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Abstract

Gravitational lensing in galaxy clusters is a powerful tool with which to study

both the large scale mass distribution of some of the most massive structures

in the Universe and the magnified galaxies in their backgrounds. In this thesis,

I will present a new parametric lens model of the matter distribution in the

galaxy cluster Abell 370 made using new data from the James Webb Space

Telescope. I use NIRCAM and NIRISS data to evaluate the systems of multiple

images of background galaxies and discuss how they have been changed

and improved by JWST. I use these systems as strong lensing constraints to

construct a lens model. Using a magnification map derived from the model,

I also discuss the properties of a newly spectroscopically confirmed multiply

imaged galaxy at z=7.69. I constrain its properties with SED fitting and discuss

the impact of different prior assumptions on the results.
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1Introduction

Gravitational lensing is the effect in which light is de�ected around large

concentrations of mass. Galaxy clusters are some of the most massive structures

in the Universe and the path light takes around them is a powerful tool used to

learn about the distribution of mass in a cluster. It is estimated that on average,

galaxy clusters are made of� 15% baryonic matter in stars, gas, and dust, and

85% non-baryonic dark matter. Light from background galaxies is de�ected

by the mass of the cluster, which can create multiple magni�ed images of a

single galaxy around the cluster. The type of matter in the cluster makes no

difference to the de�ection, making it possible to use this effect to study the

total mass distribution, including galaxies, intracluster stars, gas, dust, and

dark matter. Lens modelling clusters allows us to estimate the total mass and

draw conclusions about where the mass is distributed in the cluster.

Lensing in clusters is also a powerful way to study some of the most distant

galaxies in the Universe. Galaxies behind the cluster are magni�ed as they are

lensed, making them brighter and more spatially resolved. The lensing effect

does not depend on wavelength, which allows us to take spectra of objects

that appear brighter than they would be without lensing. This helps us observe

more galaxies in more detail and expands our understanding of the overall

population of galaxies at high redshift. When we plot the luminosity function

(the number density of galaxies as a function of UV absolute magnitude),

we �nd that faint galaxies are far more abundant than bright galaxies at all

redshifts. Without being magni�ed by a galaxy cluster, many faint galaxies

would not be visible. Before properties such as stellar mass and star formation

rate can be estimated, it is necessary to derive the magni�cation of the source

using a lens model (Schneider, 2006, Straitet al., 2018).

Abell 370, a galaxy cluster with a redshift of z=0.375, is one of the most

massive galaxy clusters (e.g. Umetsuet al., 2011). It is non-spheroidal in

shape with two large galaxies at its centre and is believed to be the result of

two galaxy clusters of approximately equal size merging together (e.g. Molnar

1



et al., 2020). As such, it has a more complex structure than many other clusters

(e.g. Allingham et al., 2023, Mahler et al., 2023) - previous studies (e.g. Strait

et al., 2018, Lagattuta et al., 2019) have found that it requires at least two large

concentrations of dark matter to model the mass distribution in Abell 370. It

is also one of the clusters with the largest number of multiple image lensing

systems, which are used as constraints when lens modelling (e.g. Lagattuta

et al., 2019). For these reasons, creating a lens model for Abell 370 is not a

trivial task.

The James Webb Space Telescope (JWST) can observe distant galaxies with

better resolution and sensitivity than previous instruments, on top of its

spectroscopic capabilities in the infrared that will enable detailed studies

of many more sources than previously possible. In this project I create a lens

model of Abell 370 using new observations from JWST, improving it from

previous versions which used only images from the Hubble Space Telescope

(HST) and Spitzer. I also use new photometry and slitless spectroscopy from

JWST to explore the properties of a lensed background source in the early

Universe, demonstrating the power of lensing to observe distant galaxies.
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2Theory

2.1 Gravitational lensing

Gravitational lensing is the effect in which light is de�ected around large

concentrations of mass. The idea that if light could be considered a particle,

its trajectory could be changed by a gravitational �eld was �rst proposed

in 1784 (Michell, 1784). When Albert Einstein described general relativity,

he calculated the angle by which light would be de�ected by the mass of a

star. However, he predicted that the separation would be far too small to

be resolved (Einstein, 1936). Fritz Zwicky was the �rst to suggest, in 1937,

that "extragalactic nebulae", i.e. galaxies, contain enough mass to produce

resolvable images of lensed objects and predicted that these could be used to

measure the mass of the galaxies (Zwicky, 1937a, Zwicky, 1937b).

The �rst gravitationally lensed object discovered was a quasar identi�ed by

Walsh et al. (1979). The two images were separated by 5.7 arcseconds and

had identical spectra with a redshift of 1.4. Soon after, a small galaxy cluster

between the two images was identi�ed as the lens (Younget al., 1988). Several

more lensing systems were discovered by chance in the following decade, until

systematic searches with HST revealed many more (Schneideret al., 2006).

Another important discovery in lensing was the identi�cation of giant luminous

arcs; strongly curved features found in galaxy clusters, including Abell 370.

Their nature was a mystery until a redshift measurement of one in 1988
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(Soucail et al., 1988) revealed that the redshift of the arc was much larger than

that of the cluster. Smaller, less distorted images are called arcs or arclets.

According to general relativity, light travels along the null geodesics of space-

time. For our purposes, however, we can describe light rays with an approx-

imation called gravitational lens theory. Because the distances between the

observer, lens, and source are so large, it is acceptable to describe light rays as

straight lines, as illustrated in Fig. 2.1. There are two conditions for using this

approximation.

First, the Newtonian gravitational �eld strength must be small. The �eld

strength can be determined using the dimensionless ratio between the grav-

itational potential � and the speed of light c squared. If� =c2 � 1, then the

�eld is weak. The virial theorem tells us that � � v2 for a mass distribution in

equilibrium. Since a typical velocity for a galaxy in a cluster environment is

1000 km/s (Schneider, 2006), v2=c2 � � =c2 � 10� 5 � 1. Therefore, under the

conditions present in lensing clusters, this condition always holds.

The second condition is that the impact parameter� must be much larger than

the Schwarzchild radius of the mass,RS, de�ned in Equation 2.1. M is the

mass that is causing the lensing, c is the speed of light, and G is Newton's

gravity constant. The impact parameter � is de�ned as the perpendicular

distance between the light ray and the lens in the lens plane.

RS =
2GM

c2
: (2.1)

The de�ection angle of a light ray passing by a spherically symmetric mass M

is given by Equation 2.2.

�̂ =
4GM
c2�

(2.2)

For gravitational lensing, the �eld equations of general relativity can be lin-

earized. In this context, linearizing means that for an ensemble of mass points,

the de�ection angle is the vector sum of the de�ections from each individual
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mass. We can express this in terms of the surface mass density distribution�

as shown in Equation 2.3.

�̂ (� ) =
4G
c2

Z
d2� 0�( � 0)

� � � 0

j� � � 0j2
(2.3)

A diagram of a simple lens system is shown in Fig 2.1. Light from a source at a

distance of Ds is de�ected by a mass distribution at a distance of Dd. Dds is

the distance between the two. The dashed line in the diagram is the optical

axis, and the source and lens planes are de�ned as planes perpendicular to

this line at their respective distances from the observer.

Figure 2.1: Diagram of a gravitational lens system (Schneideret al., 2006)

The lens equation expressed in Equation 2.4 describes mapping the source's

position in the lens plane � to its position in the source plane � . The set of

images in the lens plane that correspond to a single galaxy in the source plane

is called a system.
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� = � � � (� ) (2.4)

� (� ) is the scaled de�ection angle, which can be expressed in terms of the

surface mass density as follows,

� (� ) =
1
�

Z

R2
d2� 0� (� 0)

� � � 0

j� � � 0j2
(2.5)

� is called the convergence and is the dimensionless surface mass density,

described in Equation 2.6.

� (� ) =
�( Dd� )

� cr
(2.6)

� cr =
c2

4�G
Ds

DdDds
(2.7)

� cr is the critical surface mass density and is a characteristic value for the

surface mass density of the lens. If the lens mass distribution has� > � cr

anywhere, then multiple images will be produced for some source positions

and it is called a `strong' lens.

Another way to describe the lens equation is shown in Equation 2.8.' is called

the lens potential and is related to the gravitational potential � by Equation 2.9.

Note that the lens potential is related to the distance to the source - background

sources at different distances will have different de�ection angles.

� = � � r ' (� ) (2.8)

' (� ) =
2
c2

Dds

Ds
� (� ) (2.9)
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In the process of lensing, the images of the source are magni�ed. This is

because the light rays from a source are differentially de�ected - if we imagine

a light beam passing through the lens plane, the light rays closer to the lens

are de�ected more than light rays further away. As a result, the solid angle

subtended by the source changes. When the solid angle is larger, the surface

brightness is preserved but the �ux, which is the product of surface brightness

and solid angle, increases.

A critical curve is the smooth line in the lens plane where the magni�cation

diverges for a source at a given distance. The critical curve mapped back to the

source plane is called a caustic and does not need to be smooth. The number

of images and the degree of distortion in the images a source produces in the

lens plane depends on its proximity to the caustic line in the source plane. Fig.

2.2 shows two analytical examples (1, 2) of a solution to the lens equation: an

ellipsoidal mass distribution de�ects the galaxies at the source plane positions

in the cartoon on the right (b) such that they appear at the lens plane positions

shown in the cartoon on the left (a). For more complicated mass distributions,

this problem can only be solved numerically.

Figure 2.2: Two analytical examples of objects in the source plane (b) and their
corresponding images in the lens plane (a). The surface mass density
of the lens is ellipsoidal in this case. The lines represent caustics in the
source plane and critical curves in the lens plane. Note that the green
image closest to the caustic in both examples is the most distorted in the
lens plane. By contrast, the points furthest from the centre of the mass
distribution (purple in panel 1 and pale blue in panel 2) are not multiply
imaged but simply distorted - at these positions in the lens plane� < � cr

(Schneider, 2006).

The shape distortion of lensed images is caused by the tidal gravitational �eld

and described by the shear
 , a complex quantity that can be related to the

gravitational potential via the Jacobian matrix A shown in Equation 2.10.

2.1 Gravitational lensing 7



A =
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=

0

@
1 � � � 
 1 � 
 2

� 
 2 1 � � + 
 1

1

A (2.10)


 = 
 1 + i
 2 (2.11)

The magni�cation of a source is the inverse of the determinant of the Jacobian

(Equation 2.12). Note that the magni�cation can be positive or negative; this is

called the `parity' of an image. Another way to conceptualize the critical curve

is that it is where detA = 0, causing the magni�cation to diverge. Note that

the magni�cation does not truly diverge - in�nite magni�cation is unphysical.

However, the magni�cation can get very large as we approach the critical

curve, on the order of 1000 times brighter. As we cross the critical curve, the

parity �ips. Two images on either side of a critical curve will be mirror images

of each other.

� =
1

detA
=

1
(1 � � )2 � j 
 j2

(2.12)

Lensing is an achromatic effect - the de�ection of photons does not depend on

their frequency.

A second type of lensing effect is weak lensing. In constrast to strong lensing,

weak lensing does not produce mulitple images, but distorts a single image.

This can be observed in the purple image in example 1 and the pale blue image

in example b in Fig. 2.2 - there remains a single image in the lens plane but

they are stretched into a different shape. Weak lensing generally occurs further

away from the centre of the gravitational potential, where the magni�cation

and distortion effects are weaker.

The de�ection of light is determined by only the gravitational �eld through

which the light propagates, making lensing just as sensitive to luminous matter

as dark matter. Since the gravitational �eld is related to the mass distribution,

lensing can provide great insight into how mass is distributed across a cluster.
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2.2 Does light trace mass?

It is well established that galaxies contain more mass than is explainable by

the stars, gas, and dust they contain. The same is true of galaxy clusters. The

expected mass fractions in clusters is 2% stellar mass, 13% gas mass, and

85% non-baryonic dark matter (Umetsu et al., 2022). The degree to which

the total mass distribution of a galaxy cluster matches the distribution of its

light-emitting matter is an area of active investigation.

A famous example is the Bullet Cluster, a merging cluster at z = 0.296. Shown

in Fig. 2.3, the cluster has two main galaxy concentrations, separated by

0.72 Mpc. The majority of the cluster's baryonic mass is in intracluster gas

detected via X-ray observations with Chandra (Markevitch, 2006). These

observations show that the highest concentrations of gas are signi�cantly

offset from the galaxies. However, lens modelling analysis shows that the

total mass distribution follows the galaxies quite closely, with the centres

signi�cantly separated from the gas (Brada�c et al., 2006, Clowe et al., 2004).

The theory behind this is that during the merger, the two clusters passed

through each other. While the galaxies act as collisionless particles, the gas

experienced drag during the collision, pulling it towards the centre. Though

the intracluster gas is far more massive than the stars in the galaxies, the

lensing analysis shows that the bulk of the mass in the cluster also passed

through during the merger. This is interpreted as strong evidence for the

existence of dark matter (Clowe et al., 2006).
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Figure 2.3: The Bullet Cluster. The green contours in both panels represent the total
mass distribution derived from gravitational lens modelling. The left
panel shows an optical image of the cluster, while the right panel shows
the X-ray emission. Note that the contours follow the stellar light from
the cluster member galaxies much more closely than the more massive
X-ray-emitting gas.

Abell 370 is also believed to be the result of two clusters merging, because it

is bimodal in its light distribution and the gas is offset towards the centre of

the cluster (Molnar et al., 2020, Umetsu et al., 2022). Fig. 2.4 shows a map of

the X-ray emission in Abell 370. The effect where the gas is offset from the

overall mass distribution is not as pronounced as in the Bullet Cluster, but it is

evidence that Abell 370 is a merging cluster approaching equilibrium.

Figure 2.4: A heat map of the smoothed X-ray surface brightness in Abell 370 taken
with Chandra. The black crosses mark the peaks of the mass distribution
found with a lensing study (Strait et al., 2018). Note that while the gas is
centrally concentrated, the yellow peaks of the gas distribution do not
match the total mass distribution. The bright spot to the north-east is a
foreground galaxy and not part of the cluster. Credit: Molnar et al., 2020
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When lens modelling, one of the central assumptions of many codes is that

`light-traces-mass', i.e. that the dark matter distribution of the cluster follows

the light distribution in the cluster to some degree. Whether this is a good

assumption is a matter of debate; this will be discussed in context of my lens

model and others' in Section 5.1.3.

2.3 High-redshift galaxies

Galaxies lensed by clusters include some of the most distant known in the

Universe (e.g. Ateket al., 2023, Harikane et al., 2023). Without lensing, many

of these would have a brightness below observational limits, but a cluster can

magnify the image of a background galaxy by factors of sometimes more than

100. Lensing can also make galaxies more spatially resolved then they would

be otherwise, and sometimes magnify them enough that detailed spectroscopy

can be performed (e.g. Livermore et al., 2015, Mason et al., 2017). Fig.

2.5 shows an example of spatially resolved emission line maps of magni�ed

galaxies.

Figure 2.5: An example of 2D emission line maps and velocity maps of lensed galaxies
from z� 0.5-2. Mason et al., 2017
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Another bene�t of studying lensed galaxies is that it gives us greater insight

into the overall populations of galaxies at different redshifts. How galaxies'

size, morphology, star formation rate, and other parameters have evolved over

the history of the Universe is one of the most important open questions in

astronomy. As distance increases however, only the brightest objects remain

visible, creating a biased view of the galaxy populations at a given redshift.

Luminosity functions (see example in Fig. 2.6) demonstrate that there are far

more faint galaxies than bright ones. If we can observe more faint galaxies with

gravitational lensing, we can gain a more balanced picture of the populations

at high redshift.

Figure 2.6: UV luminosity functions in redshift bins from z � 2-9. Note that at all
redshifts, faint galaxies are far more abundant than bright galaxies.
(Bouwens et al., 2022)

Before most detailed information about lensed galaxies can be learned, it is

important that we understand the distribution of mass and magni�cation in

the cluster lensing �eld. Some properties of a galaxy, such as its estimated
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age, depend only on the shape of its spectrum, which is not affected when it

is lensed. Other properties, such as the stellar mass and star formation rate,

depend on the magnitude of its spectrum, which is different than it would be

without the magni�cation effect. A major goal of lens modelling is to create

maps of the magni�cation across the cluster for any given source redshift such

that accurate parameters for the background galaxies can be derived. The

relationship between mass and magni�cation allows us to use lens modelling

to derive information about the mass distribution of the cluster itself, while also

providing us with the information necessary to study background galaxies.
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3Methods

3.1 Data

This section will describe the data used for this project. I used HST and

JWST imaging (Sections 3.1.1 and 3.1.3) for both visually inspecting the

background galaxies that make up the constrains of my lens model and also

for spectral energy distribution (SED) �tting. Archival spectra from the Multi

Unit Spectroscopic Explorer (MUSE) instrument on the Very Large Telescope

(VLT) (Section 3.1.2) were used to con�rm multiple image systems, and I used

slitless specta from JWST (Section 3.1.3) to spectroscopically con�rm certain

redshifts.

3.1.1 HST imaging

This work focuses on the galaxy cluster Abell 370. It was included in the

Hubble Frontier Fields (HFF) survey with HST, one of the deepest surveys

ever undertaken by Hubble (Lotz et al., 2017). The cluster was followed up

by JWST in December 2022 as part of the Canadian NIRISS Unbiased Cluster

Survey (CANUCS) program, 3 months after the start of this thesis. As such, I

started the lens modelling project by constructing a preliminary model using

HST Wide Field Camera 3 (WFC3) images. The HST images used for visual

inspection included WFC3 images F105W, F160W (19.4 hours), and F125W,

and F140W (9.6 hours).

A photometry catalogue containing �uxes in the �lters F160W, F140W, F125W,

F105W, F814W, F606W, and F435W was also provided to be used in the SED

�tting section of the project (Gabe Brammer, private communication).
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3.1.2 MUSE spectra

Between November 2014 and September 2016, MUSE was used to take spectra

in the Abell 370 �eld. MUSE is an integral �eld unit spectrograph (IFU) with

a �eld of view of 1 square arcminute, capable of taking medium-resolution

spectra with wavelengths in the optical range of 475-930 nm (Richard et al.,

2021).

Figure 3.1: The MUSE exposure time across the Abell 370 �eld. The central region
received longer exposures to reduce the impact of intracluster light. The
black line shows the region inside which strongly lensed galaxies up to
z=10 can be found. Source: Lagattuta et al., 2019

Lagattuta et al. (2019) used this data to determine the redsh�ts of many objects

in the �eld to 4 signi�cant �gures, including cluster members, and many of the

systems of multiple images. The authors provided images of the emission lines

that they used to determine the redshift of a system, as well as the catalogue

of objects in the �eld for which they obtained spectra in the supplemental

material of the paper. I used these materials as a starting point for making the

lens model, as described in more detail below.
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3.1.3 JWST imaging and slitless spectra

JWST is a space-based observatory launched to the L2 Lagrange point of the

Sun-Earth system on December 25th, 2021. Its main instruments are the Near

Infrared Camera (NIRCAM) (Rieke et al., 2005), the Near Infrared Imager

and Slitless Spectrograph (NIRISS) (Doyonet al., 2012), the Near-Infrared

Spectrograph (NIRSpec) (Jakobsenet al., 2022): a near-infrared spectrograph,

and the Mid Infrared Instrument (MIRI) (Rieke et al., 2015), which can take

images and spectra in the mid-infrared. This project uses data from NIRCAM

and NIRISS.

NIRCAM is a near-infrared camera and consists of two near-identical modules

that can simultaneously observe 2.2'x2.2' �elds in wavelengths from 0.6-5

microns. Each module has two channels, one for observing short wavelengths

and one for long. It uses a dichroic to observe both wavelengths at the same

time ( JWST User Documentation2022).

Figure 3.2: An example of a NIRISS image of the Abell 370 �eld next to the same
image dispersed with a grism. The light from each source is dispersed
into a low-resolution spectrum on the image.

NIRISS performs wide-�eld slitless spectroscopy with the same �eld of view

as NIRCAM and a wavelength range of 0.8-2.2 microns. This allows for low

resolution spectroscopy of every object in the �eld of view. Fig. 3.2 shows

an example of a dispersed image beside the equivalent direct (non-dispersed)

image. The �lter wheel for this mode of observation includes two grisms with

a mean resolving power of �= � � =150. The two grisms are different only in
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that they disperse light in directions orthogonal to each other. Using both

dispersion directions helps to disentangle blended spectra and in some cases

allows for spatially resolved spectra (Willott et al., 2022).

NIRCAM and NIRISS images of Abell 370 were obtained as part of the CANUCS

survey. The goal was to observe 5 strong lensing clusters with NIRCAM,

NIRISS, and NIRSpec over approximately 200 hours of observing time. The

speci�c cluster �elds were chosen for their strong gravitational lensing and

the abundance of existing multi-wavelength data available. Fig. 3.3 shows

the observations taken in the Abell 370 �eld. The primary science goal of

CANUCS is to understand the evolution of low-mass galaxies over cosmic time.

NIRISS observations are taken in 3 �lters: F115W, F150W and F200W, with

an exposure time of 9.7 kiloseconds per con�guration. NIRCAM images are

taken with F090W, F115W, F140M, F150W, F162M, F182M, F210M, F250M,

F277W, and F300M with 2.9 hr exposures and F335M, F360M, F410M, and

F444W with 1.6 hour exposures (Willott et al., 2022).

Figure 3.3: The cluster and �anking �elds for which observations were taken in Abell
370 as part of the CANUCS program. (Willott et al., 2022)
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3.1.4 Data reduction with GRIZLI

GRIZLI (Brammer, 2023) is a a wide-ranging software pipeline developed to

process imaging data from HST and JWST, as well as to extract and �t grism

slitless spectroscopy like that produced by NIRISS. It processes the data from

beginning to end, starting by processing the raw observations by �at �elding,

sky subtraction, astrometric alignment, and removing hot pixels and cosmic

rays, similar to the process described in Simonset al. (2021) and Matharu et al.

(2022). All NIRISS and NIRCam data in this thesis have been processed and

reduced by Gabe Brammer usingGRIZLI. For wide �eld slitless data, GRIZLI

also models the contamination that arises from overlapping spectra in the

image. Fig. 3.4 shows how multiple grism orientations can help remove the

contamination from overlapping spectra.

The pipeline is capable of �tting spectra and deriving the redshift of an object.

A set of �exible stellar population synthesis (FSPS) models with emission lines

added (Conroy et al., 2009, Conroy and Gunn, 2010) are projected to the

pixel grid of the 2D exposures and �t to the observed 2D spectra. A range of

redshifts over which to search can be provided toGRIZLI. The �nal redshift is

that which minimizes the � 2 statistic of the �t. Simons et al. (2023) compared

grism redshifts derived with GRIZLI to ground-based slit spectroscopy redshifts

of the same sources and found that the difference was negligible.
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Figure 3.4: Contamination from nearby sources is a problem when using slitless spec-
tra - the spectra often overlap. Taking multiple exposures with different
position angles on the sky results in different types of contamination
and helps GRIZLI disentangle the different spectra. Credit: JWST User
Documentation(2022)

The output of a GRIZLI extraction will show the 2D spectrum in each �lter

alongside a postage stamp image of the object in a direct (i.e., not dispersed)

image. Each orientation will be shown in the �rst 2 rows, followed by a third

row containing the 2 spectra added together and the continuum subtracted.

If there are strong emission lines in the spectrum, they should be visible in

this row. Sometimes the spectrum contains contamination from other sources,

which is primarily visible as emission off center in the 2D exposures. An

example of a face-on spiral galaxy from the galaxy cluster MACS-0417 is

shown in Fig. 3.5; note the clear spatially resolved emission lines in the

bottom left panel.

3.1 Data 19



Figure 3.5: The 2D spectrum of an example of a spatially resolved galaxy lensed by
the cluster MACS-0417. It is clear to see that the images in the �rst 2 rows
are the same object rotated 90 degrees and that the continuum-subtracted
spectrum shows spatially-resolved emission lines.

When redshift-�tting, GRIZLI outputs the probability distribution of redshift

over the range it was given alongside a 1D spectrum with the �tted model.

Note that there are small gaps in wavelength between the �lters and that

removing contamination may also cause gaps in the spectra. I will discuss my

use of NIRISS spectroscopy in more detail in Sections 4.2.4 and 5.2.1.

3.2 Lens modelling

3.2.1 Lenstool

LENSTOOLis a lens modelling code �rst developed by Kneib et al. (1993) to

model strong lensing in galaxy clusters. It has been updated several times since

(Kneib et al., 1996, Jullo et al., 2007, Jullo and Kneib, 2009). It is parametric,

meaning that it makes assumptions about the shape of the distribution of mass

and �ts the best parameters for those distributions. Starting from a model

containing the cluster member galaxies, one or more cluster-scale `halos' with

a given density pro�le, and a set of constraints given by the positions of the

multiple image systems in the cluster, LENSTOOLuses a Markov Chain Monte

Carlo (MCMC) sampler to �nd a best �t model for the distribution of mass

such that when the multiple images are projected to the source plane, and

then back to the lens plane, it reproduces the original images as closely as

possible.

There are several options for the pro�le of the mass distribution, including a

point mass, elliptical singular isothermal sphere, and a Navarro-Frenk-White

pro�le (NFW). Here I will use a pseudoisothermal elliptic mass distribution
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pro�le (PIEMD) as de�ned by Kassiola and Kovner (1993). It is similar to the

NFW pro�le in shape, but �attens out within the core radius. Studies (e.g.

Grillo et al., 2015) that have compared NFW and PIEMD pro�les have found

that PIEMD pro�les provide a better �t to the data when lens modelling galaxy

clusters.

This pro�le takes the following quantities as parameters: the coordinates of

the centre, ellipticity, orientation angle, core radius r c, cut radius r cut , and

central velocity dispersion � . The mass density� is de�ned in Equation 3.1

(Limousin et al., 2005).

� (r ) =
� 0�

1 + r 2

r 2
c

� �
1 + r 2

r 2
cut

� (3.1)

� 0 =
� 2

2�G

 
r cut + r c

r 2
cr cut

!

(3.2)

The PIEMD pro�le is characterized by density � 0 in the central region. � 0 is

related to the velocity dispersion � (Equation 3.2), which is a measurement of

the depth of the potential well and thus related to the mass of the halo. In the

transition region where r c < r < r cut , the density falls isothermally as � / r � 2.

Outside of r cut , the density drops more steeply, falling from � / r � 2 to � / r � 4

(Limousin et al., 2007, Lagattuta et al., 2017).

The minimization process is done with an MCMC sampler, which applies

Bayesian methods to the problem of �nding the best-�t parameters (Jullo et al.,

2007).

The inputs for LENSTOOLinclude:

• A catalogue of cluster member galaxies including their positions, semi-

major and -minor axes, angle, and magnitude.

• A catalogue of multiple image systems found in the cluster. The columns

start with an id number specifying which system each source belongs to,

then positions, ellipticity, redshift, and magnitude.
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• A �le describing various parameters of the model:

– Runmode: Contains arguments that turn optimization on and off,

tells LENSTOOLwhether to calculate convergence (de�ned in Equa-

tion 2.6) and shear (Equations 2.10 and 2.11), and provides the

reference coordinate for the cluster.

– Grille: Describes the grid used for optimization and speci�es how

many `halos' will be optimized.

– Potential: There should be one of these sections for each mass halo.

It requires an estimate for the position, ellipticity, orientation, core

and cut radii, and velocity dispersion of the mass.

– Image: Provides the �lename of the catalogue of multiple image

systems and de�nes the position error of the images.

– Limit: Tells LENSTOOLwhether to optimize each of the parameters

from the potential section(s) and if so, inside what range and with

what step-size.

– Pot�le: Characterizes the distribution of the cluster member galax-

ies. Their size and velocity distributions are scaled according to

their magnitudes (Kneib et al., 1996) and the surface mass density

follows a PIEMD pro�le. It is also possible to decide whether or not

these parameters are optimized.

– Cline: A list of redshifts for which to calculate critical and caustic

curves, and which algorithm is used for that computation.

– Cosmology: De�nes the values for cosmological constants. I assume

a � CDM cosmology with H0 = 68 km s � 1 Mpc� 1, 
 m = 0.27, and


 � = 0.73.

– Field: De�nes the size of the �eld for map outputs like shear and

convergence in arcseconds. Here I use a square of 300x300 arcsec-

onds centered on the northern brightest cluster galaxy (BCG).

3.2 Lens modelling 22



LENSTOOLreturns numerous output �les, some by default and some that one

must request in the parameter �le. These include:

• Critical curves: De�nes where in the image the magni�cation is maxi-

mized. This changes depending on the redshift.LENSTOOLcan calculate

up to 9 critical curves during a single run.

• Convergence: Produces a map of the convergence.

• Shear: Produces a map of the shear.

• Best.par: A text �le giving the parameters of the best �t solution found

by LENSTOOLduring its run. This �le also includes a � 2 statistic calcu-

lated from multiple image predicted positions, the number of degrees of

freedom, and the Bayesian evidence (de�ned in Equation 3.9).

• Image.all: Contains the positions, semi-major and -minor axes, and

angles of the images reconstructed byLENSTOOLas it projects the images

to the source plane and back to the image plane.

• Bayes.dat: Contains the parameters for each iteration in the MCMC

process.

3.2.2 Selecting the sample of cluster members

The catalog of MUSE observations provided in the supplemental material of

Lagattuta et al. (2019) included many galaxies near the cluster redshift. For

this project, I take everything within � 0.1 of the cluster redshift 0.375 as a

cluster member, as shown in Fig. 3.6. This is a total of 280 galaxies. I show a

map of the cluster members on an RGB image in Fig. 3.7.
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