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Abstract

Determination of the mass distribution of various astrophysical objects is of utmost impor-
tance in multiple studies in astrophysics and cosmology. Strong gravitational lensing is a
valuable tool in estimation of mass distributions of lensing objects. Generally, galaxy-scale
strong lensing is analyzed assuming a single component for the lensing galaxy, such as a
singular isothermal ellipsoid or a power-law ellipsoid. However, both stars and dark mat-
ter account for the mass of the lensing galaxy. This project explores two-component mass
models of the lensing galaxy that consists of the stellar and dark matter components. Such
accurate stellar and dark matter estimations are precious for testing the many models of

structure formation and evolution.

We perform both one and two-component modeling on two strong gravitationally lensed
systems. We model the first target system, SDSSJ002927.384+254401.7, selected from the
BELLS GALLERY sample for training and understanding parameter degeneracies and other
possible biases. Our principal target system is the double source plane lens system, Eye of
Horus. Using the two-component modeling, we constrain the dark matter distribution of the
foreground lensing galaxy within the Einstein radius. We also study the foreground lensing

galaxy’s density profile and initial mass function (IMF).

From one-component modeling, we find that the lensing galaxy of the Eye of Horus
follows a power-law radial density profile (p o< r~¥) with y = 1.7559. The stellar mass for the
foreground lens is found to be 12.98 x10'!M, . After comparing this with the stellar mass
(6.6 x10""M, ) inferred from stellar population synthesis fitting, we find that a Salpeter
IMF provides a good description of the stellar population of the foreground lens of Eye of
Horus. After analyzing the two-component model of the Eye of Horus, the dark matter
distribution is found to be more elongated than the stellar mass distribution. The next step
towards getting a robust conclusion on shape comparison of the two mass distributions is to

analyze two-component mass models of more such strong gravitationally lensed systems.






Chapter 1

Introduction

1.1 Gravitational Lensing

Gravitational lensing refers to the deflection of light when it propagates through a gravita-
tional field, an effect that was predicted by Einstein’s theory of Relativity and experimentally
verified by Dyson et al. in 1919 when they measured the apparent angular shift of stars close

to the limb of the Sun during a total solar eclipse.

There are three different types of gravitational lensing, each of which has its astrophys-
ical applications: Strong lensing, where a large massive object like a galaxy or cluster of
galaxies creates multiple images of a background source, and often an observer sees large
deformations, i.e., arcs. Weak lensing, where the large-scale structure along the line of sight
produces mildly distorted images of sources. These distortions cannot be identified in in-
dividual sources, but the shear can be measured statistically. Microlensing, where the lens
is a low mass compact object like a star which creates multiple images that are currently

unresolvable. In this thesis, we will use the phenomena of strong gravitational lensing [4].

1.2 Strong Gravitational Lensing

Strong gravitational lensing ! is an important cosmological tool with various astrophysical
applications. To name some, it is used to probe mass distributions of lenses and to obtain a

precise estimation of values of cosmological parameters. In this thesis, we are focusing on

IRefer to [4-6] to learn more about gravitational lensing formalism and lensing related terms used in this
thesis
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galaxy-galaxy strong lensing. It is known that a significant fraction of the mass of galax-
ies comprise of dark matter [7] whose nature remains a mystery. Hence, understanding the
interplay of baryons and dark matter and how they bring about the observed structural char-
acteristics is important to learn about the evolution of early-type galaxies. Since dark matter
is not directly visible and interacts only via gravity, gravitational lensing serves as a power-
ful tool in determining the distribution of dark matter in galaxies [8]. To be more precise,
since the lensing geometry fixes the total mass within the Einstein radius > and stellar mass
is constrained by the observed light profile of the lensing galaxy, it is possible to separate the
two mass distributions and learn about dark matter fraction and its shape. The relative shape
of the stellar mass distribution with respect to dark matter distributions in terms of ellipticity
and position angle encompasses information about galaxy formation and the current cosmo-
logical model - Lambda cold dark matter (ACDM (e.g., [10, 11])). Therefore, it is important

to study the shapes of the mass distributions, and strong lensing helps us to probe them.

We aim to use strong gravitationally lensed systems to constrain the dark matter distri-
bution and its shape and study the density profile and Initial Mass Function (IMF) of the
lensing galaxies present in the target systems selected for this thesis. Our focus is to model

the target systems using two-component modeling.

1.3 Motivation

In most cases, galaxy-scale strong lensing is analyzed assuming a single component for the
lensing galaxy, such as a Singular Isothermal Ellipsoid [12] or a Power-law Ellipsoid [13].
However, it is known that the lensing galaxy contains stellar and dark matter components,
both of which contribute to the mass within the Einstein radius. In this project, we aim to
explore two-component mass models of the lensing galaxy consisting of both the stellar and

dark matter components.

ZRefer footnote 1 for definitions and [9] as an example
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The shape of the stellar mass component is constrained by the observed light profile of
the lensing galaxy, while the dark matter distribution can take a flexible form. For the target
galaxy-scale strong lensed systems, we will study how well the dark matter distribution can
be constrained from two-component mass modeling. We believe that the shape of the dark
matter distribution constrained by this method may provide valuable constraints on dark
matter’s particle nature, such as self-interaction. Exploring such flexible two-component
mass models is essential also for more accurate time delay cosmography [14] from time-
variable strong lenses such as lensed quasars and lensed supernovae, because currently the

accuracy of time delay cosmography is largely limited by the mass modeling uncertainty.

1.4 Selection of the target systems

We perform mass modeling on two target systems. Our first target system is modeled with
the aim of training for strong lensing modeling, so we choose a typical lens system that ap-
pears straightforward to model. We choose our central target system such that it has multiple
arcs and many constraints on lens potential, which will help us successfully analyze the dark

matter distribution.

Mass modeling of gravitationally lensed systems involves various parameters and model
degeneracies. To break some of these degeneracies and obtain better constraints on the lens,
we choose a Double Source Plane (DSP) lens system. DSP is a gravitationally lensed sys-
tem, as shown in Figure 1.1, with two background sources at different redshifts that are
aligned such that both split into multiple images. The presence of multiple sources and
hence multiple arcs provide us an opportunity to better constrain the lens mass distribution.
Double source plane systems are considered a valuable cosmological probe [15] for the dark
matter distribution and IMF measurements [16]. They also provide us with a chance to
explore the gravitational structure inside the lensing galaxy and make better estimates of
cosmological parameters once mass-sheet degeneracy is broken (e.g., [17]) using the dy-
namical information (e.g., the velocity dispersion of the lens). One important quantity for
DSP is the ratio of the two Einstein radii (corresponding to each source), which is indepen-

dent of Hubble parameter (Hp) allowing us to break the degeneracy between Hy and matter
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FIGURE 1.1: Schematic diagram of double source plane lensing.
Image credits: [1]

density parameter €2j; and equation of state parameter @ [18, 19].

Double source plane systems are rare, and very few have been discovered to date (e.g.,
[20,21]) . Also, since the second source of these systems is faint, their spectroscopic red-
shifts are not available. As a result it is important to choose a good DSP for analysis care-

fully.

For this thesis, we choose our trial system to be SDSSJ002927.38+254401.7 from BELLS
GALLERY sample of THE BOSS EMISSION-LINE LENS SURVEY IV [22]. The central
target system for our analysis is chosen to be the Eye of Horus [2], a DSP for which spec-
troscopic redshift measurements for both sources are available. Further details about these

target systems are provided in the following two sections of this chapter.

1.5 Target System 1 - SDSSJ002927.38+254401.7

Target SDSSJ002927.38+254401.7 is a strong lens system selected from the BELLS GALLERY
sample that was presented in [22]. The foreground lens galaxy is a massive early-type galaxy
at redshift zp = 0.5869. The background source is Ly emitter at redshift zg = 2.4504. This

is a single source plane gravitationally lensed system.
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1.6 Target System 2 - EYE OF HORUS

The Eye of Horus is a strong gravitationally lensed system named after the sacred eye of
an ancient Egyptian deity due to its resemblance. It was discovered in 2015 at the National
Astronomical Observatory of Japan by a team of undergraduate students and researchers
while they were inspecting images from the Hyper Suprime-Cam Subaru Strategic Program
(HSC-SSP survey) [2]. It is the first DSP system for which both source redshifts have been
measured accurately. The foreground lens galaxy of this system is a massive early-type
galaxy at the redshift z;, = 0.795, and its background source galaxies are at redshifts zg =

1.302 and 1.988.

A pseudo color composite of images taken by Hyper Suprime-Cam on the 8.2-meter
Subaru Telescope is presented in Figure 1.2. From Figure 1.2b, we can clearly distinguish
the two different colored arcs located at the Einstein radius corresponding to each source,

confirming that this is indeed a DSP system.

FIGURE 1.2: The riz band combined color image of the Eye of Horus
Image credits : [2]

£ 2=1.990

@ z=1.988

L (z=0.795)

(B) The lens is subtracted from the system
in this image. The different colored arcs are
now clearly visible.

10 arcsec

(A) The different important features of the lensed system are
marked on this image, and their spectroscopic redshifts are pre-
sented on the top left corner.

Important features of the Eye of Horus system can be analyzed using Figure 1.2a. We
see that there are two different arcs; the inner arcs correspond to lensed images of the source
1 (S1) at zg = 1.302, and the outer arcs ,i.e., features A, B, C, D, E, G, and F, correspond to

the lensed images of source 2 (S2) at zg = 1.988. There is an offset between the redshifts
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of the features A-E and G-F, which indicates we will have to use multiple different source
components while modeling the system. If we observe the left-hand side of the outer arc,
we see a split of the image, resulting in features A and C. Better details of this structure can
be seen in the Hubble Space Telescope (HST) image used for our modeling.. This split is
believed to result from lensing by a satellite galaxy at redshift z = 0.795 present somewhere
between these two features. There are several blobs/knots present in the arcs, which we will
be modeling using several source components in the model. Further details are provided in

the forthcoming chapters.

Cluster Environment of Eye of Horus

Mass modeling can be done accurately when the lensed system is isolated. But the lens
galaxy of Eye of Horus is present in HSC J142449-005322 cluster (z ~ 0.801) which
is part of the CAMIRA cluster catalog [23]. Other

than this main cluster, it is also surrounded by
i Optically selecfea B.CG g 35

another cluster (z ~ 0.768) located ~100 arcsec o0's100 38

north-east of it, as shown in Figure 1.3. The main

cluster is about 100 times greater in mass than NE
cluster when measured within the Einstein radius. I
Because clusters surround this system, we expect svoo SR

that the lensed images are affected by the cluster

55'00" d

14h25m00s

environment [24]. X-ray emissions were observed

with XMM— Newton by [3] around this strong lens
FIGURE 1.3: This figure gives an
overview of the cluster environment of

ronment. It was found that the main cluster located Eye of Horus.
Image credits: [3]

system to analyze the influence of the cluster envi-

about 3.8 £ 1.0 arcsec south of the lens galaxy
of the system contributed significantly to the total
mass within the Einstein radius. On the other hand, the contribution from the other north-
east cluster could be neglected. We see that the Eye of Horus has a complex gravitational
structure around it as well as maybe along the line of sight, and hence we refer to this infor-

mation while analyzing the system henceforth.
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1.7 Initial Mass Function

The stellar initial mass function (IMF) is a function that describes the initial distribution of
masses for the stellar population of galaxies. It holds the key to understanding and modeling
star formation and galaxy evolution. Though theory suggests varying IMF owing to different
star-formation conditions, observations of the local universe confirm invariant IMF. Hence, a
robust study on IMF is essential. Generally, a universal, non-evolving IMF such as Salpeter
[25] or Chabrier [26] IMF is assumed for the early-type galaxies. Salpeter IMF gives s ~2
x stellar mass than the Chabrier IMFE. In this study, we compare the stellar mass derived
from our lensing models with the stellar mass derived from the stellar mass synthesis fitting

to analyze the IMF of the foreground lens of the target systems.






Chapter 2

Method

This chapter presents the method we used to model the two target systems, BELLS GALLERY
grade-A lens SDSSJ002927.38+254401.7 (Target 1, Section 1.5) and EYE OF HORUS
(Section 1.6). Sections 2.1 and 2.2 describe our method to obtain telescope images of the
target systems. Sections 2.3 and 2.4 introduce the modeling technique and software that we

used in this thesis.

2.1 Obtaining Data

In our thesis, we model the target systems based on their Hubble Space Telescope (HST)
images. The data of each target system has to be downloaded from the Mikulski Archive for
Space Telescopes (MAST)I, which is an archive of astronomical data. To do this, we de-
velop a code that can be customized to download the FITS files containing data of exposures

from the different camera/filter combinations from every visit of HST, of any target system.

Once we have all the relevant files, we apply the drizzle operation on the data using
AstroDrizzle of DrizzlePac software package. The Drizzle algorithm [27] is a powerful
method for combining dithered HST images, i.e., images (exposures) observed with different
pointings (offsets). Various tasks like aligning, distortion-correcting, cosmic-ray cleaning,
and combining HST images are performed by astrodrizzle. Once this operation is completed,
we get a combined image of our target systems. Our thesis adopts the combined image
corresponding to the F606W filter for the analysis since it very well encompasses all the

lensed features.

IDetails of HST imaging are provided here
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2.2 Preparing Data For Strong Lensing Analysis

The combined images cover data corresponding to a large area over space, whereas we are
interested in just our target system. Hence we further work on the data to get the cutout of
our target system, which is correctly oriented, and the size is adjusted to avoid surrounding
objects. We also extract the noise map for our final cutout image. The cutout size details are

provided in Chapter 3

2.3 Modeling

Lens reconstruction of strong gravitationally lensed systems constrains the lens mass
distribution owing to the requirement that multiply-
imaged points on the image trace back to the same
source plane location, and through the relative mag-
nifications of the individual images. The lens is
constrained by data points over continuous regions
when multiple extended images are present in ob-
servation of the target system. Figure 2.1 shows

an example of strong gravitationally lensed sys-

tem that contains large arcs which contain abun-
dant information to constrain the lens mass distribu- ) o
FIGURE 2.1: Typical strong gravitation-

tion. ally lensed system.
Image credit: ESA/Hubble NASA

The modeling problem, in general, can be divided
into either a forward or reverse problem. We have used the forward lens reconstruction

method in our thesis.

2.3.1 Forward lens Reconstruction Method

This method of modeling tries to create a model of the gravitationally lensed system that

reproduces the observation image of the system as accurately as possible.
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The method comprises of following steps.

1. A parameterized model of the lensed system, i.e., sources and lenses, is defined using

known mass and light distribution profiles.
2. Model is simulated to obtain an image.
3. Predicted image is compared to the data.
4. Model is changed according to the results.

Since an educated guess about the parameter values of the mass distribution has to be
made in such a modeling approach, it is sometimes considered disadvantageous over the
reverse problem. However, the results of this method are relatively easy to interpret since
the parametric models use a physical basis to describe the lens and source components.

Another advantage is the direct control over the model, so we choose this analysis method.

2.3.2 Lens Models

The forward method’s simulation and reconstruction of galaxy-scale lenses is done by a
model consisting of a combination of N1, number of parametric lens mass components. The
mass profiles of these components are selected from the catalog of mass models (e.g. [28])
according to the requirement. This section briefly introduces the mass profiles used for

modeling in this thesis.

Singular Isothermal Ellipsoid (SIE) Profile

The density profile for axisymmetric Singular Isothermal Sphere (SIS) is given by

e
- 2nG 2

p(r) 2.1

where o, is velocity dispersion of the stars. Projecting this density along the line of sight we

get the following surface mass density

v 2.2)
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where & is the magnitude of the two-dimensional vector on the lens plane. We know that
lenses cannot always be circular, so we assume a generalized elliptical profile for our model
1.e Singular isothermal ellipsoid (SIE) [12,28]. When the mass profile is generalized to
consider angular structure, for a lens with axis ratio g, the ellipticity is calculated as 1-q and
the mass profile is given by replacing the radial coordinate & by 1/q2£2+ &3, SIE is the
most commonly used profile to model the total mass distribution of lensing galaxies. This
profile is parametrized using six parameters in this thesis. The parameters are lens redshift,

velocity dispersion, position on both axes, ellipticity, and position angle.

Power-Law (POW) Profile

SIS is a part of the generalized lensing models called power-law lenses.The radial density
for power-law profile p(r) o< r~7 where 1 < y < 3 [29]. This profile is useful to find a better
estimate of the radial density slope of the lensing galaxy. It is parametrized using eight
parameters in this thesis. The parameters are lens redshift, source redshift position on both

axes, ellipticity, position angle, einstein radius, and power index (7).

Hernquist (HERN) Profile

This profile very well describes the light profile of early-type galaxies. The density profile
for the Hernquist profile [30] is given by

MtOt
PO SR =

where My is the total mass and ry, is scale radius. This profile is parametrized using seven
parameters in this thesis. The parameters are lens redshift, mass, position on both axes,

ellipticity, position angle, and scale radius.

Navarro—Frenk—White (NFW) Profile

The structure of dark matter halos seen in cosmological N-body simulations can be very

well described by a universal density profile, the NFW profile [31] defined by

Ds

P = /)t )2 4
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where ps is characteristic density and rg is the scale radius. This profile is parametrized
using seven parameters in this thesis. The parameters are lens redshift, mass, position on
both axes, ellipticity, position angle, and the concentration parameter, which is a ratio of

virial and scale radii.

External Shear

The environment of the lens systems that are not isolated can break the symmetry of the
main lens. Assuming that this perturbing gravitational field is constant over the lens length
scale, the effect of the perturber at the lowest order can be considered as adding a constant
convergence and tidal shear >. While modeling, we add lens components corresponding to
external shear that are parametrized by shear strength and position angle. One issue in doing
so is that there is often a parameter degeneracy between ellipticity of the mass profile of the
lens and external shear, making it difficult to constrain the model correctly. Further details

on the model are provided in the following chapters.

We mostly perform modeling using one to two lens mass components along with an
external shear component. The light distribution of the lens is modeled using Sérsic profile

described in the following section.

2.3.3 Source Models

The forward reconstruction method generally works with parametric light profiles of the
sources. In this thesis, we use the following profile to describe all the source components of

our models.

Sérsic Profile

The Sérsic profile is the prototypical profile for parametric sources and is widely used to

describe light profiles of galaxies. It is given by

L. D™ R\'"
S(R) = —b 2.5
) TR g T2n+1) { (Reff> } 2>

2Refer footnote 1
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where the scale length R.¢r is the half-light radius of the profile such that luminosity within
radius Re¢r is half of the total luminosity (L.).n > 0 is the Sérsic index of the profile. ¢ is
the axis ratio, and constant b is implicitly defined by 2y(2n,b) = I'(2n), where y and I are

respectively the lower incomplete Gamma function and Gamma function

This profile is determined by the seven parameters: the position on both axes, flux, Sér-
sic index n, axis ratio g, effective radius R, and position angle 8. We use multiple Sérsic

components while modeling to reproduce the lensed arcs in the system.

The Sérsic profile is a generalized model with special cases such as De Vaucouleurs pro-
file (n = 4), exponential profile (n = 1), and Gaussian profile (n = 1/2) . Using this profile
with indices in the range 1/2 < n < 10, we can fit most of the galaxies. Sérsic index cor-
relates n with galaxy luminosity and size, such that brighter and bigger galaxies tend to fit

with larger n.

2.3.4 Point Spread Function(PSF)

The image is affected due to the instrument and ambient conditions. This is taken care of
using the point-spread function (PSF), which represents what a true point source would look
like in the data. The PSF for each target system of our project was created using TinyTim
software [32]. A sanity check is conducted using the cutouts of two nearby bright stars
extracted from the target systems’ combined science image (i.e., before reduction to the

cutout).

2.3.5 Sky Component

The diffused overall distribution of light, in other words, sky background, is often found in
observations and must be included in the model during reconstruction. Flat surface bright-
ness distribution with a constant value is the simplest model for the sky background. Even if
the background noise has been subtracted in the preprocessing step, it is good to include the
sky background as a free parameter in the model. In our thesis, we manually set the initial

value of sky level and allow it to be optimized
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2.3.6 Gravitational Lens Modeling Software

Software for modeling strong gravitational lensing can be divided into two subgroups: para-
metric and non-parametric models. The parametric lens models describe mass components
by parameterized profiles. The non-parametric lens models are also parametric, but their
parameters are the individual mass pixels. In our thesis we work with parametric lensing

software glafic [33,34].

glafic

glafic is public software package for analyzing gravitational lensing whose features include
handling multi-plane lensing. It works by taking an input file which contains commands
and information regarding the parameters for the model, the optimization method, initial
priors for the profiles to be optimized, the cutout FITS file for the target system, PSF and the
noise map. As output, glafic provides several files. Primarily we have a file containing the
optimization results of model parameters and a FITS file corresponding to the best model
parameters which can be then be analyzed using DS9 (image display and visualization tool

for astronomical data) software.

2.3.7 One-Component modeling

One-component models in this thesis assumes a single component for the lensing galaxy,
such as a singular isothermal ellipsoid (SIE) or a power-law ellipsoid (pow). Even though
this thesis aims at two-component modeling of the target systems that gives us information
about both stellar and dark matter distributions, we first perform one-component modeling
on the systems.This is because two-component modeling is a computationally challenging
task due to a greater number of parameters. Once we have the best model parameters from
the simpler one-component modeling, the common model parameters are used as initial

model parameters for the two-component modeling, making it more accurate and feasible.

2.3.8 Two-Component modeling

In this thesis, we model the stellar light distribution using the Hernquist profile [30] and
dark matter distribution using the Navarro—Frenk—White (NFW) profile [31]. Further model
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specific details are presented in the Chapter 3.

2.3.9 Limitations and assumptions

While performing one-component modeling, we assume an isothermal or a power law profile
for the total lens mass distribution, despite the fact that it does not entirely describe either the
baryons or the dark matter distribution. Similarly, we assume the Hernquist profile for stellar
light distribution and NFW for dark matter distribution while two-component modeling,
when in fact, these profiles are not the exhaustive choices and substructures of astronomical
objects cannot be completely analyzed using these profiles. Our models are one of the good
choices to model the target systems, and there can be other models which give similar results.
Various model and parameter degeneracies can be found in this optimization process. We

aim to find the best fit model that can cover all the system’s main features.

2.4 Evaluation of Model

When we model the galaxy-galaxy strong lensing systems with parametric profiles and pri-
ors, we are trying to constrain the lens mass distribution using the lensed images of the
background sources. In Section 2.4.1 we describe the optimization method used to get the

best fit models in this thesis.

2.4.1 Chi-square minimization

To find the best fitting model, the Downhill Simplex method is used for optimization. We
use the pixels in the predicted model image and compare them with the pixels in the data
image, scaled by the variance of each pixel. The modeling procedure tries to minimize the
difference between the two to find overall minimum 2. Strong gravitational lens modeling
with this standard x? minimization is time-consuming since many images and lens potential
components are involved. Also, since in the beginning of the optimization we have to give
the initial model parameters with the limited knowledge we have about the system it is
possible that the position of the predicted and observed images differ substantially, which
can be problematic. In order to overcome these problems we first evaluate 2 in the source

plane to get some constraints on the lens and point source positions . Since there is no need
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to solve the lens equation, the optimization is very fast though less accurate. These results
from the point source fitting are then used as the initial parameters in the pixel by pixel
fitting in the image plane. In addition to this, we build up our model gradually, adding new

components only when we have minimized y? for the current model.

Degrees Of Freedom

There is a control over which model parameters are to be optimized. Details about the free
parameters of each model are given in Chapter 3. The degrees of freedom for a particular

the system is calculated as
D.O.F = Total number of pixels - Number of free parameters (2.6)

The reduced x? for the model is calculated as

x2

Reduced 952 =~ DOF

2.7

and its value tending to 1 is considered a successful reconstruction.

The main issue with 2 minimization is the risk of hitting a local minimum and not find-
ing the actual best model. To circumvent this problem, we perform Monte Carlo Markov

Chain (MCMC) analysis on best fit model using glafic as part of our optimization routine.

We perform both one and two-component modeling on the target systems. The details

of each model and results and presented in the next chapter.
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Chapter 3

Results

We adopt the Hubble constant Hy = 70 kms~'Mpc~!, the matter density Qy = 0.3, and the

cosmological constant Q = 0.7..

3.1 Single Source Plane System - SDSSJ002927.38+254401.

The cutout size of the images of this system is 125 x 125 pixels, and the pixel size is
0.0396 arcsec. We successfully perform one and two-component modeling on the Target
SDSSJ002927.38+254401. One-component modeling of this system was done by Shu et
al.(2016) [22]. We try to reproduce that result and additionally perform two-component

modeling on this system.

3.1.1 One-Component Model

This model modeled the lens mass distribution using an SIE profile with external shear. The
light profile of lens and source components are modeled using the Sérsic profile. We allow
offsets between the position, ellipticity, position angle of the mass, and the light profile of
the lens. The multiple arcs are modeled considering multiple source components, i.e., Sérsic
components at the same redshift. It is found that three Sérsic components for the source light
profile can cover all the system’s main features. Sérsic indices for all components are kept

as free variables during optimization.

As per our current best fit model, after optimizing parameters, we obtain the reduced >
value of 1.282. The degrees of freedom for this model is 15590. Although this result can be

improved further by adding more source components since it is a good result and we are not
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continuing our research on this system, we settle with the current model.

Figure 3.1 presents the comparison of our one-component model with the observation

for this system.

FIGURE 3.1: The left panel corresponds to our best-fit model as per one-
component modeling of the target system SDSSJ002927.38+254401.7 while
the right panel is the actual HST image of the target system

Best-fit parameter values for this model

Considering the current best fit model, we obtain the following results for parameters. ©
is velocity dispersion, e is ellipticity, P.A is position angle, R is the effective radius, 7 is
strength, and ¢y is the polar angle of the external shear, R, is the Einstien radius, n is the
Sérsic index. The cutout image of this target system is not oriented North-up as we wanted it
to orient the way it appears in Figure 3.1. Since the position angle is measured east of north
according to the image, we expect an offset between the position angles if the observation

is actually oriented North-up. The best-fit lens and source parameters are summarized in

Tables 3.1 and 3.2

TABLE 3.1: Lens parameters for one-component model of Target
SDSSJ002927.384254401.7

Lens o Flux e P.A Refr Rein n
Component | (km sil) (counts) (degrees) (arcsec) (arcsec)
SIE 270.59 - 0.390 77.05 - 1.32 -
Sérsic - 29.60 0.219 98.68 0.817 - 4.10
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The external shear strength is ¥y = 0.0011 and polar angle is ¢, = 16.50 degrees.

TABLE 3.2: Source parameters for one-component model of Target
SDSSJ002927.384254401.7

Source Zs Flux e P.A Refr n
Component (counts) (degrees) (arcsec)

Sérsic 1 2.4504 8.60  0.104 12572 0.281 4.16
Sérsic2  2.4504 640 0946 12945 0.011 1.84
Sérsic3  2.4504 3.82 0940 9230 0.007 1.38

Markov Chain Monte Carlo (MCMC) Analysis

We perform MCMC analysis on our results to explore the parameter space and obtain uncer-
tainties in the model parameters. This analysis also helps us detect parameter degeneracies.

The MCMC analysis result for some important lens parameters is shown in Figure 3.2.
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FIGURE 3.2: The marginal posterior distributions for the lens parameters of
Target SDSSJ002927.384254401.7 for one-component model

From Figure 3.2, we can see a parameter degeneracy between ellipticity and the position
of the lens. We can perform a better MCMC analysis to find the correlation between other

parameters and verify the current correlation.
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3.1.2 Two-Component Model

In this model, the stellar mass distribution is modeled using the Hernquist profile and dark
matter distribution is modeled with NFW profile. An external shear component is present
in the model. The light profile of lens and source components are modeled using the Sérsic
profile. We allow offsets between the position, ellipticity, position angle of mass, and light
profile of the lens. We also allow offset between centroids of stellar and dark matter distri-
bution. The multiple arcs are modeled considering multiple source components, i.e., Sérsic
components at the same redshift. It is found that three Sérsic components for the source
light profile can cover all the system’s main features. Sérsic indices for all components are

kept as free variables during optimization.

As per our current best fit model, after optimizing parameters, we obtain a reduced 2
value of 1.280. The degrees of freedom for this model is 15574. This result can be improved
further by adding more source components, but since it is a good result and we are not con-

tinuing our research on this system, we settle with the current model.

Figure 3.3 presents the comparison of our two-component model with the observation

for this system.

FIGURE 3.3: The left panel corresponds to our best-fit model as per two-
component modeling of the target system SDSSJ002927.38+254401.7 while
the right panel is the actual HST image of the target system
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Best-fit parameter values for this model

The best-fit lens and source parameters are summarized in Tables 3.3 and 3.4.

TABLE 3.3: Lens parameters for the two-component model of Target
SDSSJ002927.384254401.7

Lens M Flux e PA Rein n Ry orRess
Component Me) (counts) (degrees) (arcsec) orc
Hernquist | 5.41 x 101! - 0210 92.67 1.0885 - 0.437

Sérsic - 24.38 0.210 92.67 - 397 0.793

NFW 5.41 x 1012 - 0.654 74.20 0.816 - 6.535

The external shear strength is ¥y = 0.0131 and polar angle is ¢, = 3.138 degrees.

TABLE 3.4: Source parameters for the two-component model of Target
SDSSJ002927.384254401.7

Source Zs Flux e P.A Resr n
Component (counts) (degrees) (arcsec)

Sérsic 1 2.4504 7.05 0.101  308.41 0.285 3.90
Sérsic2 24504 | 13.07 0945 134.88 0.011  2.10
Sérsic3  2.4504 | 4.04 0945 7430 0.011 1.50

M corresponds to the total mass. The last column of Table 3.3 gives values for the param-
eter scale radius Ry (arcsec) for the Hernquist profile, the effective radius Re¢ (arcsec) for
the Sérsic profile, concentration parameter ¢ = ry;/rs where ry;; is virial radius and r; is scale

radius. The combined effect of both Hernquist and NFW profiles gives us Rej, = 1.33 arcsec.
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The MCMC analysis result for some important lens parameters is shown in Figure 3.4.
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FIGURE 3.4: The marginal posterior distributions for the lens parameters of

Target SDSSJ002927.38+254401.7 for the two-component model

From Figure 3.4, we can see that there is an anti-correlation between ellipticities and

position angles of Hernquist and NFW profile. We can perform a better MCMC analysis to

find the correlation between other parameters and verify the current correlations.

3.1.3 Center and Shape of Mass Distributions

Considering the lens center to be (0,0) in the actual image and allowing the lens center to be

a free parameter in modeling, for the two-component model, we get

TABLE 3.5: Parameter comparison of Hernquist (stellar) and NFW (dark mat-

ter) profile
Lens X y e PA
Component | (arcsec) (arcsec) (degrees)
Hernquist | 0.0160 -0.1332 0.210  92.04
NFW 0.0669 0.3234 0.653 74.20

From Table 3.5, we can see that the difference in position angles of stellar and dark matter

distribution is ~18 degrees. Hence we can say that the distributions are reasonably well
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aligned. The ellipticity, on the other hand, is significantly different. The dark matter dis-
tribution is more elongated than the stellar mass distribution. Due to this difference in the

shape of mass distributions, analyzing this feature further is a possible research direction.

3.1.4 Density Profiles

We plot the circular-averaged convergence '

as a function of the radius to analyze the den-
sity profiles according to our models. The convergence is computed with the center at the
centroid of the profile and for the source redshift of 2.4504 in a range of radii between 0.1
and 10 arcsec, with a logarithmic interval. The Einstein radius plotted in Figure 3.5 is the

average value of what we get considering one and two-component models.

FIGURE 3.5: Average Convergence vs Radius log-log Plot
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The result shown in Figure 3.5 indicates that our model gives almost the same con-
tribution from Hernquist (stellar) and NFW (dark matter) profiles near Einstein radius, as
expected. We obtain convergence of SIE profile at Einstein radius to be 0.61. The figure

provides a good overview of the mass distribution as a function of radius.

IConvergence is a measure of integrated mass density and is given by the ratio of surface mass density ©
to critical surface mass density X... Refer footnote 1.
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3.2 Double Source Plane System - Eye of Horus

The cutout size of the images of this system is 269 x 163 pixels such that it covers the target
system completely and crops out background objects. The pixel size is 0.05 arcsec which
is consistent with the pixel size of the instrument HST used to observe this system. We
successfully perform both one and two-component modeling on the Eye of Horus. While
one-component modeling on this system was done by Tanaka et al.(2016) [2], they have done
modeling on the image observed by ground-based telescope Hyper Suprime-Cam (HSC)
whereas we model the system based on its HST (space-based telescope) image which is

deeper and of higher-resolution that allow us to better analyze the features of the system.

3.2.1 One-Component Model
Lens modeled using SIE profile

We first try modeling the lens mass distribution using SIE and external shear. It is found that
reproducing both inner and outer arcs at required positions is not possible simultaneously.
There is a trade-off between the accuracy of the source 1 (S1) and 2 (S2) arcs considering the
mass distribution of the lens. We find that for our best-fit model for this model the Einstein
radius for the source is lower than expected. This implies that the density profile of the main
lens must be much shallower than the SIE profile. Hence, we next model the lens mass

distribution using a power-law model.

Lens modeled using Power-law profile

In this model, the lens mass distribution is modeled using a power-law profile (POW) with
external shear. The light profiles of lens and source components are modeled using Sérsic
profile. We match the position, set no prior on ellipticity and match the position angle with
ratio 1.0 and 1.0 tolerance 2, of lens and its Sérsic profile as well as source 1 mass component
and its Sérsic component. This is done as we expect that mass and light distribution have
same centroid but their ellipticities can vary, whereas they have to be alligned within 10-20
degrees error in position angle. Sérsic indices for all components are kept as free variables

during optimization. There is a flat prior set on shear strength such that it ranges from 0.0

2e.g. If parameters 1 (p[1]) and 2 (p[2]) are matched with ratio 0.7 and 0.5 tolerance, it means that
pl1] — 0.7 x p[2] is assumed to have a Gaussian prior with an error of 0.5
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to 0.3 which is what we physically expect in such target systems. The velocity dispersion
of satellite galaxy mass component is allowed to range between 10 to 100 km s~!, and the
velocity dispersion of source 1 mass component ranges between 100 to 240 km s~!. The
values of the range for these prior are decided according to an educated guess taken after
considering the relevant lensed images positions and Einstein radius. A Gaussian prior with
an error of 0.05 and 0.02 arcsec is imposed on the position of the lens and satellite galaxy,

respectively, during optimization.

Both the one-component model and two-component model include two external shear
components at each lensing object (i.e., lens and source 1) redshift. Source 1 is modeled
using SIE profile. The satellite galaxy is centered around (-4.101, 0.419) arcseconds with
Gaussian prior, and its mass distribution is modeled using the SIS profile. One Sérsic com-
ponent is used to model the inner arcs of lensed S1 Three Sérsic components are used to
model the A-E features along with reproducing the resolved B feature (i.e., upon careful
observation of the HST image (right panel) in Figure 3.6, we can see that there are about
three blobs at B feature location of which two are close by, and the third is a far from them)

to certain extend. One Sérsic component is used to model the G H features of S2.

As per our current best fit model, after optimization of parameters, we obtain reduced x>
value of 1.512. The degrees of freedom for this model is 43787. This result can be improved
further by adding more source components, but since it is a good result that reproduces all

the system’s main features, we settle with the current model.
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FIGURE 3.6: The left panel corresponds to the actual HST image of the tar-
get system. Our best-fit model as per one-component modeling of the target
system Eye of Horus is presented in middle panel, while the right panel is the
residual image

Figure 3.6 presents the comparison of our one-component model with the observation

for this system.

Best-fit parameter values for this model

The cutout image of this target system is not oriented North-up as we want it to orient the

way it appears in Figure 3.6. Since the position angle is measured east of north according

to the image, we expect an offset between the position angles if the observation is actually

oriented North-up. The best-fit lens and source parameters are summarized in Tables 3.6

and 3.7
TABLE 3.6: Lens parameters for the one-component model of Eye of Horus
Lens o Flux e P.A Ress Rein n Or pOW
Component (km sil) (counts) (degrees) (arcsec) (arcsec) index
POW - - 0.147  231.000 - 2.044 1.756
Sérsic - 14.761  0.103  228.301 5.455 - 4.987
Satellite Galaxy | 88.826 - - - - -
SIE - S1 166.602 - 0.6945 163.639 - - -

For external shear component at z = 0.795, shear strength is ¥ = 0.060 and polar angle is

¢y = 184.900 degrees. For external shear component at z =1.302, shear strength is y = 0.254

and polar angle is ¢, = 153.989 degrees.
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TABLE 3.7: Source parameters for the one-component model of Eye of Horus

Source Zs Flux e PA Reft n
Component (counts) (degrees) (arcsec)
S1-Sérsic 1 1.302 | 0.293 0.829 150.405 1.211  2.947

S2(A-E)-Sérsic 1 1.990 | 5.747 0864 103.771 0377 4.181
S2(A-E)Sérsic 2 1.990 | 10.093 0.716 127.562  0.059 2977
S2(A-E)Sérsic 3 1.990 | 7.816 0.850 96.230 0.077  3.446
S2(G and H)Sérsic1  1.990 | 0.607 0.679 121.669  4.081 4.250

We find that the total lens mass distribution is indeed shallower than SIE (p o< 12 )
profile. The mass profile with p o< 1173 is preferred by the best-fit model, indicating the
large dark matter fraction, later verified by our two-component model. According to our
model the Einstein radius for S1 is 1.998 arcsec and for S2 is 3.864 arcsec.

The MCMC analysis result for some important lens parameters is shown in Figure 3.7.

From Figure 3.7, we can see that there is a parameter degeneracy between the power-law
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FIGURE 3.7: The marginal posterior distributions for the lens parameters of
the one-component model of Eye of Horus

index and Einstein radius. We can perform a better MCMC analysis to see the correlation

between other parameters.
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3.2.2 Two-Component Model

In this model, the stellar mass distribution is modeled using the Hernquist profile and dark
matter distribution is modeled with NFW profile. Rest of the model and priors are kept same
as the one-component model. We allow offset in the centre of the mass distributions. Since
the system is present in a cluster environment, no prior on relative masses of stellar and dark

matter components is applied.

As per our current best fit model, after optimization of parameters, we obtain reduced
value of 1.464. The degrees of freedom for this model is 43781. This result can be improved
further by adding more source components but since it is a good result that reproduces all

the system’s main features, we settle with the current model.

Figure 3.8 presents the comparison of our two-component model with the observation

for this system.

FIGURE 3.8: The left panel corresponds to the actual HST image of the tar-

get system. Our best-fit model as per two-component modeling of the target

system Eye of Horus is presented in middle panel, while the right panel is the
residual image

Best-fit parameter values for this model

The best-fit lens and source parameters are summarized in Tables 3.8 and 3.9
M corresponds to the total mass. The last column of Table 3.3 gives values for parame-
ter scale radius Ry, (arcsec) for Hernquist profile, effective radius Ref (arcsec) for Sérsic

profile, concentration parameter ¢ = ry;/rs where ry;; 1s virial radius and rg is scale radius.
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TABLE 3.8: Lens parameters for two-component model of Eye of Horus

Lens M Flux e P.A n Ry, orR¢¢
Component Me) (counts) (arcsec) or ¢
Hernquist 1.298x 10'2 - 0.101 348.637 - 0.942
Sérsic - 2438 0.101 350.118 5.136  5.509
NFW 6.382x 1013 - 0.177 50.262 - 10.096
Satellite Galaxy 92.884 - - - -
SIE - S1 201.023 - 0.698 165.582 - -

According to our model, the Einstein radius for S1 is 2.110 arcsec and for S2 is 3.854 arcsec.

For external shear component at z = 0.795, shear strength is ¥ = 0.058 and polar angle is
¢y =184.277 degrees. For external shear component at z = 1.302, shear strength is y = 0.273

and polar angle is ¢y = 157.146 degrees.

TABLE 3.9: Source parameters for the two-component model of the Eye of

Horus
Source s Flux e P.A Retr n
Component (counts) (degrees) (arcsec)
S1-Sérsic 1 1.302 0.332 0.797  150.8625 - 2.976

S2(A-E)-Sérsic 1 1.990 4.149 0.876 104.735  0.158  3.291
S2(A-E)Sérsic 2 1.990 7.787 0.748 126.738  0.034  2.367
S2(A-E)Sérsic 3 1.990 | 8.3340.813 100.463  0.095 3.378

S2(G and H)Sérsic 1 1.990 0.518 0.710  117.6389  5.469  4.307
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The MCMC analysis result for some important lens parameters is shown in Figure 3.9.
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FIGURE 3.9: The marginal posterior distributions for the lens parameters of
the two-component model of the Eye of Horus

From Figure 3.9, we can see that there is a parameter degeneracy between ellipticity and
position angle of the NFW profile. Upon careful analysis, we expect a correlation between
ellipticity and the position angle of the Hernquist profile too. We can perform a better

MCMC analysis to see a correlation between the mass of the profiles and other parameters.

3.2.3 Center and Shape of Mass Distributions

Considering the lens center to be (0.5832, 0.0725) in the actual image and allowing the lens
center to be a free parameter with a Gaussian prior in modeling, for the two-component
model we find that the centroids of the two mass distributions have some offset. Though it
is about 0.15 arcseconds, it is quite large for galaxy-scale lens. This might indicate that the

cluster mass is contributing quite a bit to the lensing.

TABLE 3.10: Parameter comparison of the Hernquist (stellar) and NFW (dark
matter) profile

Lens X y e P.A
Component | (arcsec) (arcsec) (degrees)

Hernquist | 0.5812 0.0674 0.101 348.637
NFW 0.5048 0.2014 0.177  50.262
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From Table 3.10, we can see that the difference in position angles of stellar and dark
matter distribution is ~ 61.625 degrees. Hence we can say that the distributions are mis-
aligned. Due to cluster environment and external shear, we did expect misalignment in the
mass distributions, but the magnitude of misalignment that we get from our lensing model is
quite a lot and lies at the extreme end of error allowed as per Horizon-AGN simulation ana-
lyzed at mass scale ~ 103 by [35]. On the other hand, the ellipticities are almost similar and
lie within the error bar of what is expected according to Horizon-AGN simulation [36, 37].
However, if we precisely compare the shape of the two profiles, we find that the dark matter

distribution is more elongated than the stellar mass distribution.

In the literature, if we focus on two studies that were done on the shape comparison of the
stellar and dark matter distributions, we find that our result on the shape comparison of the
mass distributions that claim that dark matter distribution is more elongated than the stellar
mass distribution is consistent with Okabe et al. 2020 [35] while is in contrast with Brud-
erer et al. 2016 [38] which claims that dark matter haloes are rounder than the stellar mass
distribution. The inconsistencies in the comparison of the result on shape comparison might
be due to several reasons. We are estimating ellipticities within the Einstein radius whereas
the radius scale that the other two studies work at is different, and it is believed that the
ellipticities have some radial dependence [35, 39], so if we probe at different radius scales,
for example, at the cluster scale then, we are probing a different region and might expect
different ellipticities. Another possible reason is the mass dependency of ellipticities [35].
We are working with a system with lens that has total mass ~ 10'*M,, , whereas the target
systems that the other two studies are based upon are of different mass scales. Therefore,
to get robust results on shape comparison of mass distributions, we need to analyze sam-
ples at different mass scales and perform simulations at larger box sizes such that we could
draw a better correlation between ellipticities and their mass and radial dependence. Then
we would be able to get better conclusions on the shape comparison. Other possibilities of
inconsistencies are that our modeling techniques (e.g., profiles used to model the lenses),
the definition of ellipticities in the model, methods of estimating ellipticities are different,

so to draw a conclusion considering other studies, we need to come to common grounds.
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3.2.4 Density Profiles

We plot the circular-averaged convergence as a function of the radius to analyze the density
profiles according to our models. The convergence is computed with the center at the cen-
troid of the profile and for the source redshift 1.990 in a range of radii between 0.1 and 10
arcsec, with a logarithmic interval. The Einstein radii plotted on graph are the average value

of what we get considering one and two-component models.
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FIGURE 3.10: Average Convergence vs Radius log-log Plot

The result shown in Figure 3.10 indicates that the dark matter dominates over stellar
mass around both the Einstein radius confirming our prediction from the density profile
estimate of the lens which was found to be shallower than SIE profile . We suppose this is
due to the fact that the Eye of Horus is located in a massive cluster. A good overview of the

various mass distributions against radius can be inferred from Figure 3.10

3.2.5 Initial Mass Function

We compare the stellar mass derived from our lensing model with the stellar mass estimated
in [2] using MIZUKI (that uses five-band photometry, known redshift of the lens galaxy
and fits a spectral energy distribution (SED) using MIZUKI with a suite of model templates
that assume the Chabrier IMF ). The stellar mass of 6.6x 10! M, is estimated by MIZUKI,
while we get 12.98 x10''M, . Our stellar mass estimate is offset by a factor of two, sug-

gesting that Salpeter IMF provides a better description of the stellar population of the lens.
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Summary

We have successfully done the first two-component modeling on the Hubble space tele-
scope images of the target systems SDSSJ002927.38+254401.7 selected from the BELLS

GALLERY sample and the interesting double source plane lensed system Eye of Horus.

Focusing on the main lens system Eye of Horus, we find that the lensing galaxy of the
Eye of Horus follows a power-law radial density profile (p o< r~7) with y = 1.7559, which is
shallower than the SIE profile. Our results are consistent with [2] that had found a shallower
profile for the lens and suggested a large dark matter fraction in this system. We verified the
large dark matter fraction within the Einstein radius using the circularly-averaged conver-
gence against the radius (see Figure 3.10). We assume a satellite galaxy at the same redshift
as the lens galaxy to be the mass component between the features A and C that splits them
into two images. The velocity dispersion of this satellite galaxy, assuming an SIS profile, is
~93 km s~!. For the source 1, we find velocity dispersion of 201 km s~! (assuming an SIE
profile). Some parameter degeneracies were detected in the model. We plan to explore more
of these by conducting an improved MCMC analysis of the best-fit model. Our current one
and two-component models for both the systems reproduce all the important features of the

lensed systems

In both the systems, it was found that the dark matter distribution was more elongated
than the stellar mass distribution. This result is in agreement with [35] and in disagreement
with [38]. This might be due to the mass scale differences of the target systems or the mod-
eling limitations. We need to model our systems considering parameter degeneracies and

MCMC analysis. Modeling more such double source plane systems or multiple strong lens
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systems is important to draw more robust conclusion on shape comparison of the stellar and

dark matter distributions.

The dark and stellar mass distributions of the target SDSSJ002927.38+254401.7 were
found to be well aligned . On the other hand the dark and stellar mass distributions of Eye
of Horus had a large offset in the position angles. The cluster environment of Eye of Ho-
rus is a possible reason for the misalignment. We need to increase our target sample size
and carefully consider external perturbation (including higher order perturbation ) in the cur-

rent model to improve the result on the alignment of the stellar and dark matter distributions.

The stellar mass for the foreground lens was found to be 12.98 x10''M, . After com-
paring this with the stellar mass (6.6 x10''M, ) inferred from stellar population synthesis
fitting (which assume Chabrier IMF) we find that a Salpeter IMF provides a better descrip-
tion of the stellar population of the lens. This is in agreement with [40-42], which sug-
gest that Salpeter IMF provides stellar masses in agreement with those inferred by lensing

whereas Chabrier IMF underestimates them.

Our detailed model for the double source plane lensed system Eye of Horus could further
be used in various directions such as constraining cosmological parameters, looking for
constraints on galaxy formation in ACDM using the shape comparison of stellar and dark

matter distributions, and studying the initial mass functions of early type galaxies.
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