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Abstrakt

Vnit°ni vlastnosti hal temné hmoty pravd¥podobn¥ ovliv-uji viast-
nosti galaxii, které se v nich nachézeji. Tato prace vyu®iva p°istup
volného modelovani (“free form moddeling") k modelovani subhal
temné hmoty v systému gravitaEni £0£ky J114833.1+193003.2, znamém
také jako Cosmic Horseshoe (Kosmicka Podkova). Obrazovéa data byla
ziskana z katalogu LaSTBeRu a jako modelovaci software byla poucita
Python kniho vna lenstromy . Bylo testovano sedm r-znych kombi-
naci t°i b¥°nych pro |- £o£ek (SIS, SIE, EPL) s externim gravitaEnim
smykovym napatim (external shear) a jednim sv¥telnym pro lem (Sér-
sic elipse). Byly vzajemn¥ porovnany na zaklad¥ jejich redukovaného
chi kvadrat crzed. Jako nejlep2i model se ukazala kombinace jednoho
pro lu EPL a p¥ti pro |- SIS. Bylo vypo£itano prostorové rozlo®eni
hmoty i radialni rozlo®eni hmoty pro modely s v¥t2im po£tem £o£ek.
Vysledky nazna£uji, °e rozlo®eni hmoty m-%e byt velmi asymetrické

a % jsou pot°ebné dal?i simulace s daty vy22i kvality. abstract



Abstract

Internal properties of dark matter halos are likely to impact the prop-
erties of galaxies located inside them. This work takes the free-form
modeling approach to modeling dark matter subhalos in the galaxy-
galaxy gravitational lens system J114833.1+193003.2, also know as the
Cosmic Horseshoe. Image data were obtained from the LaSTBeRu cata-
lagoue and the modeling software used is lenstromy . Seven di erent
combinations of 3 common lens pro les (SIS, SIE, EPL), with external
shear and one light pro le (Sérsic Ellipse) were tested. They were
compared against each other based on theircrzed. The best model was
found to be a combination of 1 EPL and 5 SIS lens pro les. The spatial
mass distribution as well as radial mass distribution for the models
with more lens pro les were calculated. Results indicate that the mass
distribution can be highly asymmetric and that further simulations
with higher-quality data are desirable.
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1 Introduction

Since the rst theoretical derivations of dark matter, multitudes of
papers and publications have been written on its nature and impact.
Yet, such questions are far from successfully answered. This work tries
to add its grain of sand to the mountains of already published works.

We will attempt to model the dark matter subhalos inside the
galaxy-galaxy gravitational lens system J114833.1+193003.2 also known
as the Cosmic Horseshoe. We will use image data from the LaSTBeRu
and our modeling software of choice isthe Pythonlibrary lenstronomy .
We will take the free-form modeling approach and allow our dark
matter subhalos to freely move through the parameter space.

This work is structured as follows. Chapter 1 introduces the reader
to the necessary theoretical concepts, most important of which is
the existence of dark matter halos around galaxies (section 1.1) and
the lensing theory needed for studying them (section 1.2). Chapter 2
describes our methodology: including the choice of our object, the lens
modeling software, our modeling procedure and more. In chapter 3
we describe our results and try to draw conclusions from them in
chapter 4. We would also like to direct the reader to the appendix A,
where the resulting images of our tting procedure are located.

1.1 Galaxies

Galaxies are known to be heterogeneous groups of objects. They vary
signi cancy in terms of size, age, and morphology. However, all galax-
ies are believed to form inside of dark matter halos (Wechsler et al.
2018, Treu 2010). The growth, internal properties, and spatial distri-
bution of galaxies are likely to be closely connected to the growth,
internal properties, and spatial distribution of the dark matter halos
they are a part of (Wechsler et al. 2018).

Dark matter makes up the largest fraction of mass of the galaxy
(Aghanim et al. 2020). Within the radius of a dark matter halo, there
may be multiple, distinct clumps of dark matter gravitationally bound
to them. These are called subhalos as they are smaller than the host
halo and they orbit within the gravitational potential of the host halo
(Wechsler et al. 2018).

23



1. Introduction

Figure 1.1: A lensing e ect observed on the window of my dorm room

The distinguishing feature of dark matter is the fact that it interacts
with the surrounding universe only via the gravitational force. It is
therefore very di cult to observe dark matter directly. One of the
tools which can be used to probe the dark matter (sub)structure is
gravitational lensing.

1.2 Lensing

"A lens is anything that transmits light with some nontrivial optical
path or light travel time, causing light de ection.” (Saha et al. 2024)
This is commonly observed in di erent arti cial glass/plastic based
lenses or drops of water. An example of such a lensing e ect can be
seen in gure 1.1. If, however, an interesting optical path is created
by a gravitational eld (more precisely due to the curvature of the
spacetime metric), the resulting phenomenon is called gravitational
lensing.

This work is concerned with "strong-lensing"” (as opposed to "weak-
lensing” and "microlensing”). Weak lensing is a phenomenon where
light de ection and image distortions occur, but there are no additional
images of the source (for a review of weak lensing see Schneider 2006),
while microlensing is a temporary magni cation of a source due to
unresolvable strong lensing by very small objects (Vernardos et al.
2023) .

The following assumptions are usually made in strong lensing:
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1. Introduction

geometrical optics are assumed for light sources and the gravita-
tional lensing processes

gravitational elds are assumed to be weak, such that light rays
are de ected from straight lines only by very small angles. Con-
tributions of many masses can be simply added (or integrated
over) without the need to solve Einstein's eld equations

light de ection occurs over regions much smaller than the dis-
tances between light source, lensing mass, and observer (thin
lens approximation)

1.2.1 The lens equation

At the heart of the lensing lies the so called "lens equation”

b=7 a@). (1.1)

Lensing theory conventionality uses observer-centric coordinates. To
an observer, a source appears to be located along a directiorig, whereas
its true location is along some di erent direction 1. The directions 4
and b are two-dimensional angles on the sky (measured in radians

or arc-seconds), while -a(q) is an apparent de ection angle (see, for
example, Saha et al. 2024 or Wambsganss 1998)

1.2.2 Cosmological distances

Strong lensing is very di cult to observe nearby in the local Universe,
but it is relatively common for galaxies at cosmological distances. For
an in depth explanation of why this is the case, see the second chapter
of Saha et al. 2024.

When working with lenses at cosmological distances, we need to ac-
count for the feature of our Universe called "expansion"”. It is desirable
to refresh our memory of di erent ways for expressing distance.

The lookback time to some redshift z 4 is given by

4
1 dz
T Ho GG 2
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1. Introduction

and cty is the distance traveled by light from the source to the observer
(see Saha et al. 2024). TheHg is the current expansion rate of the
universe, the Hubble constant. The Hubble parameter E(z) is given by

E(z) =Wm(1+z3)+W,1+z%+W,_, (1.3)

where Wy, is the current matter density fraction, W; is the current
relativistic energy-density fraction, and W,_ is the "dark energy" den-
sity fraction. Through this work, we assume standard cosmological
model (spatially at), where Hp=70kms?! Mpc?!, W, =0.3 and
W, =0.7.

The comoving distance between two points along the line of sight
at redshifts z4 and zg is given by

cZZs dz

Cdgs = H_o . ﬁ (14)

The angular diameter distance to the de ector (lens) and source is
then

Cq
Dy = 1.
and c
D= —°, 1.6
= Trae (16)

respectively. The angular diameter distance from the lens to source is

Cscd

. 1.7
172, (1.7)

ds =

1.2.3 The source and lens plane

It is typical to approximate the regions where the lens and source are
located as planes due to the cosmological distances separating them
(see gure 1.2). The lens plane and source plane have redshifts zy and
Zs, respectively. The lens (de ector) is at angular diameter distance
D4 from the observer so that an angle g on the observer's sky corre-
sponds to a physical displacement X on the lens plane. Analogously,
the source is at angular diameter distance D from the observer, and an
angle B corresponds to a physical displacement f on the source plane.
Projecting the distance to the source plane, we have the following

26



1. Introduction

Figure 1.2: A diagram (reproduced from Saha et al. 2024) showing
di erent lengths and angles used in the lensing formalism
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1. Introduction

relation:
Dsb = D sq D dsé.('Q), (18)

and therefore

Dys -
b=T7 D—“Sam) (1.9)

is our lens equation (1.1) generalized to the expanding universe. By
introducing the apparent (scaled) de ection, we can make the lens
equation into

a —a(n), (1.10)

which makes equations (1.9) and (1.1) equivalent.

1.2.4 Einstein radius

In the circular-symmetric case, the de ection angle is given as

_4GM(x) 1
2 x

a(x) , (1.11)

where M(x) is the mass inside the radius x. For a point source lens of
mass M, the de ection angle is therefore given by

AGM 1

a(x) = :
®= "G

(1.12)

Plugging into equation 1.9 and using relation X = D 4q(see gure 1.2),
we obtain

= (1.13)

For a case when the source lies exactly behind the lens @ = 0), a

ring-like image occurs whose angular radius is called the "Einstein
radius" :

s

_ 4GMDygg

O = @Dy D_s

(1.14)
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1. Introduction

1.2.5 Convergence

Another way to write our lens equation 1.1 is by introducing the lens
potential y( Q)
b=17 ry( 7). (1.15)

The lens potential behaves as scaled version of a gravitational potential,
and is the solution to the 2D Poisson equation

r 2y(7) = 2k(7), (1.16)

where k(Q) is the convergence, and is equivalent to the scaled mass
density. The interested reader can nd a more detailed explanation
in Saha et al. 2024.

1.2.6 Shear

The cumulative de ection of light by all the other gravitational poten-
tials along the line of sight are often represented by two additional free
parameters, usually called "shear" or "external shear" (C. R. Keeton
et al. 1997, Etherington et al. 2023).
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2 Methodology

This chapter explains the source of our images (section 2.1), provides
information about our particular object of interest (section 2.1.1), in-
troduces our modeling software (section 2.2) along the optimization
methods and their implementations (section 2.2.1 and 2.2.2), intro-
duces the problem of multi-band tting (section 2.3) and outlines the
lens and light models used (section 2.4) along the particular combina-
tions of them studied in later (section 2.5).

2.1 LaSTBeRu + particular surveys used

As a source of our image data, we used the "The Last Stand Before
Rubin" (LaSTBeRu) (Alves de Oliveira et al. 2025). LaSTBeRu is a
consolidated catalog of strong lensing systems, with a particular focus
on galaxy-galaxy lensing. Not only does it provide results from the
literature in one convenient place, but the image cutouts (20 ” and 4°
in size) from various ground-based wide- eld surveys (such as DESI
Legacy (Dey et al. 2019), KiDS (KiDS and Astro-WISE Consortiums
et al. 2013), DES (Collaboration 2005) and more) are available as
well. It is currently the most extensive compilation of tabular data and
ground-based imaging of known lenses.

2.1.1 J114833.1+193003.2 (Cosmic Horseshoe)

We chose a strong lensing system J114833.1+193003.2, colloquially
known as the Cosmic Horseshoe, to perform our lens modeling as a
proof of concept that subhalos may be detected. The Cosmic Horseshoe
is located at RA = 177.13808, DEC = 19.50088 . Another common
designation for this object is SDSS J114833.14+193003.2. We chose the
Cosmic Horseshoe because it is a lensing system with high degree of
con dence, which forms an almost perfect Einstein ring. It is also well
known in the eld, which makes it easier to compare the results to the
literature. A processed 20" cutout of this system is shown in gure 2.1.
Before the tting procedure, we trimmed the edges (reduced the size

of the image from 77 pixels to 49 pixels) to reduce background e ects.
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2. Methodology

Figure 2.1: Processed cutout of the Cosmic Horseshoe from the DECam
Legacy Survey (DECaLS) (Dey et al. 2019)

2.2 lenstronomy

We usedlenstronomy 1, amultipurpose open-source python? (Rossum
1995) software package, designed to model strong gravitational lenses
(Birrer and Amara 2018, Birrer, Shajib, et al. 2021). Lenstronomy sup-
ports a wide range of analytic lenses and light models in arbitrary com-
binations. Lenstronomydepends on packages included in python stan-
dard library, as well as proven open source libraries such as humpy?,
scipy 4, astropy (Astropy Collaboration et al. 2013), and matplotlib
(Hunter 2007). For optimization and parameter inference routines,
CosmoHammkeret et al. 2013) is used, which supports Message
Passing Interface (MPI) and allows for massive parallelization of
emcee (Foreman-Mackey et al. 2013).

https://lenstronomy.readthedocs.io
https://www.python.org/
WWW.numpy.org

WWW.SCipy.org

PwonhE



2. Methodology

2.2.1 Particle Swarm Optimization (PSO)

According to Bonyadi et al. 2017, Particle swarm optimization (PSO)
is a "stochastic population-based optimization method proposed by
Eberhart et al. 1995".

In this work, particle swarm optimization was used for the calcula-
tion of a proper alignment tting and as a precursor for the emceen
the main tting sequence.

2.2.2 Monte Carlo Markov Chains (MCMC)

emceeg(Foreman-Mackey et al. 2013) is a Python implementation of
the the a ne invariant ensemble sampler for Markov chain Monte
Carlo (MCMC) proposed by Goodman et al. 2010. emcee was the main
tting routine used in this work.

2.3 Multiband tting

lenstronomy is designed to simultaneously model lenses in multiple
bands. We took advantage of this and used the FittingSequence class
to model g, r, and z bands of our image cutouts simultaneously. The
non-linear parameters (e.g. lens model or light pro le shapes) are
shared among the di erent bands. The linear parameters are opti-
mized for each band individually, allowing for greater constraining
power than any individual band.

2.3.1 Alignment tting

Despite the fact that the images in di erent photometric bands are
generally aligned, the precision of this alignment is usually insu cient.
We used the alignment_matching module included in lenstronomy
to overcome this issue.

2.4 Particular lens and light models used

In order to probe the lens substructure, we used 3 di erent relatively
simple lens models, alongside external shear and one commonly used
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2. Methodology

light model in various con gurations. For a general overview of dif-
ferent lens models including more complex that were not used in this
work, see for example Charles R. Keeton 2002.

2.4.1 Singular Isothermal Sphere (SIS)

lenstronomy de nes the convergence of Singular Isothermal Sphere
(SIS) as |

e

=3 (2.1)

1

k = =

where the ¢e is the Einstein radius and X,y are the positions in the
image plane.

2.4.2 Singular Isothermal Ellipsoid (SIE)

Similarly, according to lenstronomy documentation, the Singular Isother-
mal Ellipsoid (SIE) has a convergence de ned as:

!
Qe

__€ (2.2)
qx2+y?/q

1

k X, = _

xy)= 3

where (g is again the Einstein radius, qis the minor/major axis

ratio, and x and y are de ned in a coordinate system aligned with the
major and minor axis of the lens.

2.4.3 Elliptic power law (EPL)

In lenstronomy , the Elliptical Power Law (EPL) is a mass pro le with
convergence de ned as:

b g1

39 Ge (2.3)

K(X,y) = b=
(X,y) > Poaryia

where g is the Einstein radius, g is the power-law slope of the 3D
mass distributions, and similarly to SIE pro le, qis the minor/major
axis ratio, and x and y are de ned in a coordinate system aligned with
the major and minor axis of the lens.
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2. Methodology

Table 2.1: Number of free parameters for each lens con guration

Name Np
SIE 19
EPL 20
2SIE 24
2EPL 26

SIE+5SIS | 34
EPL +5SIS | 35
EPL + 50SIS| 170

2.4.4 Shear (SHEAR)

In lenstronomy there is also a dedicated "lens pro le" for simple
expression of the external shear. Theg; and g, de ne the relative
strength and direction of the shear with respect to the image axes.

2.4.5 Sérsic Ellipse

The light pro le used to model the lens light was an elliptical Sérsic
function: h [

I(R)=1cexp bn (RIRsesd? 1 (2.4)

here Il is the intensity at the half light radius Rgersic With R =
gx2+y?2/q and b, 1.999n 0.327 (Sérsic 1963, Ciotti et al. 1999).

2.5 Our setup

We considered 7 di erent combinations of lens models. All of them
included main lens pro le (either SIE or EPL), external shear, one
source light and one lens light pro le (both provided by Sérsic Ellipse).
Di erences in models lied in the inclusions of various minor de ectors
(provided by either SIE, EPL or SIS). The list of used models, as well
as number of free parameters ny, is provided in table 2.1.
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3 Results

Our main goal was to consider if there is a meaningful distinction
between using more lens pro les in galaxy-galaxy lens system or if
just one is enough. We asses this by measuring the "goodness" of a
particular t, in other words, their crze0| value. Additional goals include
trying to measure distance of the dark matter subhalos from the center
of lens and to asses the possibility of nding asymmetry within the
lens system and associated distribution of the dark matter subhalos.

3.1 Goodness of ts

The goodness of a particular tis evaluated by the reduced c¢? (which

2

C .

fed = T’ where np is the number of free parameters)
2

values of the combined data, as well as the Crog values for the individ-

ual image bands. This, as well as the sum of cr2eol for all the data, is

is de ned such c2 , =

shown in table 3.1 (sorted by the ¢ r2ed value).
Table 3.1: C r2ed for all tested con gurations lens model con gurations
Cr2ed
Lens model | Combined | g-band | r-band | z-band | Sum
SIE -0.39980 | 0.39600| 0.37710| 0.42631| 1.19941
EPL +50SIS| -0.39795 | 0.39578| 0.37694| 0.42112| 1.19384
2EPL -0.39793 | 0.39340| 0.37270| 0.42768| 1.19378
EPL -0.39731 | 0.39405| 0.37149| 0.42640| 1.19194
SIE + 5SIS -0.39192 | 0.38351| 0.36471| 0.42755| 1.17577
2SIE -0.39014 | 0.38089| 0.36801| 0.42152| 1.17041
EPL+5SIS -0.38093 | 0.37044| 0.35022| 0.42213| 1.14279

3.2 Asymmetry

The spatial distribution of perturbing lenses for di erent relevant mod-

els (SIE+5SIS, EPL+5SIS, EPL+50SIS) is presented in gures 3.1, 3.2
and 3.3. To better visualize the asymmetry caused by the additional
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3. Results

Figure 3.1: SIE + 5SIS model: Spatial distribution of perturbing lenses

lenses, we made these gures in polar coordinates. The origin coin-
cides with the position of the center of the main lens. The Einstein
radius gg of the main lens (either the SIE or EPL) is also included to
help visualize the relative size of the main de ector.

3.3 Radial mass distribution

We resampled our results for the Einstein radius gg and distance r
of our additional lenses using normal (Gaussian) distributions with

standard deviation equal to our uncertainty. For each lens, we drew
5000 samples ofge and r pairs. This was done to better re ect the
uncertainty of our tting process and to have a more robust resulting

mass distribution. The resulting relationship between mass of the ad-
ditional lenses and radial distance from the center of the main lens,
for the di erent relevant models (SIE+5SIS, EPL+5SIS, EPL+50SI1S),
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3. Results

Figure 3.2: EPL + 5SIS model: Spatial distribution of perturbing lenses
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3. Results

Figure 3.3: EPL + 50SIS model: Spatial distribution of perturbing lenses
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3. Results

Figure 3.4: SIE + 5SIS model: Radial mass distribution of minor lenses.

given by the cumulative distribution function (CDF) of mass is illus-
trated in gures 3.4, 3.5 and 3.6. The lens light radius ( Rsgrsid and the
main lens radius ( ge) are marked with red and black vertical dashed
lines, respectively. The relative mass percentage of the total subhalo
mass within each radius are reported. This graph assumes that the
position of center of the main lens radius and the position of the center
of the lens light radius coincide.
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3. Results

Figure 3.5: EPL + 5SIS model: Radial mass distribution of minor lenses

Figure 3.6: EPL + 50SIS model: Radial mass distribution of minor lenses
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4 Conclusion

4.1 Determining the optimal model

We have t our models to the Cosmic Horseshoe (J114833.1+193003.2)
and compared them based on their cr2eol (see table 3.1). The simple

SIE model was found to have the highest crzed, so we take that as a
baseline (7th best). This is not surprising, since it is the model with
the lowest number of free parameters ( np = 19), and therefore has the
least amount of freedom to probe the (asymmetric) mass distribution.

The 6th best is the EPL + 50SIS model. This model has theoretically
the highest ability to model the asymmetric mass distribution, but
the large amount of free parameters (np = 170) is penalized in the
calculation of the ¢ ;.

The 2EPL (5th best) is a bit better, however, it is behind the simpler
EPL (4th best). We think that this may be caused by the fact that
the 2EPL model can probe a dipole mass distribution, but this is not
enough to properly describe the lensing properties of our system. The
added complexity of the 2EPL ( np = 26) is penalized in the calculation
of crzed, while not providing enough bene t over the EPL (n  p = 20).

The top 1st, 2nd and 3rd results are provided by EPL+5SIS, 2SIE
and SIE+5SIS models, respectively. Inclusion of the models with +5SIS
in the best three, along with the fact that only in EPL+50SIS there are
only few de ectors with a signi cant Einstein radii  gg, suggests an
existence of a few smaller dark matter subhalos alongside the main
de ector. The fact that the EPL+5SIS model is best overall is likely
caused by the better description of the mass distribution in the main
lens due to the inclusion of the exponential g parameter in EPL lens
model (see equation 2.3), while still keeping a relatively small number
of free parameters (n, = 35).

4.2 Probing the asymmetry and radial mass distribution

For the models with additional smaller de ectors, we tried to quantify
their position and asymmetry in the whole lens system caused by the
additional mass (see section 3.2). In two of our models (EPL+50SIS
and SIE+5SIS), the center of mass of the additional lenses does not

43



4. Conclusion

coincide with the center of the main lens. In the third model with
additional subhalos (EPL+5SIS), the center of the main lens lies within
the uncertainty of the center of mass. This suggests that the spatial
distribution of the additional mass subhalos can be highly asymmetric.
However, higher quality imaging data and further simulations are
need to lower the uncertainties on the position of the center of mass.

The radial mass distributions (see sections 3.3) for the EPL+5SIS
and EPL+50SIS models show signi cantly higher mass percentage
inside of the Einstein radius gg (62.8% and 66.8% respectively) com-
pared to the SIE+5SIS model (33.9%). This is also true for the mass
inside the lens light radius Rsgrsic (20.6% and 26.5% respectively) com-
pared to the SIE+5SIS model (10.0%). However, despite the di erence
in the mass within speci c radii between models, it is also clear that
the majority of the mass is outside of the lens light radius Rsgrsic This
suggests that the mass of the additional perturbers does not have a
luminous counterpart and can be rightfully considered to be made of
dark matter.

Table 4.1 contains a comparison between the results of our lens
modeling (more precisely, the Einstein radius ge and external shear
parameters g, and g») with those found in literature. The Einstein
radius of our model is calculated as the sum of the Einstein radii of all
lenses in the model. The symbol g in the name of the model column
(in the table labeled as "lens") denotes the inclusion of external shear.
The abbreviation INT denotes Isaac Newton Telescope and HST is
short Hubble Space Telescope. It is clear that our Einstein radii are
bigger (except for the 2EPL model) than the typical values found
in the literature. This may be caused mainly by the di erence in the
data quality (space vs. ground based telescope). Another explanation
for this discrepancy could be the one described in Etherington et al.
2023, which is that the "external shear" is in many cases just a way to
compensate for the lack of model complexity, and that it biases the
other physically meaningful parameters.
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Table 4.1: Comparison of the Einstein radii gg and external shear parametersg; and g, between literature
(table reproduced from Bellagamba et al. 2016) and our results

lens source data G g1 g2
Dye et al. 2008 SIE+g - INT 4.98 0.016 0.004
Dye et al. 2008 EPL+g - INT 5.08 0.019 0.005
Kostrzewa-Rutkowska et al. 2014 SIE+g 1 Sérsic HST 5.08 0.019 -0.010
Newman et al. 2015 SIE+g 1 Sérsic HST 5.08 0.004 -0.022
Bellagamba et al. 2016 SIE+g 1 Sérsic HST 5.13 0.020 -0.021
Bellagamba et al. 2016 SIE+g 5 Sérsic HST 5.13 0.054 -0.019
Bellagamba et al. 2016 EPL+g 5 Sérsic HST 5.16 0.038 -0.038
this work SIE+g 1Sérsic DECam 5.71 0.03 0.054 0.005 0.262 0.006
this work EPL+50SIS+g 1 Sérsic DECam 5.36 0.03 0.049 0.003 0.202 0.003
this work 2EPL+g 1Sérsic DECam 35 0.2 0.01 0.01 0.13 0.02
this work EPL+g 1Sérsic DECam 5.71 0.03 0.061 0.005 0.299 0.008
this work SIE+5SIS+g 1 Sérsic DECam 5.70 0.08 0.049 0.005 0.025 0.005
this work 2SIE+g 1Sérsic DECam 5.7 0.3 0.129 0.008 0.21 0.07
this work EPL+5SIS+g 1Sérsic DECam 5.9 0.5 0.055 0.008 0.24 0.03
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4. Conclusion

Dark matter makes up a signi cant portion of the matter inside our
Universe. Lens modeling is one of the few ways of probing the dark
matter. Our models point toward a presence of dark matter subhalos in
the Cosmic Horseshoe. A majority of their mass is distributed outside
the lens light radius ( Rsegrsi, and around 30% of mass is located
outside of the Einstein radius ( gg) of the main lens. The distribution
of these subhalos can be highly asymmetric as well. Our results of
ge generally align with the literature, despite using data of poorer
quality. In conclusion, we nd that our method is a viable approach
that should be further explored, with higher quality of data.
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A Pretty Images

This appendix shows the representation of each lens model during the
reconstruction process. The "reconstructed source" do not appear to
be not well captured, but note the very small length scale (0.1" instead
of the 1" typical for other images). This may be caused either by the
source galaxy's morphology not being properly modeled by the Sérsic
pro le, or by the small scale not providing enough detail. This is not of
concern for our needs, because the reconstruction seems to consistent
across models.
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Figure A.1: SIE model, g-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.2: SIE model, r-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.3: SIE model, z-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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A. Pretty Images

(a) g-band

(b) r-band

(c) z-band

Figure A.4: SIE model: Lens light, source lights and their convolutions
for di erent image bands
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Figure A.5: EPL model, g-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.6: EPL model, r-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.7: EPL model, z-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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A. Pretty Images

(a) g-band

(b) r-band

(c) z-band

Figure A.8: EPL model: Lens light, source lights and their convolutions
for di erent image bands
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Figure A.9: 2SIE model, g-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.10: 2SIE model, r-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.11: 2SIE model, z-band: Comparison of observed and reconstructed images, as well as the residuals,
reconstructed source, convergence and the magni cation model for di erent image bands
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A. Pretty Images

(a) g-band

(b) r-band

(c) z-band

Figure A.12: 2SIE model: Lens light, source lights and their convolutions
for di erent image bands
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Figure A.13: 2EPL model, g-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.14: 2EPL model, r-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.15: 2EPL model, z-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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A. Pretty Images

(a) g-band

(b) r-band

(c) z-band

Figure A.16: 2EPL model: Lens light, source lights and their convolu-
tions for di erent image bands
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Figure A.17: SIE-5SIS model, g-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.18: SIE-5SIS model, r-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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Figure A.19: SIE-5SIS model, z-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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A. Pretty Images

(a) g-band

(b) r-band

(c) z-band

Figure A.20: SIE-5SIS model: Lens light, source lights and their convo-
lutions for di erent image bands
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Figure A.21: EPL-5SIS model, g-band: Comparison of observed and reconstructed images, as well as the
residuals, reconstructed source, convergence and the magni cation model for di erent image bands
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