which the fundamental laws of nature became
what they are today. One of the main components in cosmological theories is dark matter, a mysteri-
ous type of matter which continues to elude the direct detection of modern physicists.

Various theories on the nature of this mysterious dark matter exist, and each one of them characterise
a different cosmological model, as the nature of this dark matter is crucial in the description of our
universe. For now, the most prominent theory of dark matter is the Cold dark matter (CDM) model.
This model gives rise to the most prominent model of cosmology, the ACDM model. The ACDM
model or concordance model, is incredibly well established, however, more evidence is required to
properly narrow down whether the CDM model should continue to serve as the basis of modern cos-
mological research [2][3]. Evidence for cosmological theories is unfortunately, quite rare, as the times
and scales in which the predictions of cosmological theories become significant are often too large to
be able to test [3].

Fortunately, there are some pieces of evidence on scales which are observable, one of these which
could allow to differentiate between the possible models of cosmology are low mass(< 10'°M,) dark
matter halos, or in other words clumps of dark matter. The various models of cosmology predict
different formation mechanisms for dark matter within the universe, and this leads to differences in
the distributions of these dark matter clumps as shown in figure (1) [4][5][6]. Detecting these halos
would allow a constraint to be put on the dark matter halo mass, restricting the possible cosmological
models as has already been done in the past [7]. In order to be able to effectively utilise these low
mass halos as an indicator, it is necessary to find a method of analysing them.

Figure 1: This image shows the simulated differences in halo formation in two different CDM and
WDM models. These simulations specifically show the dark matter halos inside dwarf galaxies such
as the Large Magellanic cloud. Image taken from [8]
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Detection using light proves difficult, since it is not known whether dark matter emits electromagnetic
radiation, and if it does then it is an incredibly small amount [9]. More precisely, methods involving
direct detection by observing the light emitted rely on the absorption of light by baryons in the halo
and being able to link the luminous emissions to the dark matter distribution. This process requires
very intricately and precisely modeling baryonic physics, a step which creates large uncertainties[10] .

Due to the uncertainty of detection by direct emission via light, the most prominent method to detect
these low mass halos is via strong gravitational lensing. Strong gravitational lensing is a phenomenon
first predicted by Einstein from his theory of general relativity [11], the idea is that an incredibly
massive object causes the light from an object behind it to be distorted. This phenomenon causes the
observer to see a highly distorted version of the original image. The low mass(< 10!°M,) halos are
observed as sub-halos of larger lenses. The presence of these sub-halos cause perturbations in the
final lensed image, which can then be detected by analysing the image[1]. This method also gives
a complete gravitational profile of the sub-halo, allowing for a precise determination of it’s mass
distribution. Furthermore, with the number of observable strong lenses growing, as more powerful
telescopes become operational, the potential of this method in determining dark matter parameter
constraints is evident [12] [13].

When studying strong lensing, the main parameter of interest is the mass distribution of the sub-halos,
also known as the sub-halo mass function (SHMF) [1] [14]. The sub-halo mass function, as stated
above is essentially a function describing the mass distribution of these smaller sub-halos. An example
of a sub-halo mass function, and how different dark matter models can apply different constraints on
these distributions is shown below:
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Figure 2: Diagram showing the sub-halo mass function (on the y-axis) as a function of halo mass,
given in solar masses. Two different dark matter models are shown Warm dark matter (WDM) and
cold dark matter (CDM). Three different redshift values are shown for the cold dark matter model as
the time of formation effects the SHMF. The my,,, variable is called the half-mode mass, a parameter
utilised to describe the interactions of dark matter. Image taken from Gilman et al ([15])
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Constraining the value of the SHMF could be an incredibly important tool in being able to find de-
viations from the CDM and hence test the long standing concordance model of cosmology [5] [6].
There are two main approaches for determining the SHMF, direct detection and statistical detection
[10] [1]. Direct detection consists of detecting the signal of the individual sub-halos in a strongly
lensed image, returning quantities such as the amount, mass and position of the sub-halos in the
strong lensing system [10] [16]. However, this method of detection is difficult to scale to more mas-
sive sub-halos. This scaling results in the model ignoring the thousands of sub-halos with masses of
107-10%. In addition, to be able to determine the SHMF from one single detection means using sig-
nificant assumptions about the population of these sub-halos. These reasons are why more and more
statistical detection is becoming the standard method of approaching strongly lensed systems [17] [1].
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Figure 3: Diagram showing components of the strong gravitationally lensed systems analysed
throughout this thesis. The image on the right is the source galaxy, the light from the galaxy is
then distorted by the strong lens giving the final observed image. The scale on the bottom shows the
redshift values as the image shows a highly compressed version of the actual physical process taking
place. Image taken from [1]

Statistical detection is based on modelling the parameters of a population of sub-halos within the sys-
tem rather than directly detecting the signal of each individual sub-halo. This method of modelling
reduces the amount of free parameters in the system, reducing the overall computing power required.
This allows for more massive sub-halos, and in general for more focus on parameters, such as the
SHMEF, which are of most interest for being able to determine the model of cosmology present [1][18].

Within the statistical detection framework, there are two main methods to model and subsequently
analyse the dark matter sub-halo population. The most common method is the approximate Bayesian
computation (ABC), in which data is generated by utilising prior probability on the parameter space,
a more thorough description of the ABC method can be found in the papers originally responsible for
developing this method [19][20] . However, this method has significant downsides, such as the fact
that ABC inference cannot be scaled to large datasets. This means that each individual lens requires
a significant number of simulations to yield meaningful results. Furthermore, it means that analysing
image datasets using the ABC method, requires reducing the images hence discarding some of the
data. Due to these problems, the main method used in recent years shifted towards utilising neural
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networks as density estimators [21][22][23].

Neural network based density estimators utilise a neural network which has been trained on a specific
training set, to then predict certain parameters based on the input data. The way in which the neural
density estimators work is highly favorable, as they allow for a detection method which is not only
completely scalable, but which also makes full use of the information in the given image. This method
has been put to the test several times recently, most notably in the papers by [1] [24], these papers
have shown just how effective this method can be in constraining the SHMF.

Specifically, in this thesis, the focus will be on the paper published Wagner-Cerena et al [1], which
produced significant results, and showed how powerful this method can be in analysing strongly
lensed systems. In early iterations of the neural network developed in this paper, it was noted that
most of the worst performing galaxies seemed to be spirals. Exploring the motives behind this under-
performance could prove crucial in determining the limits of the neural network developed so far.
There are several possible explanations as to why certain galaxies perform better within the neural
network than others. One of the most interesting explanations, and the one which will be investigated
in this thesis is the morphological profile of the specific galaxy. More precisely, the expectation is that
how smooth a galaxy is could have an impact on the predicting power of the neural network. This is
hypothesised, as the high luminosity regions which characterise not smooth (or ’clumpy’) galaxies,
could lead to an effect where the chaotic morphology of the galaxy is construed with the effect of
several sub-halos bending the light of the galaxy[1].

RCCIEY

Figure 4: Mosaic of various of the galaxies analysed in this thesis. The images are plotted utilising
flux per pixel values of the galaxies, the brighter areas show the areas with higher flux per pixel. The
galaxy images are made utilising the galsim package, which contains images of the HST made using
the advanced camera for surveys(ACS) in the F814W filter .The variety in the morphological structure
of the galaxies is evident.

More specifically, the focus is put on two main parameters which are related to the ’clumpiness’
of a galaxy, namely, the Sersic index (n) and the CAS parameter for clumpiness (denoted by S)
[25][26]. In essence, the following questions will be the focus of this thesis: How does simulation
based inference respond to different galaxy morphologies ? Does the Sersic index of a galaxy hinder
the effectiveness of the neural density estimator method ? How does the neural network respond to
galaxies of differing clumpiness ? To do this, the simulation methods and neural network utilised
in the paper [1] will be used. Subsequently, a relation will be established between morphological
parameters and the performance of the network.
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2 Background Literature

2.1 Strong Gravitational lensing

The basis of this thesis is built upon the simulations carried out in the paper ([1]), and hence, the
theory behind the methods utilised to simulate the lenses is the same as that explored in the paper.
Both the simulation methods and the neural network used to analyse the simulations in this thesis
are directly taken from the paper by Wagner-Cerena et al ([1]) . More specifically, in the paper to
simulate the strongly lensed images, the components of the strong lens, such as the main deflector,
the sub-halos and the line of sight halos, were separated and distinct parameterizations were used in
order to physically represent each of them.

2.1.1 Main Deflector

The most significant component in a strong lensing system is of course, the main deflector. To rep-
resent the main deflectors in the simulations, the mass parameterization utilised is the power-law
elliptical mass distribution with external shear. This type of profile is thoroughly described in the
works of Tressore et al ([27]) and Kormann et al ([28]) the fundamental equation of the PEMD is :

'Ylensfl
3— Yiens O
2

K(r,y) = 2 (1)
y
Glens

qlensx2 +

Where, X,y are the x-y coordinates defined along the major and minor axis of the main deflector, Y;¢s
the logarithmic slope, O the Einstein radius and ¢;,,,; the minor major axis ratio[28]. Due to the fact
that in order to obtain x and y values we must define a coordinate axes along the minor and major axes
of the main deflector, there are in fact, 3 additional parameters to fully describe the profile. These
three parameters are, the x-y positions of the center x;,,; and yj.,s, and the main deflector rotation
angle ¢lens~

This is gives the surface mass density of the lens k, which allows for a full description of the main de-
flector in simulations. The external shear component of the PEMD is added on later, and is described
by the parameters Y.y, and Qg [29]. An issue arises from using ¢;.,s and .y, since they are cyclic
parameters (i.e. since they are limited to a range O to 27 they repeat) , to avoid this issue, the angles
are expressed in terms of eccentricity and ellipticity of Cartesian coordinates[29]:

I— qlens
= T 2 2
€1l 1+C[lens COS( q)lens) ( )
1— Glens .
er = ———sin(2 3
2 1+ ions ( q)lens) ( )
Y1 = Ylenscos(zq)ext) )
Y2 = ’YlenSSin(2¢ext) (5)

These equations allow for the cyclic parameters to be expressed in quantities which are not cyclic, but
rather standard non repeating variables.

The last crucial step in parameterizing the main deflector, is the mass of the main deflector, my,,
which is described by the My definition as established in the paper by White ([30]).
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2.1.2 Sub-halos

The sub-halos are the main focus of this paper, as it is the sub-halo mass distribution that is the most
interesting for comparing cosmological models. The parameterization for the mass distribution of the
sub-halos inside the strong lensing system is:

2 Ysub
d NSMb — b msub (6)
dAdm su Ysub+1

sub mpivot,sub

Where, X, is the normalization of the sub-halo mass function (SHMF), my,; the sub-halo mass,
which is once again modelled according to the work of White ([30]), and dA the differential area.
This model was made uniquely for the simulations utilised in the paper by Wagner-Cerena et al ([1]),
however it is based off of the parameterization utilised by Gilman et al([15]). The sub-halos are
generated within a specific mass range set by the boundaries {mmm subs Mmax, sub} [1].
Equation (6) specifically describes the number density of the sub-halos, and how the mass of the
functions is distributed in the simulations. The individual sub-halos also have a specific model in
the simulations however, whose model is given by a truncated Navarro-Frenk-White (NFW) radial
density profile, a model taken from Baltz et al [31]. The NFW profile is essentially a profile for the
mass distribution of dark matter given by:

Psub r [2
r <1+;>27‘2+7‘t2

T's,sub T's,sub

(7

PNFW (r) =

Where pyrw, is the density function, r; g, is the scaling radius, py,, is the amplitude of the NFW
function, r is the radial position and r; is the truncation radius. The traditional NFW profile is a
great representation, however it leads to potential infinities, which is why a truncated NFW profile is
utilised. This type of profile limits the radius to the truncation radius which stops the function from
reaching infinity[31].

Both the ry s and the py,;, quantities are quantities which are calculated utilising the functions for the
sub-halo mass myg,; and the sub-halo concentration cy,;,. The sub-halo mass is simply calculated from
equation 6, while the concentration of the sub-halo is calculated using the median mass-concentration
relation established in Gilman et al ([32]). The equation for the concentration and the details behind
how the variables in the NFW truncated profile relate to the mass-concentration are specified in the
appendix B and in the original paper [1] .

In order to make the simulations less computationally expensive, the sub-halos themselves are only
generated within a radius of 3 times the Einstein radius of the main deflector. This has a negligible
effect on the actual signal, and hence is only done to reduce computation expenditure[1]. Another
crucial aspect is that the sub-halos are constrained with z coordinates in the range of [-R>00¢, R200c],
where Ry is the minimum radius in which the enclosed halo mass has a density 200 times pi.
Where, p.,i; is the critical density of the universe at the redshift corresponding to the halo. Outside
of this radius halos are considered line of sight halos, another important component of the simulations.

A more detailed description of the details behind the theory underlining the simulation of the sub-halo
parameters is found in the paper in which these simulations are originally developed ie Wagner-Cerena
etal ([1]).
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2.1.3 Line of sight halos

Line of sight halos were ignored in many early galaxy-galaxy lensing studies[33], as their contribu-
tion was thought to be negligible compared to the signal produced by the sub-halos.

However, recent studies [10][16] have shown that their contributions could be much larger than previ-
ously thought, comparable to the signal of sub-halos. Due to the fact that fundamentally line of sight
halos and sub-halos are very similar, LOS halos are also individually described by a truncated NFW
profile[1]. In general, the theory behind simulating the individual LOS halos is almost identical to the
theory simulating the sub-halos. The distribution of the LOS halos differs however, as the LOS halos
in general are represented by a modified Sheth-Tormen halo mass function[34]:

d*Nios
dv dmlos

Bl 4 Eanal ) [ ]
= los 2 halo\7; "host ;s Zhos s 1 .

oS alo ost ost dV dmlos ST

In this equation, J;, is a scaling parameter for the LOS mass function. The &y, factor comes from
the two-point correlation factor, which essentially measures the clustering of the halos, it is a function
depending on the redshift, mass and radius of the host. Finally the last term is the classical Sheth-
Tormen function as described in the original paper by R.K Sheth. et al([34]) [1].

In order to properly represent the line of sight halos, they need to be distributed over a range of red-
shifts, from [Z,in 105 3 Zsourcel, OVer this range the redshifts are separated into bins of size A .. In each
one of these bins equation (8) is applied, with the equation shifting for each bin due to the dependence
of 410 ON the redshift [1].

Furthermore, there is also a constraint placed on the x and y coordinates of line of sight halos based
on the value of the redshift. This constraint is given by the fact that these halos are by definition
constrained by the line of sight. Hence, the x and y coordinates are constrained by a cone following
the manner in which the light from the source travels [1].

2.1.4 Sources

Another important aspect in the simulations utilised by Wagner-Cerena et al ([1]) is the sources
utilised. The sources are particularly important because unlike previous studies [35][36] the study
on which this thesis is based utilises real sources taken from the Hubble space telescope (HST) [1].

More specifically, the sources are taken from a set of real galaxy images taken by the HST COSMOS
survey using the advanced camera for surveys (ACS) F814W filter between October 2003 and June
2005. From this larger dataset of images, those of the COSMOS dataset, included in the GALSIM
package are utilised [37] [38]. These images are then restricted based on parameters such as the
minimum cutout pixel size, faintest apparent magnitude, maximum redshift, which allow for only the
most appropriate images to be selected. In total this gives 2262 different sources to be lensed [1].
The light from the source is then obtained by using the Astropy interpolation package to preform
a linear interpolation of the light. Throughout this process, the model keeps the size and absolute
magnitude of the galaxy the same as that of the original COSMOS image, this is done by scaling the
magnitudes based on the redshift values of the source, and then converting the electron count values
of the ACS from the original image to electron counts for the target detector.
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2.1.5 Datasets

All of the variables involved in the generation of the images, allow for a multitude of different con-
figurations for image generation. In the paper ([1]), three main different datasets are identified: the
training dataset, the validation dataset and the test datasets.

The training and validation datasets have the same fundamental configurations, with the only dif-
ference between the two being the galaxies used, while all of the 20 test datasets have a number of
differences, mainly the SHMF, for which:

Msub training — 2. 10_37 Msub test = 2- 10_4 - 1. (9)

In which ug,;, indicates the mean value of the SHMF and i is the number of the test dataset, i.e. the
fifth dataset would have a mean of 1-1073. The difference in galaxies utilised arises from the fact
that the training dataset was utilised for training the xResnet34 neural network, while the validation
and test datasets were used to obtain data. This separation is important, as it means that when the
neural network is used to obtain data, it is ran on images that it has not seen before, and hence is
unfamiliar with. Out of the 2262 original galaxies, 2163 are reserved for the training dataset while 99
are reserved for the validation and test datasets [1] .

2.2 Galaxy Morphology

The other main aspect of this thesis aside from galaxy-galaxy lenses is galaxy morphology. Tradi-
tionally, galaxy morphology and classification has been a very subjective process, this is evident from
the fact that the main classification models, i.e. Hubbles tuning fork [39] and De Vaucoleurs system
[40], are both deeply reliant on human interpretation [41].

The main focus of this thesis is the inhomogenetiy of these various galaxy types, as the main hypoth-
esis is that more inhomogenous galaxies could cause the prediction process of the neural network
to be less accurate. In order to establish whether there is a relation between this inhomogenetiy or
"clumpiness’ it is crucial to establish more quantitative galactic parameters that can be used to sys-
tematically classify galaxies. These quantities are necessary as the classical classification models, are
difficult to apply computationally due to having relatively approximate definitions, depending largely
on interpretation. The two classification models chosen for this quantitative analysis are the CAS
classification model[25] and the Sersic profile[42], both of these provide a precise quantitative man-
ner of classifying galaxies, and crucially, they allow for inhomogenous galaxies to be distinguished.

2.2.1 CAS metrics

The main concept for this thesis is the *clumpiness’ of a galaxy, by clumpiness it is meant a galaxy
which has high intensity regions outside of the main central bulge, the more of these regions which a
galaxy has the more 'clumpy’ a galaxy is. This is the main concept as, the hypothesis of this thesis
is that the *clumpiness’ of a galaxy could cause the neural network some problems, causing it to give
less accurate Xg,;, values. The most common index utilised to quantify the clumpiness of a system
is the clumpiness metric of the CAS morphological classification model, a model first developed by
Conselice et al ([25]).
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The essence behind the CAS clumpiness metric is to isolate the high frequency elements (the *clumps’)
by subtracting a smoothed version of the image from the original image. The reasoning behind this
is that the smoothed image leaves the non clumpy parts of the galaxy unchanged, while smoothing
out the high frequency elements that are of interest. The result is then an image in which only the
high frequency components are highlighted[25]. The precise computational definition of the high
frequency clumpiness parameter is [25]:

NN (I.._I)_B
s=10 Y ey = 12y) = Boubx (10)

y=1,1 Ly

Where I, is the flux of the original galaxy image, Igy the flux of the galaxy when put through a
smoothing filter of width ©, By, x, is the flux of a region of the background of size equal to the
galaxy subtracted by a smoothed version of that same background, while N is the size of the galaxy
in pixels.[25][43]

In essence, first the smoothed and unsmoothed images are subtracted to obtain a map of the high
frequency clumps, and then subsequently, the background is subtracted in order to remove any noise.
Subsequently, the clumpiness parameter is normalized in order to achieve a value of S which lies

between 0 and 1. [25]

Figure 5: Comparison of a galaxy before and after the reduction process used to find CAS clumpiness
as described in the paper by Conselice et al [25]. The plots are made utilising the flux per pixel
values, utilising a linear normalization. The brighter areas representing the high intensity regions.
The reduced image leaves behind only the main clumps outside of the central bulge

To obtain the smoothed image, it is necessary to apply a Gaussian kernel smoothing to the image, the
width of this smoothing is given by:

Gsmoothing =03 I’(T]) (1 1)

The r(n) denotes the Petrosian radius(i.e. The radius at which the ratio of the local surface brightness
in a ring of radius r to the mean surface brightness within r is equal to 1), the specific value of eta can
be varied based on exactly what portion of the galaxy is probed, and in which region the clumps are
assumed to be located. Before preforming this calculation for S, it is necessary to set all the negative
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flux values from the numerator to 0, and crucially to ignore the central bulge, as this would cause an
increase in S due to the high frequency nature of the bulge. [44][25] [43]

2.2.2 Sersic Index

The other parameter utilised in this experiment to classify galaxies based on their morphology is the
Sersic index (n) which is a specific component of the Sersic profile of a galaxy, given by[45]:

I(R) =1y e k" (12)

In which I is the intensity of the emitted light, R is the distance from the center and k is a constant
given by the half-light radius of the galaxy(ie the radius which encompasses half of the galaxies total
light emissions) [45]. The index dictates how luminous the central bulge is relative to the rest of the
galaxy. This is incredibly useful in differentiating between ellipses and spirals, as in most cases the
elliptical galaxy will be composed of almost uniquely its central bulge, while spiral galaxies tend to
be less bulge dominated, thus spirals will have a much lower Sersic index in general [46].

More importantly for the purposes of this thesis, the Sersic index be used to distinguish between
"clumpiness’ of galaxies, as more clumpy galaxies will have more luminosity being generated by
areas which are not the central bulge. This is because ’clumps’ are simply areas of high light in-
tensity, and having high light intensity patches means that the bulge luminosity to total luminosity
ratio decreases. This working principle has already been applied in several papers such as Elmgreen
et al. ([26]) where a clear relation was found between clumpier galaxies and lower Sersic indices.
The Sersic index is less reliable in being able to classify clumpiness compared to the CAS metric, as
the Sersic parameter is not specifically designed to quantify the clumpiness of a galaxy, and hence is
influenced by other factors, for example, in general more luminous galaxies will have larger Sersic
indices even if they are not as clumpy as some lower luminosity galaxies. [47]
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3 Methods

3.1 Simulations

The first step in being able to establish whether the clumpiness effects the performance of the neural
network is to generate the images. Two different datasets were utilised throughout these simulations,
as obtaining the original dataset utilised in the paper [1] proved impossible. The first dataset is com-
posed of 12370 images generated utilising the training configuration galaxies. The other dataset is
generated utilising the validation configuration, and contains a total of 99 different galaxies. Using
a different dataset than the training dataset could prove useful, as since the network is trained on the
training dataset it is *familiar’ with the galaxies used.

After the generation of these images, the xResnet34 neural network was run on the images, allow-
ing the neural network to make predictions on the parameters of interest. To run the network, the
bendorbreak package was utilised, in similar fashion to how it was implemented in the original paper
by Wagner-Cerena et al [1] .

After the neural network is ran, all of the necessary data is available. The truth values are extracted
from the metadata files generated with the images, while the predicted values and errors in the pre-
dicted values are found in the npy files generated by the neural network.

More specifically, the metadata of the images is used to extract the catalog index of the galaxy and
the true SHMF values, while the network files are used to extract the predicted SHMF values and the
errors in these predicted values. The galaxy index values are particularly important because they al-
low for more metadata to be obtained via the COSMOS galaxy catalog contained within the GalSim
package, this allows for the half light radius to be determined, a step which will be crucial for the
clumpiness calculation.

Using the values of the true X, and the predicted Xy, it is possible to then determine the systematic
error, which is ultimately one of the two manners in which the neural network performance will be
analysed. The specific equation utilised to obtain the systematic error will be the following:

Gsystematic =< Zsub,prea’iction - Zsub,truth > (13)

Additionally, as another measure of the performance of a certain galaxy within the network, the
random error, or spread in the values is also calculated. This is done, as for certain galaxies it could
be the case that although the systematic error is low, the spread is large, hence measuring only the
systematic error would not be an adequate measure of the performance of said galaxy in the network.
The spread is calculated utilising the root-mean square error:

Goms = /< (Spred — Srun)? > (14)

Before performing any calculations however, the galaxy index values are used to restructure the data
of both the predicted and true X,;, values. This is done in order to be able to group images of the same
galaxy together, as in order to reduce the number of total data points, images of the same galaxies
are averaged giving the mean performance of said galaxy. The intent behind averaging these images
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together is to allow for a more precise description of how one specific galaxy will perform in the
network, as if only one image per galaxy was used then the galaxy’s performance could be misrepre-
sented . Furthermore, this method also allows to avoid plotting all 10k images and having a significant
number of overlapping clumpiness values with differing error values.

Subsequently, it is necessary to shift the predicted SHMF values as, as highlighted in the paper [1]
the neural network predicts the SHMF rather poorly, resulting in a distribution clumped around the
mean value of 2- 1073, This is shown in figure(6, where instead of a distribution resembling the one
for X, the predicted values are clumped around the mean. This step also serves as a test to verify
whether the utilised dataset is compatible with the neural network or not, as if the predicted values are
significantly off of the expected mean value the neural network is not predicting the values as it should.
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Figure 6: Graph from the paper by Wagner-Cerena et al [1]. In the upper section, the predicted SHMF
are plotted against the true SHMF.On the bottom the difference between true and predicted values are
plotted against the truth values.The colormap represents the differences between the truth value of the
points and the mean.

In order to fix the prediction of the neural network, the values of the predicted SHMF are shifted by
modifying the line of best fit to be equal to a straight line of slope 1. This is done by adding the
difference between the original line of best fit and a line of slope 1, this process is then repeated until
the line of best fit overlaps with the line of slope 1. To apply this process to the points as well, the
points are associated with a segment of the best fit line, and then the same shift that would be applied
to that segment is applied to all the points in that segment.

Finally, each image is analysed to determine the nature of the galaxy with which the image was gen-
erated. This is done in two different methods, as throughout this project, two different morphological
parameters are used to try and establish a connection between neural network performance and galaxy



16 Chapter 3 METHODS

morphology.

3.1.1 CAS Parameters

The most significant of the two morphological parameters is the clumpiness index as defined in the
CAS classification system. In order to calculate the COSMOSclass function is utilised, as not only
does it allow for the plotting of images, but it has a built in smoothing function, which allows for
smoothed images to be obtain rather straightforwardly. The smoothing is crucial, as in the equation
for the clumpiness index:

N.N
Yooy — I3y — Bab x,
S=10 x,y=1,1 );]y.]\] xy SUBXY (15)
Zx,yzl,l Ly

Both By, x,y and Igy require smoothing. The smoothing in the COSMOSClass dictionary, also al-
lows for modification of the size of the smoothed area, which is necessary for the procedure to obtain
the smoothed image. In the original procedure for the clumpiness metric, a smoothing size equal to
0.3-r(n), the r(n) value can be modified to best isolate certain clumps. The simplest way to do this is
to let ) be equal to 0.5, and utilise the half-light radius. However, using the half light radius resulted
in clumpiness values which were too high for all kinds of galaxies, meaning that the high intensity
clumps were not being isolated. To fix this issue, the factor of 0.3 was instead replaced with a factor
of 0.05, this has a similar effect to utilising a smaller Petrosian radius, giving values in the range
described by [25]. This specific choice of coefficient was given by the method utilised in the paper by
Hambleton et al [43].

To obtain the background image, a part of the background is taken, and then this part is stretched so
as to be the same size as the image of the galaxy. This step is necessary, as otherwise it is impossible
to subtract the background image from the image of the galaxy.

Before subtracting the smoothed and unsmoothed image some steps are taken. First of all, it is nec-
essary to convert the image into flux per arcsecond. This is because the definition of the clumpiness
index relies on the fact that the image is expressed in flux per arcsecond, while the image provided by
the drawsource function of the COSMOSCatalog is expressed in flux per pixel. To convert from one
to the other, it is sufficient to note that all the generated images are generated with 0.03 arcseconds
per pixel[36], hence:

I)?,,;.second —0.03- If,;xd (16)

In which I;‘S,C“e""”d is the image in flux per arcseconds and I ;xd is the image in flux per pixel.
Subsequently, low size and high noise images are filtered out, this is because this effects the clumpi-
ness metric, as a galaxy with very few ’clumps’ could be found to have large clumpiness values
simply because of the significant amounts of noise in the background. In theory the B term in 15
should remove this effect, but at very low resolutions (i.e less than 100 pixels), the background noise
is significant enough that even subtracting the background does not completely eliminate the noise.
The specific size ’limit” of more than 100 pixels in size, as for values below this limit, when galaxy
images were plotted, all of the images were entirely covered by background noise.
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Finally, the negative flux values of the images must be replaced by 0, as these values are simply a
result of over-subtraction and the central bulge must be removed. The removal of the central bulge
is necessary in the process of calculating the CAS clumpiness index as leaving it would leave a high
intensity region which would contribute to the final clumpiness value. In order to remove the center,
the pixels with the highest flux were removed, to make sure that the number of pixels corresponded
to the center and did not include other high intensity areas, the half light radius was used once again.
The half light radius is a good representation of the radius of the central bulge region of the galaxy,
and hence removing all of the pixels within 2 - rq; r—jign: 18 @ good estimate of removing the central
bulge.

3.1.2 Sersic Index

The other variable utilised to quantify the ’clumpiness’ of a galaxy is the Sersic index. The process
for determining the Sersic index is far simpler than that for determining the CAS clumpiness index.
More specifically, to obtain the values of the Sersic index, the galsim package is utilised as it auto-
matically carries out a Sersic fit on the galaxy images, and returns a value for the Sersic index. Each
of these galaxy images is indexed by the previously determined galaxy index, hence simply extracting
the specific Sersic index corresponding to the galaxy source index gives the final value.

In order to filter out the galaxies for which the Sersic model may not have been applied perfectly,
a filter is applied utilising another in built variable, namely, the FIT _MAD_S variable. This value
describes the median absolute deviation from the Sersic fit, hence filtering with this variable allows
for the galaxies with a poor fit to be excluded.

3.2 Data Analysis

After having obtained all the values for the required variables, it is necessary to analyse the data and
determine whether there is a link between clumpiness and the performance of the neural network or
whether the two are independent.

Several methods are used to try and establish the relationship between the clumpiness index and the
performance of the neural network. The first method will be to simply plot the best and worst per-
forming galaxies in terms of the systematic and root mean square error. This serves simply as an
initial visual test as to whether differing galaxy shapes may effect the error values. Although this
method is more of a qualitative comparison, it still could prove valuable, as morphological analy-
sis of galaxies has historically always been a very vision based topic. This is due to the previously
mentioned concept that galaxy classification is something incredibly dependent on interpretation[41].
Hence, plotting the images could allow for patterns to be found that an analytical system could not.

In order to plot these images, the drawsource, function is utilised, allowing for galaxy images to be
plotted. The final plots are of galaxy images with a colormap given by the normalized counts per pixel
found in the original image. This process will be carried out for the 4 best and 4 worst performing
galaxies, i.e. the 4 galaxies with the largest and smallest error values. In addition, before plotting all
the negative flux values are set to 0, as negative flux values are simply a result of the image pipeline
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and have no physical meaning.

The main statistical method utilised to determine whether there is a relation between the two variables
is a scatter graph along with two separate correlation. This method involves simply plotting the direct
clumpiness values against the error values, a line of best fit with a large slope would show a relation-
ship between the two and hence establish whether the two values are related. The fitting of the line
of best fit is carried out utilising the np.poly fit function from the numpy package, this function was
chosen as opposed to the scipy curve fit function as the numpy function was easier to implement into
the code, changing from one function to the other should yield no significant differences.

In conjugation with the line of best fit, the Pearson and Spearman correlation coefficients between
the data was established. This was done by utilising the scipy.stats library, which calculated not only
the correlation coefficients, but also the p-values associated with these correlation coefficients. The
p-values essentially give the data being distributed in the manner it is given that the null hypothesis is
true. This means that the smallest the p-value the greater the likelihood of there being a correlation.
The general accepted threshold for p-value is of 0.05 [48]. The coefficients themselves measure the
strength of a linear correlation (Pearson) and a non-linear correlation(Spearman), these values range
from -1 to 1. A value of 1 indicates there is a strong positive correlation while -1 indicates a strong
negative correlation [49]. The error in the coefficients was given by the definition of the standard error
[50] :

7)

3.3 Error analysis

A crucial part throughout the analysis of the obtained data is determining the errors of said data before
plotting.

The Sersic index as previously stated, has an error value in built in the metadata of the galsim COS-
MOS images. This error is simply given by the FIT _MAD_S variable, which gives the median ab-
solute deviation between the Sersic fit and the image. Since each point plotted will be an individual
galaxy, and the Sersic error is constant for each galaxy, the error values can simply be extracted from
the metadata and directly utilised.

For the other variables more work is required in order to derive the error values, as the equations for
the errors are not easily derivable.

As previously stated, two main performance parameters utilised throughout this thesis, the systematic
error and the spread. In order to determine the error in the systematic error, the formula for the
standard error of a mean was utilised. This is because the final points plotted will be the points given
by the mean of a set of images of the same galaxy. Hence, in order to determine the error in this final
mean error, the standard error formula will be utilised:

Osid
VN

In which N is the total number of images of that one galaxy and oy, is the standard deviation of the

error =

(18)
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set of systematic errors.

For the other parameter, defining a formula for the error proves significantly more difficult. As such,
the bootstrap technique for determining errors is implemented. This method consists of estimating
the standard error values utilising small datasets, such as the set of images of each individual galaxy.
In essence the small dataset is resampled a large number of times, specifically 10000 for these errors,
and the standard error is then calculated using the standard deviation. Using this method allows for
the errors of quantities whose error values are difficult to calculate to be calculated.

The clumpiness index proves even more complicated, as the dataset size for the clumpiness index is
only 1, as images of the same galaxy will clearly have the same clumpiness value. This impedes the
utilisation of the bootstrap method. Therefore, the calculation of the error is based off of the limited
pixel resolution and the limited flux values given in the metadata parameters. More specifically, an
uncertainty in the I and B values in the formula 10 equal to the resolution error in the flux values.
This error is then propagated utilising the partial derivative error propagation formula:

AS = \/(N-?)H(M-%)z (19)

This then gives the final error value of the CAS clumpiness parameter.
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4 Results

4.1 Training dataset

First of all, the training dataset was tested. This dataset contained 2163 different galaxies in 12370
different lensed images. The bias in predicting the SHMF was the first variable tested, this bias was
calculated by taking the average error between the predicted SHMF and the true SHMF for each
galaxy.

4.1.1 Bias

Initially, the bias was plotted against the CAS clumpiness index yielding figure (7). This figure shows
a line of best fit with a slightly decreasing slope, potentially indicating a slight decrease of bias as
the clumpiness index increases. However, the error in the line of best fit was important, seemingly
indicating that there might be no relation at all, as the graph gave a slope of -0.2 with an error of 4-0.1.
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Figure 7: Plot showing the SHMF bias against the clumpiness index, the red line is the line of best fit.
Each individual point represents one single galaxy, for which multiple images are generated within
the dataset, the bias is plotted utilising the formula described in the Methods section.

The non-correlation between the values is further supported by the obtained p-values for the Pearson
and Spearman correlation coefficients. These p-value both lie above the typical threshold utilised to
establish correlations of 0.05

Ppearson = 0.26, PSpearman — 0.27 (20)

While the p-values are low and may indicate at best a weak relation, they are not significant enough
for a clear relation between the clumpiness index and the bias.

The Sersic index similarly showed no relation to the bias in the SHMF. This is shown clearly in the
graph (8), for which the best fit line is almost completely flat. Specifically, the line has a slope of
~5-103£7-1073
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Figure 8: Plot showing the SHMF bias against the Sersic index, the red line is the line of best fit.
Each point is a single galaxy within the training dataset. The Sersic indices are obtained utilising the
metadata of each galaxy image.

This is further consolidated by the p-values of the correlation coefficients, which yielded values even
higher than those obtained in the plots of the CAS clumpiness index:

PPearson = 0567 PSpearman = 0.63 (21)

These values are even larger than those established for the CAS clumpiness index indicating no rela-
tion at all between the galactic morphology and the bias.

After this an attempt at establishing a relationship was made by plotting the galaxies with the highest
difference between the predicted and true values. The images plotted were the following:
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Figure 9: Image plots made utilising the normalized flux per pixel values, as indicated on the colorbar.
Since the colorbar is normalized for each image the values are different for each image. The 4 galaxies
shown are the 4 galaxies with the largest differences between the predicted and true SHMF values

The images show the intensity of light radiated by different parts of the galaxies, with the colorbar on
the right of the images indicating the normalized flux/pixel as observed by the HST.

This was also done with the best performing galaxies to see if any evident differences between the
two groups were visible.
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Figure 10: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the smallest differences between the predicted and true SHMF
values.

The plotted images of the best and worst performers (9 and 10) give a similar conclusion as that drawn
from the other indicators, namely, no relation can be established, as there is a variety of galaxy shapes
in both the best and worst performers.

4.1.2 Random error

Similarly to the bias, the random error also seemed to show no clear relation to any of the morpho-
logical parameters.

For the clumpiness index, this is visible in the graph, as the line of best fit is very nearly flat indicating
at most a very weak relation
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Figure 11: Plot showing the SHMF spread values, as described in the methods section against the
clumpiness index, the red line is the line of best fit. The line of best fit is calculated utilising the
np.poly fit function.

This non correlation is consolidated by the p-values, which once again lie significantly above the
threshold required to establish a clear correlation between the two quantities:

Ppearson = 0.31, PSpearman = 0.49 (22)
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The correlation between the Sersic index and the spread seems to be exactly the same as that between
the clumpiness index. Specifically, the sersic index shows no clear correlation at all, this is shown in
figure (12):
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Figure 12: Plot showing the SHMF spread values, as described in the methods section against the
Sersic indices, the red line is the line of best fit. The line of best fit is calculated utilising the np.poly fit
function.

The line of best fit is almost completely flat, and no relationship at all is visible in the data. This is
also supported by the p-values and correlation coefficients which gave values of:

PPearson = 0467 PSpearman = 0.63 (23)

Interestingly, the galaxy images seem to show some sort of relation between morphology and perfor-
mance as shown in the figures below:
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Figure 13: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the largest spread values.
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Figure 14: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the smallest spread values.

flux/pixel
flux/pixe
flux/pixel

70

8
2
g

flux/pixe

Now a0
5 888

flux/pixel
" flux/pixel

=
5

NP
et

" flux/pixel

500

300 @)

flux/pix



24 Chapter 4 RESULTS

The images in contrast to the plots, do seem to show some relation, as the best performers seem to all
be elliptical galaxies with very little high intensity regions outside the central bulge while the worst
performers are all somewhat ’clumpy’.

4.2 Validation dataset

After testing the dataset generated with the training configuration, the dataset generated with the
validation dataset was tested. This dataset with 99 galaxies yielded a total of 5735 images, with
approximately 50 images generated per each galaxy. This dataset contained galaxies which the neural
network had never analysed before however, in spite of this the results still showed no potential
correlations.

4.2.1 Bias

For the bias, the graph yielded a best fit line which was essentially flat. This is visible in figure
(15). Much like the training dataset graph, the slope had an error as significant as the slope itself.
Specifically, a slope of —0.4 and an error in the slope of +0.3, showing no clear relation between the
clumpiness index and the bias of the data :
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Figure 15: Plot showing the SHMF systematic against the clumpiness index, the red line is the line of
best fit. bias is calculated as described in the methods section. Each point is a galaxy in the validation
dataset

This non-correlation was supported by the obtained p-values, for both correlation coefficients, which
were much larger than the p-values obtained from the training dataset:

PPearson = 0-377 PSpearman = 0.46 (24)

These values indicated no correlation whatsoever between the CAS clumpiness index and the bias in
the predicted SHMF, as they were significantly above the typical threshold of 0.05 required to estab-
lish that there is a relationship between the two quantities.

Similarly, the Sersic index also seems to show no relation at all to the bias of the SHMF in the
validation dataset, this is evidenced by the graph (16) which shows how the line of best fit between
the two variables has a slope which is essentially completely flat:
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Figure 16: Plot showing the SHMF systematic against the Sersic index, the red line is the line of best
fit. bias is calculated as described in the methods section. Each point is a galaxy in the validation
dataset.

Once again, as with the clumpiness index, this non correlation was also highlighted in the p-values
for both Pearson and Spearman correlation coefficients:

Ppearson = 0.09, PSpearman = 0.12 (25)

While these values were smaller than the values obtained for the CAS clumpiness index, they were
both above the required threshold of 0.05, showing a weak correlation at best. It should be noted that
there was one extreme outlier, which could have caused some issues in the final fit. In order to further
examine whether the Sersic index and the bias are related this outlier should be excluded, and it could
result in a weaker correlation.

The image plots also indicated no apparent relationship between galaxy morphology and bias in the
validation dataset, as both the worst and best performing galaxies were all incredibly ’smooth’ ellip-
tical galaxies:
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Figure 17: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the largest differences between the predicted and true SHMF
values.
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Figure 18: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the smallest differences between the predicted and true SHMF

values.

4.2.2 Random error

Results for the random error of the validation dataset seemed to show the opposite relation to that
found in the training dataset, although once again the low galaxy number effected the final results.
The initial graph of the clumpiness index against the spread (19), showed a clearly decreasing slope
indicating the opposite to the relationship found in the training dataset:
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Figure 19: Plot showing the SHMF spread values, as described in the methods section against the
clumpiness index, the red line is the line of best fit. The line of best fit is calculated utilising the

np.polyfit function.

However, the best fit line had an error in the slope of the same order as the slope itself, showing no
correlation between the random error and the clumpiness index. This was was further supported by
the values obtained for the Spearman and Pearson p-values, which were:

PPearson = 0327 PSpearman = 0.44 (26)

The p-values obtained were much like the bias significantly above the value of 0.05 needed to estab-

lish a correlation.

Additionally, the Sersic index graph also indicated no relationship between the two variables, resulting
in a graph with a flat best fit line, and supporting Pearson and Spearman coefficients which indicated

no relationship between quantities:
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Figure 20: Plot showing the SHMF spread values, as described in the methods section against the
Sersic index, the red line is the line of best fit. The line of best fit is calculated utilising the np.poly fit
function

While the best fit line is slightly increasing, the p-values of the correlation coefficients are once again
significantly too high to establish any relation:

PPearson = O~427 PSpearman = 0.68 (27)

After this process, once again, the worst and best images were plotted, with the background noise
removed in order to show the galaxies better:
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Figure 21: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the smallest spread values.
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Figure 22: Image plots made utilising the normalized flux per pixel values, as indicated on the color-
bar. Since the colorbar is normalized for each image the values are different for each image. The 4
galaxies shown are the 4 galaxies with the largest spread values.

All sets of images show the same conclusion, like the p-values and the slope of the graph, there is no
relation between the galactic structure and the random error of the sub-halo mass function.
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5 Discussion

Overall, the neural network developed by Wagner-Cerena et al ([1]) was thoroughly tested utilising 2
different configurations, over 2000 different galaxies and a total of roughly 15000 images. Utilising
all of these different images, an attempt was made to establish whether there the morphological struc-
ture of a galaxy effects the performance of the neural network or not.

None of the potential correlations investigated exhibited any significant correlations. This was exem-
plified by the p-values of the scatter plots, which all were significantly above the threshold of 0.05
required in order to establish that a correlation between the two variables exists. This is exemplified
by the fact that the smallest p-value obtained in all possible datasets, and parameter combinations was
of 0.09

A promising result is obtained when analysing the image plots of the galaxies with the largest and
smallest spreads (13, 14), as they seem to follow a trend. However the graphs and p-values indicate
no such relation meaning that perhaps the extreme under and over-performers do follow a morpho-
logical pattern, but the galaxies between these extremes do not clear relation, hence resulting in low
p-values and best fit line slopes. Furthermore, the images form only a dataset of 8 galaxies, which is
not enough to properly establish any sort of correlation.

The validation dataset showed what appeared to be slightly more clear correlations, based on the
slopes shown in figures (15) and (19). However, the low number of galaxies within the datasets led
to higher p-values, meaning that no significant relation between the variables could be established.
The only significant exception to these higher p-values was the graph in figure(16), which showed a
potential relation between bias and Sersic index, although the p-values were still above the needed
threshold of 0.05. In addition, the presence of an outlier in some of these graphs could have caused
the larger slopes, further showing that these results are not significant.

The Sersic index showed no clear relation under most conditions, indicating that the morphological
structure of the galaxy is essentially irrelevant in the performance of the neural network. This is high-
lighted by the graphs (8) and (12) which has a completely flat relation curve. However the results
shown in figure (16) do have some of the lowest p-values out of all the plots made, and while these
are still above 0.05, they could potentially indicate a weak correlation. This could warrant further
research into the relations. The only issue with this plot is there is a couple of clear outliers which
could cause issues in the final fit, as in total there are only 99 galaxies.

There could be several secondary explanations as to why the data yielded no results, despite there
seemingly being a relation in earlier iterations of the neural network developed in the paper ([1]). The
most evident issue with the obtained results is that the original training data could not be retrieved,
and hence the original dataset which yielded the results presented in the paper wasn’t analysed.

Furthermore, the clumpiness indices have large overlap values, this is due to the fact that the majority
of galaxies will lie within a clumpiness value of 0.08 as shown in the paper by Conselice et al ([25]),
this could skew the results as there is not a large variation in the clumpiness values in the training
dataset. This is evident as the maximal clumpiness value is of only 0.25 with a minimum value of
0.02 this close concentration of values could skew the final lines of best fit, especially if the relation
between clumpiness and error is smaller than expected. This could also explain the anomaly found
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in figures (13 and 14) as while the figures do seem to indicate some dependence on morphological
structure, this could be distorted in the graphs by the small variety of clumpiness values which could
cause a flattening of the best fit lines. This is particularly true for the training dataset, which contained
only 99 galaxies, and hence some outliers could have shifted the slopes significantly.

Furthermore, the great majority of the data obtained was obtained utilising the training dataset, by
definition the neural network has already been tested on these galaxies, hence it is possible that any
initial difficulties due to the presence of high intensity clumps could have been overcome.

Another issue is the error of the CAS clumpiness parameter. The calculation of the error of the clumpi-
ness parameters was done simply by calculating the resolution uncertainty, but there are several other
sources of error in the clumpiness values which were not accounted for. For example, the size of the
half light radius and its effect on the smoothed image. While these errors are almost impossible to
account for when utilising the datasets used, if a dataset utilising a variety of filters of the same im-
age were utilised, a bootstrap method could be implemented. Furthermore, in general the utilisation
of different color filters, could allow for more precise CAS clumpiness parameter calculations to be
made, as it would allow for a more precise mapping of the clumpiness of a galaxy.

The Sersic index on the other hand shows clearly that there is no relation, as there is a significant
spread of the original values, and the only significant limitation on this index is that it’s value in the
metadata parameters is limited to a range within 0 and 6, hence it is impossible to see how extremely
large Sersic index galaxies perform. The Sersic index itself is at best a weak indicator of the smooth-
ness of a galaxy, and hence, it is unsurprising that no relation is found given that even a more refined
parameter such as the CAS clumpiness parameter was unable to show any sort of relation between the
values. It could still prove useful to utilise a more varied dataset with more established Sersic indices
in order to conclusively say that no evident relation between morphological structure and network
performance is found.

In future tests of relations of this sort, perhaps it is more beneficial to utilise more advanced classifica-
tion systems, which take in to account more elements than the two parameters utilised. One example
of what could be utilised is neural networks trained to classify galaxies, for example that developed
by S.Goutam et al [51].

In essence, almost all results indicate that there is no relationship between galaxy morphology and
performance of the neural network. Some results, specifically those found in figure (11), figure (16)
and figures (13 and 14) indicate there could potentially be a relation between network performance
and galaxy morphology, however, the data is not enough and more research is needed.
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6 Conclusion

6.1 Summary of Main Contributions

In conclusion, through the simulations carried out in this thesis, it was determined that no clear rela-
tion exists between galaxy morphology and performance of the neural network developed by Wagner-
Cerena et al [1]. A possible relation between galaxy morphology and combined error was observed in
image plots, although this was not confirmed by best fit lines or image plots. The validation dataset,
containing unseen galaxies, showed potentially stronger relationships than those in the training con-
figuration, however, due to the small amount of galaxies no clear relation.

The original dataset utilised in the paper by Wagner-Cerena et al[1] was unavailable, and hence, the
data obtained throughout this thesis was obtained utilising a dataset generated utilising the training
configuration with over 11 - 103generated images and a dataset generated utilising the validation con-
figuration with over 5 - 103 images.

6.2 Future Work

Further testing of the relationship between the galaxy structure and performance of the neural net-
work could be made utilising both the original training dataset, in order to utilise the same data as the
original paper. Additionally, tests could be carried out utilising a vaster range of galaxies, with more
differing CAS clumpiness values and Sersic index values, to further explore the relationship, and es-
tablished whether the anomaly observed in images (13) and (14), represents a real relation between
performance and galaxy morphology.

Furthermore, a more efficient method of noise reduction in the original images could be utilised,
hence allowing to properly establish whether the galaxy shape is responsible for errors, as this could
also allow for more precise CAS clumpiness values to be obtained.

A more advanced method of galaxy classification could also be utilised, for example recently devel-
oped neural networks [51] could be utilised to classify galaxy morphologies more accurately. This
would allow for a more precise and definite relationship between network performance and galaxy
morphology to be established
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Appendices

A Additional Graphs and results

In addition to the data included in the Results section, some additional results were collected. These
consists entirely of the coefficient values(Pearson and Spearman) for the graphs plotted in the main
results section. These values were excluded from the main paper as the p-values were large enough
that these coefficients have no statistical significance. In essence the p-values alone are enough to
show that the Pearson and Spearman fits showed no correlation between the variables tested.

A.1 Bias training data

The pearson and spearman coefficient values for the plots were:

Kpearson = 0.02£0.02, Kspearman = 0.02£0.02 (28)

Kpearson =0+ 0-027 KSpearman =0+0.02 (29)

The errors in the values were significantly higher than the values themselves hence the coefficients
are essentially meaningless, showing only that there is no relation at all.
Similarly the clumpiness index plots showed values equal to:

Kpearson = —0.02+£0.02, Kspearman = 0£0.02 (30)

Kpearson = 0+ 0027 KSpearman =040.02 (3 D

A.2 Spread training data

Once again, the correlation coefficients yield values smaller than the errors both for the two CAS
index graphs. Specifically for the systematic error:

Kpearson = —0.02+0.02, Kspearman = 0£0.02 (32)
The Sersic index values were essentially the same, again highlighting no clear relation:

Kpearson = 0.01 £0.02, Kspearman = 0£0.02 (33)

A.3 Bias validation data

As with the training dataset, the correlation coefficients contain errors as large as the coefficients
themselves, indicating that there is no relation at all between the values. For the clumpiness index:

Kpearson = 0+ O'Ia KSpearman =0.1£0.1 (34)
while for the sersic indices:

Kpearson = —0.2£0.1, Kspearman = —0.2£0.1 (35)
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A.4 Spread validation data

The Random error data from the validation dataset also had correlation coefficient values which were
essentially insignificant for the CAS clumpiness index:

Kpearson = —0.1£0.1, KSpearman =0+0.1 (36)

Once again the same was true for the sersic index plots:

Kpearson = 0.1£0.1, KSpearman =0+0.1 37)

B Statistical tools

The relations needed to express the concentration and radius variables required in the NFW function
are given by[32][1]:

V(7peak (Msub ) , Zsub) P
=co(1+2)" :
csub(m,2) = co(1+2) (V(i’peak<mpivot,conc)70) ’ oY

3mgub ) /3 (39)

4TPm,0

rpeak(”’lsub) = (

In the first equation, the concentration c¢ is defined by the normalization factor co, { a parameter
characterising the redshift power-law function, [ is the value of the peak of this function and the v
variable is the peak height function. In the second equation, the variable p,, o is the matter density at
redshift zero. To determine the peak height function the method utilised in the paper by Peebels et
al[52].



