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A STUDY OF ABELL 2146:

DARK AND LUMINOUS

Joseph E. Coleman, PhD
The University of Texas at Dallas, 2018

Supervising Professor: Lindsay J. King, Chair

The universe is a highly dynamic system. Under the primary influence of gravity, matter

in the universe clumped together to create the structure we currently observe with our

telescopes. Gravity formed objects on vastly different scales, from planets and stars that

form solar systems, to vast collections of star systems that comprise galaxies, and then

collections of galaxies to create the largest gravitationally bound objects in the universe,

galaxy clusters.

The structure we see in the universe forms hierarchically in the sense that two smaller objects

come together under the influence of gravity and create something bigger. Here we study

one such merging event in the galaxy cluster Abell 2146. It is a rare system given that it

appears that the time since the two galaxy clusters crashed into one another is rather short

in the scheme of the universe. Abell 2146 is also positioned at just the orientation in the sky

that we can observe the collision from the side. This gives us a great view of the galaxies,

the dark matter, and the intervening plasma between the galaxies that give off X-rays.

We localize the position of the dark matter component in the cluster by use of gravitational

lensing. We construct models that act as a lens that distorts the light from background

galaxies. By looking at how the light is distorted, we reconstruct the location of dark matter

in the system in tandem with the regular ordinary matter. This gave the exciting result

vii



that the bright peak in the X-ray signal coming from the plasma or intracluster medium was

traveling in front of the more massive component of the system, which is unique among the

few systems that exist like this.

In an attempt to understand what could have caused this strange configuration, hydrody-

namic simulations were performed using simple density profiles as proxies for the dark matter

and plasma that make up the bulk of galaxy clusters. Constraints were obtained from previ-

ous studies to reduce the explored parameter space. Mock X-ray maps were generated from

simulation results and compared to observations from the Chandra X-ray Observatory. We

find there must be some additional physics needed that was not implemented in the sim-

ulations or some unknown starting condition to match certain features observed in X-ray.

We obtained simulation results where we see a bright X-ray peak ahead of the more massive

cluster but without shock fronts and also at a much later time in the evolution of the system

than what was originally thought.
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CHAPTER 1

ON THE ORIGIN OF THE UNIVERSE

1.1 Introduction

This dissertation is organized as follows: Chapter 1 gives a brief introduction to cosmology.

Chapter 2 introduces the system Abell 2146. Chapter 3 details research that others and I

have done. Chapter 4 details current research done involving strong gravitational lensing.

Chapter 5 details hydrodynamic simulations of Abell 2146. Concluding remarks can be found

in Chapter 6.

1.2 Cosmology

“Bang” said the universe.

Or so that is the current widely held theory–that the age of the universe is about 13.8 Gyr

and it was in an initial state of high temperature and density (Dodelson, 2003). From a

statistical mechanics perspective, the universe can be described by the synthesis of nuclei as

the universe cools and expands. The interaction cross section and binding energies of various

components allow for forming a model of the universe (Pathria and Beale, 2011; Dodelson,

2003). This is known as “Big Bang Nucleosynthesis.”

With this initial configuration of energy and matter we assume that the universe is both

isotropic and homogeneous on sufficiently large scales. This assumption about the matter in

the early universe being evenly distributed and smooth in all directions can be used to solve

Einstein’s field equations of general relativity. From Einstein we have

Rαβ −
1

2
gαβR + Λgαβ =

8πG

c4
Tαβ, (1.1)

where Rαβ is the Ricci tensor, R the Ricci scalar, gαβ the metric, Λ the cosmological constant,

G Newton’s gravitational constant, c the speed of light, and Tαβ the stress-energy tensor.
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The left hand side of equation 1.1 describes the curvature of spacetime and the right hand

side describes the matter content. With the idea that the matter content of the universe

is smooth and the same in every direction, it can be described as a perfect fluid with some

density ρ and some pressure P . This is enough to specify the stress-energy tensor to obtain

a solution to Einstein’s field equation. The stress-energy tensor is, for a perfect fluid,

Tαβ = (ρ+ P )uαuβ + Pgαβ,

where uα is the 4-velocity vector of the fluid.

The solution for such a smooth universe turns out to be one that can experience ex-

pansion. This simple, expanding universe is described by a Friedman-Lemâıtre-Robertson-

Walker (FLRW) metric,

ds2 = −c2dt2 + a(t)2
(
dx2 + dy2 + dz2

)
,

where a(t), the scale parameter, is a function that describes the expansion of the universe

and is dependent on matter density, pressure, dark energy, and curvature (Dodelson, 2003).

From the scale parameter we can define a cosmological redshift as

1 + z =
a0

a(t)
, (1.2)

where z is the redshift and a0 is scale parameter of the universe at the current time and is

taken have the numerical value a0 = 1. As the space in the universe expands, any waves,

such as light, will expand as well. This elongation of the wavelength of light will shift the

color light. Blue light that experiences a redshift will change color towards the red end of

the visible spectrum, hence the name redshift.

The scale parameter a(t) and the rate of change of the scale parameter ȧ(t), where the

dot denotes the time derivative, both define the Hubble parameter H(t) as

H(t) =
ȧ(t)

a(t)
.
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Within the FLRW cosmology, the Hubble parameter can be expressed in terms of redshift z

as

H(z) = H0

√
Ωm(1 + z)3 + Ωk(1 + z)2 + ΩΛ,

where Ωm, Ωk, and ΩΛ are parameters that describe the percentages of matter, curvature,

and dark energy respectively at the current time in the universe, and H0 is the Hubble

constant which is the Hubble parameter at the current time. For a flat universe with no

curvature we have Ωk = 0. The modern picture of the universe obtained from observations

gives, for the remaining parameters, Ωm ≈ 30%, ΩΛ ≈ 70% and H0 ≈ 70 kilometers per

second per megaparsec (Dodelson, 2003).

1.3 Structure

Although we start with a smooth and uniform density in the universe, there are however,

on small scales, fluctuations in density which gave rise to the cosmic microwave background

(CMB) anisotropies (Smoot et al., 1992; Pathria and Beale, 2011) as the universe expands

and cools. These fluctuations are the seeds for structure formation in the universe. Under

the influence of gravity, on the largest scales of structure there are large voids surrounded

by filaments of galaxies. The filaments are tied together at nodes where large clusters of

galaxies reside. Figure 1.1 illustrates the structure of the universe.

There is a large amount of data that is consistent with a universe comprised of dark

energy in the form of the cosmological constant (Λ from general relativity) and cold dark

matter1 (Ostriker and Steinhardt, 1995; Dodelson et al., 1996). This paradigm is generally

referred to as ΛCDM (Ostriker and Steinhardt, 1995; Dodelson et al., 1996).

As the universe continues to evolve, collections of gravitationally bound galaxies, called

clusters, merge hierarchically to form structure. When large clusters of galaxies collide we

1Hereafter, CDM stands for “cold dark matter”, and DM stands for “dark matter.”
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Figure 1.1. A computer simulation of structure formation where I have identified structures
and clusters with machine learning. The different colors represent different classifications
of data, according to a machine learning algorithm, indicative of structure formation. The
data used in the machine learning algorithm is adapted from a publicly available subset of
the “Millennium Run” (Springel et al., 2005; Lemson and Virgo Consortium, 2006).

can use them as a way to study the physical properties of the universe, such as the validity

of ΛCDM, by mapping peaks in density fluctuations, the nature of dark matter (Allen et al.,

2011), and even the magnetohydrodynamics of hot, dilute plasmas (Kunz et al., 2011).
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CHAPTER 2

ABELL 2146

Some of the work contained in this chapter originally appeared in “The mass distribution of

the unusual merging cluster Abell 2146 from strong lensing,” Joseph E. Coleman, Lindsay

J. King, Masamune Oguri, Helen R. Russell, Rebecca E. A. Canning, Adrienne Leonard,

Rebecca Santana, Jacob A. White, Stefi A. Baum, Douglas I. Clowe, Alastair Edge, Andrew

C. Fabian, Brian R. McNamara, Christopher P. O’Dea (2017), Monthly Notices of the Royal

Astronomical Society, Volume 464, Issue 2, p. 2469-2480, and is reproduced by permission

of Oxford University Press. All writing and work was performed by JEC with edits and

feedback provided by coauthors. Access and instruction was provided by MO for the private

Glafic lensing software.

The cluster system Abell 2146, as seen in Figure 2.1, was first discovered to consist of

two massive clusters undergoing a major merger by Russell et al. (2010), with an appearance

on Chandra X-ray Observatory images reminiscent of the Bullet Cluster (e.g. Clowe et al.,

2006) (e.g. Clowe et al. 2006). On X-ray images, the system is unique in presenting within

the intracluster medium (ICM), which is a plasma, two large shocks of Mach number ∼ 2

(Russell et al., 2010, 2012), indicative of a relatively recent1 merger between two clusters

more similar in mass than those in the Bullet Cluster. Estimates from X-ray analysis (Russell

et al., 2010, 2012) and dynamical analysis (White et al., 2015) are consistent with a merger

observed about 0.1-0.2 Gyr after first core passage, recent on the dynamical time scales of

clusters. Abell 2146 holds great promise for investigating the transport processes in the

plasma in cluster environments (Russell et al., 2012).

1Recent in the context of cosmological time scales is less than 0.3 Gigayears.
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Figure 2.1. A false color image from the Hubble Space Telescope of Abell 2146.
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Dark matter accounts for about 85% of the mass of galaxy clusters. Most of the baryonic2

mass, accounting for about 15% of the total gravitating mass, is hot X-ray emitting plasma,

and at most a few percent of the total mass resides in the stellar components of galaxies.

Major mergers of galaxy clusters occurring close to the plane of the sky3 are very rare events,

and their importance in cosmology has been highlighted by the findings from the first such

system to be discovered, the Bullet Cluster (1E0657–558; e.g. Clowe et al. 2006; Markevitch

and Vikhlinin 2007). In such systems that have recently collided, the intracluster medium

can form shock fronts which allow the study of physical processes in the plasma (Macario

et al., 2011). The Bullet Cluster is regarded as compelling evidence for the existence of

dark matter and is a cosmological laboratory for testing the interaction cross section of dark

matter with itself and with ordinary matter (Markevitch et al., 2002; Clowe et al., 2004,

2006; Markevitch et al., 2004).

When clusters collide, the clouds of hot plasma are slowed down by ram pressure. The

galaxies are essentially collisionless because the separation distance between galaxies is large

compared to their size. Galaxies are affected mainly by tidal interactions and dynamical

friction (Chandrasekhar, 1949). Dark matter also does not have a large cross-section for

interaction (e.g. Markevitch et al. 2004; Randall et al. 2008; Harvey et al. 2015) with either

itself or with ordinary matter. So, shortly after collision, the major concentrations of galaxies

and the dark matter are expected to lead the plasma clouds (e.g. Clowe et al. 2006). A major

merger thus results in a dissociation between the plasma clouds, galaxies, and dark matter,

the specifics of which depend on the cluster properties and merger geometry.

2In cosmology, the term “bayrons” is a catchall term used to differentiate between dark matter and
everything else. Baryonic matter is any matter that can interact electromagnetically.

3We see the universe as a projection on the night sky. For two objects to be in the plane of the sky with
respect to each other means they are side by side. For two objects not in the plane of the sky, one can be
futher behind the other, but since we see in projection, we can not know for sure which is in front of the
other.
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A cool core of a galaxy cluster is formed from the gas in the halo contracting into a dense

region that cools by radiating energy away, typically as X-rays, and experiences a flow of

matter inward to take the place of gas that has contracted into the dense core (Hudson et al.,

2010).

The X-ray cool core of the cluster component Abell 2146-A (Russell et al., 2010, 2012)

is offset from the Brightest Cluster Galaxy (BCG) seen on Hubble Space Telescope images

(King et al., 2016; Canning et al., 2012), but it leads, rather than lags, the BCG in their

trajectories (Russell et al., 2010, 2012). At a later stage in a merger, a gravitational slingshot

that causes the plasma to overtake the dark matter and galaxies is possible (Hallman and

Markevitch, 2004) but the merger would have to be seen a factor of several times later since

first core passage for this explanation to be dynamically viable (Russell et al., 2012). Weak

lensing mass reconstruction (King et al., 2016) using the distorted shapes of background

galaxies on Hubble Space Telescope images is consistent with the peak in the dark matter in

Abell 2146-A being offset from the X-ray cool core, but the resolution of the mass map is

too low to draw a statistically robust conclusion. The galaxies in Abell 2146-B are located

ahead of the peak in the plasma density, with the BCG being almost coincident with one of

the X-ray shocks.
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CHAPTER 3

INTRODUCTION TO RESEARCH OF ABELL 2146

There have been a number of studies of Abell 2146.

Russell et al. (2010, 2012) used observations from Chandra X-ray Observatory and iden-

tified two large shock fronts in the intracluster medium indicating that a cluster merger had

occurred. Abell 2146 is one of very few merger systems with defined shock fronts in X-ray.

Canning et al. (2012) observed Abell 2146 with the Optically Adaptive System for Imag-

ing Spectroscopy. From their spectroscopic analysis they observed a large plume of gas

emanating from the brightest cluster galaxy (BCG) in cluster Abell 2146-A pointed in the

direction of the X-ray peak. Several scenarios were offered as an explanation of this gas

plume such as tidal striping from another galaxy and also ram pressure striping of the gas

internal to the BCG.

White et al. (2015), for which I am a coauthor, looked at spectroscopic data of the cluster

merger and performed a dynamical analysis in order to determine mass of the system and

time scale of the merger. From the redshift data a velocity dispersion was obtained. This

velocity dispersion was then used to calculate the mass of the system by using the virial

theorem. Additionally, a two-body dynamical model was considered to estimate projected

angle from the sky, infall velocity, and separation distance.

AMI Consortium et al. (2011) observed the cluster in the range of 13.9-18.2 GHz with the

Arcminute Microkelvin Imager. This was a temperature map of the Sunyaev-Zel’dovich (SZ)

effect. The SZ effect is the inverse Compton scattering of the cosmic microwave background

photons as they pass through plasmas with more energetic electrons. The SZ observations

when compared to the X-ray data from (Russell et al., 2012) were found to have offsets in

peaks between the two signals concluding that this is the result of complex dynamics from

a merger event.
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King et al. (2016), for which I am a coauthor, performed a weak lensing analysis of Abell

2146 using observations taken from Hubble Space Telescope. In this analysis the weak lensing

maps indicated a third overdensity from the background in the cluster. This was concluded

to be noise in the data.

Stevenson et al. (prep), a UTD undergrad, performed parameter estimation using publicly

available code, MCMAC (Dawson, 2014). Priors on subcluster mass, radial velocity, and

projected separation are used in an analytic model to determine collision velocity, time since

collision, etc.

Russell et al. (2011) did not find any extended radio emission using the Giant Metrewave

Telescope. Recent observations by Hlavacek-Larrondo et al. (2018) using the Karl G. Jansky

Very Large Array has detected a faint radio signal. Specifically, two extended radio sources

were found, one associated with BCG-A and one near BCG-B (Hlavacek-Larrondo et al.,

2018).
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CHAPTER 4

STRONG LENSING OF ABELL 2146

Some of the work contained in this chapter originally appeared in “The mass distribution of

the unusual merging cluster Abell 2146 from strong lensing,” Joseph E. Coleman, Lindsay

J. King, Masamune Oguri, Helen R. Russell, Rebecca E. A. Canning, Adrienne Leonard,

Rebecca Santana, Jacob A. White, Stefi A. Baum, Douglas I. Clowe, Alastair Edge, Andrew

C. Fabian, Brian R. McNamara, Christopher P. O’Dea (2017), Monthly Notices of the Royal

Astronomical Society, Volume 464, Issue 2, p. 2469-2480, and is reproduced by permission

of Oxford University Press. All writing and work was performed by JEC with edits and

feedback provided by coauthors. Access and instruction was provided by MO for the private

Glafic lensing software.

4.1 Introduction

Presented here is the strong lensing analysis of Abell 2146 using multiple image systems,

some of which are shown in Figure 4.1, identified on Hubble Space Telescope images. In

particular, we focus on the distribution of mass in Abell 2146-A in order to determine the

centroid of the total mass and of the dark matter (DM) halo. We use object colors and

morphologies to identify multiple image systems; very conservatively, four of these systems

are used as constraints on a lens mass model. We find that the centroid of the total mass

and of the dark matter halo, constrained using the strongly lensed features, are coincident

with the brightest cluster galaxy (hereafter BCG), with an offset of ≈ 2 kpc between the

centers of the dark matter halo and the BCG. With the determination of the dark matter

centroid from the strong lensing model, we ascertained that the X-ray cool core also leads

the dark matter centroid in Abell 2146-A, with an offset of ≈ 30 kpc.

This is an unexpected result, but is consistent with the relative locations of the cool

core and BCG in Abell 2146-A. In a collision of galaxy clusters the dark matter components
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Figure 4.1. A false color view of a Hubble Space Telescope of the brightest cluster galaxy in
cluster A. There are two prominent strong lensing features with distinct bilateral symmetry,
the ‘mask’ system and the ‘bra-ket’ system. The mask system has two emission knots that
look like eyes. The bra-ket system resemble the symbols < and >. Southeast of the center
of BCG-A is a jet of gas from the active galactic nucleus.
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have very small interaction cross sections with either dark matter or ordinary matter. The

dark matter components are expected to pass through the other components, both dark and

baryon, with the only effects on them being tidal gravitational forces and dynamical friction

(Chandrasekhar, 1949). The intracluster medium (ICM) is composed of hot, sparse plasma.

In a collision, the ICM components of clusters are expected to collide, and through ram

pressure, heat up. The signature of this is evident in the bullet cluster where, after collision,

the dark matter components pass through everything and are on other side of the hot gas

components (Markevitch et al., 2002; Clowe et al., 2004, 2006; Markevitch et al., 2004).

The configuration of Abell 2146-A is that the hot gas is leading both the brightest cluster

galaxy and the dark matter centroid.

4.2 Lensing Theory

Gravitational lensing is the deflection of light due to a mass distribution. The deflection is

sensitive to all types of mass, so it can measure the distributions of both baryonic (normal)

matter and dark matter (Schneider, 2003). Figure 4.2 is a diagram of a typical lens model.

An observer sees light that has passed through a mass distribution, the lens, some distance1

Dd away. This light, which originates from some source a distance Ds away from the observer,

is deflected by the lens by an angle α. The distances separating the observer, the lens, and

the sources are all much larger than the physical size of the mass distribution which allows

for considering the mass as a thin lens.

The lens equation to be solved is

~β = ~θ − ~α(~θ),

where ~β is the angle to the real source at some position ~η in the source plane, ~θ is the angle

at which the deflected image in the lens plane appears at location ~ξ, and ~α(~θ) is the scaled

1Angular diameter distance. See Hogg (1999) for distinctions in distance measures.
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Figure 4.2. A diagram illustrating the deflection of a light ray by a gravitational lens. Image
Credit: (Schneider, 2003)

deflection angle in terms of a dimensionless surface mass density (Schneider, 2003). The

surface mass density of the lens is a projection of the 3D density profile along the line of

sight since our observations are of this projection.

The surface mass density is Σ, calculated by summing the mass along one direction as

Σ(~ξ) =

∫ ∞
−∞

ρ(~ξ, z) dz,

where ρ is mass density and z is along the line of sight from the observer to the lens plane.

This surface mass density can be made dimensionless, written as κ, by dividing by the critical

surface mass density of the universe, which is

Σcrit =
c2

4πG

Ds

DdDds

,
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and

κ =
Σ

Σcrit

.

The surface mass density, κ, leads directly to the deflection angle ~α by

~α =
1

π

∫
R2

d2θ′ κ(~θ′)
~θ − ~θ′∣∣∣~θ − ~θ′∣∣∣2

(Schneider, 2003), where ~θ is the observed angle and is related to the image location by

~ξ = Dd
~θ. This deflection angle ~α can be written as a the gradient of a potential ψ, as in

~α = ~∇ψ, where the potential is defined as

ψ =
1

π

∫
R2

d2θ′κ(~θ′) ln
∣∣∣~θ − ~θ′∣∣∣ .

There are two primary regimes for gravitational lensing that are important for the study

of Abell 2146. Weak lensing occurs in regions where the mass distribution is slowly changing,

typically the outskirts of galaxy clusters. The observational effect of weak lensing is that

background galaxies will experience slight distortions to their shapes in the forms of mag-

nification and shearing. Since a background galaxy is typically not a perfect sphere, even

without a lens, a background galaxy will look like an ellipse. Because of this, a statistical

approach has to be taken. Since a galaxy can have a random orientation and shape in the

sky before being lensed, we must consider groups of galaxies in small regions such that the

average of the random orientations are zero. The size of the region chosen at any particular

spot in the field of view depends on the number density of background galaxies. The number

of galaxies used in such regions is chosen such that there is a statistically significant signal

to noise ratio. For more details regarding weak lensing, see King et al. (2016) for details.

This reduces the resolution of weak lensing depending on how large of an area one must use

for acquiring a significant signal to noise ratio.
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Strong lensing is more sensitive to the inner regions of galaxy clusters. Strong lensing

occurs when an image is highly distorted or multiple images of the same background object

appear in the sky. Multiple images occur when different points on the lens plane map to the

same location in the source plane. The difference between lens types are quantified by κ. A

strong lens is the regime for κ > 1. The case for κ << 1 gives a weak lens.

The basic premise behind a strong lensing analysis in my research is to consider an

analytic parametrized description of a mass distribution. The parameters of the profile are

constrained by identifying various sets of strongly lensed multiply imaged galaxies.

Here our aim is to determine the centroid of the dark matter in Abell 2146-A in order

to establish the spatial location with respect to the X-ray cool core, and hence whether it

lags behind the X-ray cool core in their trajectories. We concentrate on modeling the mass

around Abell 2146-A using newly-identified multiple image systems to construct the first

strong lensing mass model of the system. Strong lensing analysis offers a higher resolution

view of the mass around the BCG than obtained with weak lensing. In order to construct

the strong lensing mass model we identify new candidate multiple image systems on HST

images, see Figures 4.1 and 4.3, on the basis of colors and morphologies. Since we do not

have spectroscopic or accurate photometric redshift (see equation 1.2) estimates for the

candidate multiple images, we adopt a very conservative approach in our threshold for using

a candidate system as a constraint.

4.3 Observations and Data Reduction

The merging cluster Abell 2146 was observed with the Hubble Space Telescope (HST) on

2013 June 3 and June 6 (HST Cycle 20 proposal 12871, PI:King). A total of 8 orbits of

imaging data was obtained with the ACS/WFC camera. There were two pointings in each

of the f435W and f606W filters, and four pointings in the f814W filter. The pixel scale of
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Figure 4.3. Note the rotation; north is towards the bottom right and east is towards the
top right. Multiple image systems used as constraints in the vicinity of BCG-A. Identical
objects have the same letter prefix, e.g. ‘a1,’ ‘a2,’ and ‘a3.’ The color grouping indicates the
objects considered to be at the same redshift. Objects ‘a,’ ‘c,’ and ‘d’ are in cyan. Objects
‘e’ and ‘f’ are in green. Object ‘j’ is in magenta. Objects ‘g,’ ‘h,’ and ‘m’ are in red. The
set a, c, and d was statically assigned a redshift of z = 2.0. Other systems were assumed to
have a flat prior for the redshift in the range z = 0.3 to z = 3.0.

the images is ∼ 0.05 arcseconds. The reduced FITS2 files were the same as those used for

the weak lensing analysis by King et al. (2016) which should be referred to for additional

details. A catalog of objects was created with the freely available software SExtractor

(Bertin and Arnouts, 1996).

The position of BCG-A is the barycenter position as calculated by SExtractor (Bertin

and Arnouts, 1996). This location corresponds to the peak in the f814W filter within an

error of 1 pixel. The full width half maximum of BCG-A in the f814W and f606W filters is

on the order of 7 pixels or 3.5 arcseconds.

2‘FITS’ stands for Flexible Image Transport System and is a standard astronomical data format.
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4.4 Lens Models

The freely available software Lenstool3 (Kneib et al. 1996, Jullo et al. 2007), version 6.8,

was used for modeling Abell 2146. Lenstool uses Bayesian statistics combined with Markov

Chain Monte Carlo techniques to fit a parametrized4 lens mass model to gravitational lensing

data. Cluster scale mass density profiles, described later, were used to model dark matter

components. These density profiles have various parameters that define them, detailed below,

and to which some prior is applied. Lenstool version 6.8 supports either flat or Gaussian

priors on model parameters. Galaxy scale halos were modeled as perturbers to the cluster

scale halo, with the perturbers identified in Figure 4.4. The two BCGs were also modeled

as perturbers. Typically, they all have the same type of density profile and have certain

parameters scaled collectively, as detailed below.

The dark matter halos of Abell 2146 were modeled using a Navarro, Frenk, and White

mass density profile (Navarro, Frenk, and White, 1996, hereafter NFW). To allow for de-

parture from spherical symmetry, we used the elliptical NFW mass profile implemented in

Lenstool (Golse & Kneib 2002). Any mention of a NFW profile should be interpreted

as the elliptical NFW profile. Individual galaxies in the cluster are modeled together as a

set of perturbers to the cluster scale NFW halo. Collectively the perturbers were modeled

as pseudo-isothermal elliptical mass distributions, (Limousin et al. 2007, Eĺıasdóttir et al.

20075), hereafter PIEMD.

The parameters used to describe the NFW profile are position (x, y), ellipticity ε =

(a2 − b2)/(a2 + b2) of the projected mass where a and b are the semi-major and semi-minor

axes describing the elliptical isodensity contours, θ which describes the orientation angle of

3http://projets.lam.fr/projects/lenstool/wiki

4Also known as ‘Light Traces Matter’ or LTM.

5In Eĺıasdóttir et al. 2007, the profile is referred to as dual Pseudo Isothermal Elliptical Mass Distribution.
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Figure 4.4. A false color picture of Abell 2146. The f814W filter was mapped to the color
red, f606W filter was mapped to green, and f435W was mapped to blue. The circles indi-
cate cluster members that are modeled as Pseudo Isothermal Elliptical Mass Distribution
(PIEMD) perturbers. BCG-A and BCG-B indicate the brightest cluster galaxies in each of
the respective clusters. The location of point C is where a mass overdensity appears in the
weak lensing analysis (King et al., 2016). Circle size has no meaning.
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the ellipse, and NFW-specific parameters of mass concentration c and scale radius Rs. With

the concentration and scale radius related by cRs = R200, when a mass M200 (the mass

contained inside the radius R200 where the mean density is 200 times the critical density at

the redshift of the halo) is specified, this reduces by one the degrees of freedom of the model.

The NFW profile is truncated at the virial radius which is assumed to be R200.

The analytic description of the spherical NFW profile is

ρ(r) =
δcρcrit

r/rs (1 + r/rs)
2 , (4.1)

where the critical density ρcrit is given by

ρcrit =
3H2(z)

8πG
,

and δc, a dimensionless function of the concentration parameter c, is given by

δc =
200

3

c3

(ln (1 + c)− c/(1 + c))

with c the concentration parameter and H(z) the Hubble parameter given in equation 1.2.

This profile is converted to an elliptical profile by replacing r with r
√

1− ε cos(2θ) where

we define ellipticity ε = (a2− b2)/(a2 + b2) with semimajor axis a and semiminor axis b, and

θ is some rotation angle.

The PIEMD perturbers are described by position (x, y), ellipticity ε, angle θ, and three

PIEMD-specific parameters, velocity dispersion σ0, cut radius rcut, and core radius rcore. The

parameters σ0, rcut, and rcore are scaled relative to the parameters of an L∗ galaxy at the

redshift of the cluster; see Jullo et al. (2007) for details. The values used for an L∗ galaxy at

the redshift of the cluster are given in Table 4.1. The values for M∗, σ∗0, r∗cut were adopted

from one of the CLASH (Postman et al., 2012) mass models by Zitrin6, with his technique

explained in Zitrin et al. (2013). Both σ∗0 and r∗cut have Gaussian priors. The core radius

r∗core is a fixed parameter, typical of an L∗ galaxy.

6http://archive.stsci.edu/missions/hlsp/clash/rxj2129/models/zitrin/nfw/v1/
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Table 4.1. Parameters of an L∗ elliptical galaxy used in scaling relations. The parameter m∗0
is apparent magnitude, σ∗0 is velocity dispersion, r∗cut is cut radius, and r∗core is core radius.
The core radius is a fixed value.

m∗0 18.070
σ∗0 (kms−1) 99.2 ± 80.0
r∗cut (kpc) 49.3 ± 43.0
r∗core (kpc) [0.15]

As a consistency check, additional models were created with the software package Glafic

(Oguri, 2010) as further discussed in the Results and Discussion § 4.8. Optimization of lens

models with Glafic used a downhill simplex method (Press et al., 1992). As was done

with Lenstool, the cluster scale dark matter components were modeled with elliptical

NFW profiles. The galaxy components were modeled collectively as perturbers consisting

of pseudo-Jaffe ellipsoids (Jaffe, 1983; Keeton, 2001). In Glafic, the ellipticity used is

ε = 1− b/a, where a and b are the semimajor and semiminor axes respectively.

Models in Lenstool and Glafic had the same constraints and free parameters.

4.5 Procedure

4.5.1 Cluster Member Selection

The cluster members act only as perturbers in the lens model. Their impact is more pro-

nounced when near critical curves. Perturbers were selected from the red cluster sequence

of a color-magnitude diagram, as shown in Figure 4.5, and confirmed with visual inspection

of the HST images that the perturbers were galaxies and not local stars or noise. The per-

turbers were required to lie on the red sequence in both of the color-magnitude diagrams.

A majority of these galaxies have spectroscopic redshifts that were used to establish cluster

membership where available (White et al., 2015).

21



15.0 17.5 20.0 22.5 25.0 27.5 30.0
m814

−4

−2

0

2

4

6

8
m

43
5−

m
81

4

15.0 17.5 20.0 22.5 25.0 27.5 30.0
m814

−4

−2

0

2

4

6

8

m
60

6−
m

81
4

Figure 4.5. Perturbers to the lens model are plotted as green squares; all other galaxies are
plotted as points. On the vertical, axis color is computed from SExtractor (Bertin and
Arnouts, 1996) aperture magnitudes, 40 pixel diameter. The horizontal axis is SExtractor
auto magnitudes. Magnitudes are computed from HST images. A trend line is plotted
through the perturbers with additional lines above and below to show ±0.5 shift in color of
the trend line All of the perturbers are on the red sequence for the cluster.

4.5.2 Model Refinement

Strongly lensed objects are used for constraining a parametric lens model. Of the morphology

of a multiple image system, only the positions of the images in the lens plane are used in this

paper. The error assumed on the positions of images was 0.3 arcsec to account for telescope

resolution as well as substructure in the lens (Massey et al., 2015).

The lens model was iteratively built, starting first with obvious multiple image systems,

Figures 4.6 and 4.7. A model was then used to predict and identify other multiply imaged

objects. This technique is described in more detail in § 4.5.3.

For extended, irregular background objects, such as an irregular galaxy or merging galax-

ies, concentrations of baryonic matter can appear as nodules. The positions of the nodules

were used as constraints in the lens model (see for example Sharon et al., 2014). For these

nodules, the location of the brightest pixel was used as a constraint with an assumed error

of 0.3 arcsec or 6 pixels in the HST images. For isolated elliptical galaxies, the brightest

pixel was used to identify the position of the object.
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Figure 4.6. Close-up view of a false color image of the ‘mask.’ This system is east of BCG-A.
This feature exhibits a bilateral symmetry.

For families of multiple images arising from the same source, the redshift of each of the

images was constrained to be identical.

4.5.3 Multiple Image Detection

The following iterative approach was used to predict multiple images. Objects near a Bright-

est Cluster Galaxy (BCG) are considered to be within the Einstein radius and should be

multiply imaged if far enough behind the lens. With a candidate image of a source identi-

fied, Lenstool was used to predict corresponding counter images for the source, for different

source redshifts. With a point in the image plane, a lens model was used to deproject that

point onto the source plane at an array of different redshifts. These deprojected points were
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Figure 4.7. From the f606W filter, a close-up view of a high contrast image of the ‘bra-ket’
images, called so because the shape resembles ‘<’ and ‘>.’ In the top panel, the bilateral
symmetry is evident and in the bottom panel there is a 3rd counter image. The symmetric
pair is located west of BCG-A and the third counter image is northeast of BCG-A. The
‘bra-ket’ system is modeled with points a, c, and d. The blue pair next to ‘<’ and ’>’ is
modeled with points e and f .
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then reprojected with the lens model onto the lens plane. Such parametrized-redshift counter

images trace one or more lines in the image plane. In Figure 4.8 an object near BCG-A,

designated group G1, was tested. The source redshift was parametrized in increments of

0.2 starting at z = 0.3 and ending at z = 2.9. We limit the range for which we explore

the redshift of strongly lensed objects to an upper bound of z = 3 because higher redshift

objects will be fainter compared with the multiple image systems of interest, and will also

drop out of the bluest filter. The graduations in the parametrization of z is arbitrary. The

step size of 0.2 used here is for illustrative purposes only. Smaller step sizes were used, on

the order of 0.1.

As can be seen in Figure 4.8, the groups of predicted counter images form lines in the

image plane. The mass model used to compute this was an intermediate iteration utilizing a

subset of the finalized image constraints. The image multiplicity is dependent on the redshift

of the lensed object since the caustic structure changes as a function of redshift. Group G2

contains counter images which first appear at source redshift z = 0.9. There are no predicted

counter images for source redshift z = 0.3, 0.5, or 0.7 in group G2. In group G3, there were

counter images starting at source redshift z = 0.7. In groups G4 and G5, counter images

started to appear at source redshift z = 1.7.

Objects near the predicted counter image line were considered candidates for a multiply

imaged system. Color and morphology were taken into consideration. For the lensed source

depicted in Figure 4.8, images appeared on both of the lines in groups G2 and G3 near

z = 1.3, see Figure 4.9. No objects were found on the lines defined by groups G4 and G5. If

the test object were to be a member of a multiple image system near redshift z = 1.3, then

there should be no counter image in groups G4 and G5 since images of those groups do not

occur for objects near redshift z = 1.3. The three objects taken as a triplet are all blue and

are of comparable brightness, and so was considered to be a multiply imaged source.

Multiply imaged objects were added to the model as a further refinement. This second

procedure was iterated such that a refined model with extra constraints was used to make
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Figure 4.8. In the vicinity of BCG-A, group G1 is the test point in the image plane. Groups
G2 through G5 are counter images of G1 parametrized by redshift. The position of an image,
G1, is projected from the image plane to the source plane at varying redshifts. The resulting
source plane positions of G1 at varying redshifts are then projected onto the lens plane.
The multiplicity of an image is dependent on redshift. This results in various predictions
of multiple images in groups G2 through G5 as functions of assumed redshift of the source
of the image in group G1. Group G2 begins at a redshift of z = 0.9, group G3 begins at
z = 0.7, and groups G4 and G5 begin to appear at a redshift of z = 1.7.
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Figure 4.9. In the left frame, an expanded view of the region around G2 in Figure 4.8. There
is a blue galaxy as a possible counter image for some assumed redshift of G1 slightly less
than Z = 1.3 for some intermediate mass model. The counter images in this group have an
increasing redshift in the northeast direction. In the right frame, a blue galaxy in group G3
appears as a possible counter image for the same assumed redshift of G1 between the same
range of redshifts as the galaxy in the left frame. Both of these galaxies are on the redshift
parametrized path at the same z location.

further predictions for additional possible multiple image systems. Predicted multiple image

systems that worsened the best fit of the lens model were discarded.

4.6 Lens Model Constraints

Multiple image systems were used as constraints and are presented here. In the refinement

state of generating lens models, more systems were used than are presented here. Specifically,

the multiple image systems and arcs around the second brightest cluster galaxy, BCG-B, were

not used in the final models presented here, but were used in the intermediate stages for

some variations to explore parameter space and to test convergence of the models.

There are four main groups of multiple image systems near BCG-A. An object is denoted

by a letter followed by a unique ordinal, where objects with the same first letter are considered
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to belong to the same multiple image system. In Figure 4.3, corresponding lensed images

considered to be at the same redshift are denoted with the same colors.

4.7 Computation

For Lenstool, optimization was performed in the source plane in the refinement stage of the

lens model construction where various multiple image systems were considered. Optimization

is done with Markov Chain Monte Carlo (MCMC) such that the locations of all projected of

all components of a multiple imaged object should have their projected separation distances

minimized. Final models were optimized in the image plane where for each item in a multiple

image system, the location gets projected from the lens plane to the source plane, then that

location is reprojected back into the lens plane to create a set of multiple positions. One

thousand samples were taken for each of the image plane optimized models. For optimization

in the source plane, the χ2 fit uses the computed source positions relative to the barycenter

of the multiple images in the source plane (Jullo et al., 2007). The image plane optimization

is more computationally expensive as the χ2 minimization must solve the lens equation to

find counter images in the lens plane (Jullo et al., 2007). The χ2 contribution for lens plane

optimization, equation 9 in Jullo et al. (2007), is for some source i

χ2
i =

ni∑
j=1

[
xjobs − xj(~θ)

]2

σ2
ij

, (4.2)

where ni is the number of multiple images for i, xjobs is the observed location, xj(θ) is the

position predicted by the model, ~θ is the array of model parameters, and σ2
ij is the error of

the position of j, which is assumed to be 0.3 arcseconds. The χ2 value is used as a parameter

in the likelihood function (Jullo et al., 2007).

The so-called Rate parameter, as defined in Jullo et al. (2007, see eq. 13), was set to 0.1.

This parameter controls the speed at which the modeling converges. The value used for the
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Rate is on the lower end of the range suggested in Jullo et al. (2007). Larger values for the

final lens models did not alter the main results of this paper.

For Glafic, optimization was performed in the source plane but with the full magnifi-

cation tensor to convert offsets in the source plane to those in the image plane. It has been

shown that the resulting χ2 computed in the source plane accurately reproduces χ2 directly

computed in the image plane (Oguri, 2010).

4.8 Results and Discussion

In this section the results are presented for several image plane optimized models. In all

models the ‘bra-ket’ system, composed of objects ‘a,’ ‘c,’ and ‘d,’ shaped like ‘<’ and ‘>’,

Figures 4.3 and 4.7, was statically assigned a redshift of z = 2.0. This designation was

used to break a degeneracy between the redshift of the multiply lensed objects and the mass

of the lens. We expect that images would drop out of the f435W filter near a redshift of

z = 3.0. The models explored a flat prior on source redshift for each of the multiple image

systems over a range of redshift from z = 0.3, which is just beyond the cluster redshift, to

z = 3.0. Other values for the redshift at which the bra-ket system was statically assigned

were explored and had no impact on the conclusions regarding the location of the dark

matter halo A.

The convergence κ, or dimensionless surface mass density (Schneider et al., 1995), of the

lens is a function of source redshift due to the dependence on the critical surface mass density

Σcrit = c2DS/(4πGDLDLS) where DS, DL, and DLS are the source, lens, and lens-source

angular diameter distances respectively. In this paper we are concerned with the centroid of

the mass, which is rather insensitive to the redshifts of the lensed sources adopted. We have

established this by using different assigned redshifts in the lens modeling. Lack of knowledge

of the source redshifts does have an impact on the normalization of the mass profile, and

the determination of the total mass. In any case, the choice of z = 2.0 for a static redshift
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for the ‘bra-ket’ multiple image system does not significantly alter the mass. The variation

in mass was less than an order of magnitude. For example, comparing the convergence for a

source at redshift z = 1.0 and at z = 2.0 we obtain

κz=1 =

(
Σcrit,z=2

Σcrit,z=1

)
κz=2 = (0.86)κz=2, (4.3)

which shows that the particular choice of redshift for one of the sources does not appreciably

change the mass.

The choice of a redshift for a source image is to break a degeneracy for the mass of the

halo and is arbitrarily chosen to be within the range of redshift of the cluster at z = 0.2323

and z = 3.0, where the upper bound of z = 3.0 is where we expect dropouts to occur for

given HST filters used in this study. The degeneracy is evident from equation 4.3 where, for

some projected surface mass density Σ, we have Σ = κΣcrit (Schneider et al., 1995). With

the redshift of the lens known, the term Σcrit is a function of the redshift of the source. From

the geometry of the source images we determine κ. However, κ is a ratio of the mass of the

lens via the projected surface density Σ and Σcrit, which are both unknown. This gives a

degeneracy between mass of the lens and the redshift of the sources.

For NFW profiles the concentrations were also held fixed. We expected the turnover

radius to be well beyond the field of view of the HST images. With no information to

constrain this radius since strong lensing features are typically only found in a relatively

small area, the solution is simply to hold the scale radius, rs, to be fixed and allow the

concentration to be a free parameter. However, in this paper the concentration was fixed

and the scale radius was a free parameter. Both parameters are related by crs = r200.

Holding c fixed with rs free is the same as having c free and rs fixed.

We found that the position of the dark matter halo associated with Abell 2146-B was

not well constrained. This lack of constraint was due to, in part, the presence of many

massive galaxies close to the BCG contributing to strong lensing, and more importantly, a
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lack of redshift information or clear corresponding morphological features for arcs to identify

corresponding multiple images.

The following are examples of candidate multiple image systems that were used in order

to try to constrain the mass distribution of Abell 2146-B: (i) There is a large arc near

BCG-B which was used as a constraint, however it is near to a group of 4 galaxies that are

perturbing the shape of the arc. (ii) There is also a faint blue feature in the stellar halo

of BCG-B that appears to be a multiple image system. (iii) Additionally, east of BCG-B

there is an elongated arc that looks multiply imaged. This object is likely to be relatively

high redshift since it drops out of the f435W and f606W filters. However, it is detected at a

low signal to noise ratio in f814W, so the detection threshold in the other filters have to be

accounted for in future studies of Abell 2146-B.

The refinement technique described in § 4.5.2 for predicting multiple image systems

yielded unsatisfactory models. An unsatisfactory model is one where the model fails to

converge for one or more parameters. With the model failing to converge on a solution it

becomes problematic in sampling from the distribution to create a predictive intermediate

model. This may also indicate that the dark matter is disrupted near BCG-B such that the

matter distribution is not a smooth NFW profile due to the merger. In early stages of model

refinement, the position of the dark matter (DM) halo associated with BCG-B was allowed

to vary. However, since the location of DM halo B never converged to an acceptable solution

due to lack of multiple image systems as constraints, in later stages of model refinement the

DM halo B was set to a static position coincident with BCG-B, and models with two fixed

halos to describe Abell 2146-B were also considered.

Since we were not able to constrain the location of DM halo B, the final models pre-

sented below have static NFW profiles associated with Abell 2146-B, and the multiple image

systems associated with Abell 2146-B are discussed no further. The main science goal was

to determine the location of the dark matter halo associated with Abell 2146-A. The static
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halos representing Abell 2146-B are far enough away from Abell 2146-A such that the only

major effect is to provide some shear and very slightly offset the location of halo A. The shift

in position is 1.2 arcsec due to the additional fixed parameter halos.

We present three lens models here designated as model 1, 2, and 3. In all models, there

is a dark matter NFW halo associated with Abell 2146-A, halo A. The major distinctions

between the models are specified below.

4.8.1 Model 1

This model used only one NFW profile associated with Abell 2146-A. The concentration

was held fixed at c = 3.5. The other parameters of the NFW profile were free as described

earlier. See Table 4.2 for a side by side comparison of fixed parameters between the models.

4.8.2 Model 2

In addition to the NFW halo associated with Abell 2146-A in Model 1, this model had a

second dark matter halo placed at the location of BCG-B. This second halo was static in

the sense that all parameters, namely M200, c, position, ellipticity, and position angle were

fixed. This gives this model a total of two NFW profiles to describe the cluster.

The placement of the second NFW profile assumed that light traces matter. The ellip-

ticity and position angle of BCG-B were used to describe the dark matter (DM) halo, in

addition to the location of the DM halo being coincident with the peak of BCG-B.

Mass and concentration parameters of the NFW profile obtained from earlier models were

used as a reference for these statically assigned parameters. The mass and concentration

was chosen to be consistent with the weak lensing analysis by King et al. (2016) such that

they were of the same order. The weak lensing analysis by King et al. (2016) looked at

concentrations between 3.5 and 4.5., however intermediate strong lensing models resulted in

lower concentrations at around c = 3.1. The mass of halo B from intermediate models was
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on the order of 1014M� where a specific choice of 4× 1014M� obtained from an intermediate

strong lens model was used in the final models. The scale radius was determined from the

assumed mass and concentration.

4.8.3 Model 3

This model has a total of three NFW profiles. The dark matter associated with Abell 2146-B

was represented with two NFW profiles. One of the profiles was centered and fixed on the

BCG-B, halo B, as was done in Model 2, and the other was fixed at the location of the

centroid of a mass peak seen in the weak lensing analysis by King et al. (2016), halo C. See

Figure 4.4 for the location of halo C. While the presence of a mass peak at the location of

halo C is indicated by the weak lensing analysis (King et al., 2016), there are no obvious

strongly lensed features associated with this peak that might allow us to better constrain its

properties.

The observed ellipticity and position angle of the BCG-B were used to describe the

NFW halo B centered at the same location, i.e. light traces mass. Halo C was assumed to

be spherical, since there are no strong constraints from weak or strong lensing.

The total mass of halo B from model 2 was divided equally between halo B and halo C

of model 3.

4.8.4 Other Models

Additional models were considered with BCG-B having free parameters constrained by mul-

tiple image systems nearby. However, as noted above, these models were unable to converge

to a stable solution. Therefore, associated arcs and multiple images near BCG-B were not

used for any of models 1, 2, or 3 above.

The associated gas of the cluster was considered as a perturbation in intermediate versions

of the lens model in order to establish its significance in the modeling. The impact of the
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Table 4.2. Comparison of distinguishing features between lens models 1, 2, and 3. Mass is
given in units of 1015M�. All parameters of halo B and halo C are fixed.

Model 1 Model 2 Model 3
Halo A

c 3.5 3.5 3.5
Halo B

ε - 0.177 0.177
PA - 141.9 141.9

M200 - 0.4148 0.2074
c - 3.1 3.1

Halo C
ε - - 0

PA - - 0
M200 - - 0.2074

c - - 3.1

gas was to displace the centroid of the DM halo A away from the gas peak, towards BCG-B.

In the final models presented here, we do not include a gas component in the model. The

results here are therefore a lower bound on the separation between the dark matter halo

and the X-ray cool core, since a gas component at the location of the cool X-ray core only

increased the separation.

In Table 4.3, Model 1, which had only one dark matter NFW halo, had a better χ2 per

degree of freedom compared to Model 2 and 3. However, we do expect there to be dark

matter near BCG-B as evidenced by the weak lensing analysis (King et al., 2016). Model 2

had the largest Ln(Evidence) (Trotta, 2008) value relative to Models 1 and 3 which indicates

a preference for two dark matter halos when using Ln(Evidence) to classify goodness of fit

of models. By considering the Bayes factor and Jeffrey’s scale from Trotta (2008), computed

by exponentiating the difference of the Ln(Evidence), we can see that Model 3 is weakly

preferential to Model 1, and that Model 2 is moderately preferential to either of the other

two models.

All models considered, including versions not presented here, resulted in a well con-

strained centroid for dark matter (DM) halo A. In each model, the DM halo A was coinci-
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dent with BCG-A, and thus lagging behind the leading gas peak. In Figure 4.10 there are

1000 samples from the best model obtained from Lenstool for Models 1, 2, and 3 which

are plotted over the HST image. A 3σ curve is drawn around the samples. All of the final

models presented here result in the BCG-A peak being around approximately 3σ of the mean

location of the DM halo A. The presence of mass associated with DM halo B or C shift the

centroid of halo A away and towards the X-ray peak.

As a consistency check, the strong lensing program Glafic (Oguri, 2010) was used to

verify model selection. In some instances of models that don’t converge to a solution, or

when the specified error on image positions, σij in equation 4.2, is too small, Lenstool

will fail to generate a model that can reproduce the input constraints. This is most likely due

to source positions being very close to a complicated caustic line. As a measure of the quality

of a lens model we expect that solutions for source positions corresponding to image position

constraints are properly projected from their corresponding source plane position to the lens

plane position which was used as a constraint in constructing the model. In other words,

for a given image used to construct a lens model that predicts a source position, we expect

to use the lens model and project the source position and recover the image positions used

in constructing the model. For Lenstool, this can occur in the cases mentioned above.

Glafic allows for requiring solutions to match the number of aforementioned projected

images with the number of images used as constraints in building the lens model. Both of

these behaviors are complementary in constructing lens models.

The error and location of DM halo A was consistent with results produced with Lenstool.

For Glafic Models 1, 2, and 3 the separation distances between the dark matter halo cen-

troid and BCG-A are, respectively, 4.52, 2.67, and 5.67 kpc. The Glafic Models 1, 2, and

3 separation distances between the dark matter halo and the X-ray peak are, respectively,

28.1, 28.9, and 26.4 kpc. Each respective result from the three Glafic models for the DM

halo A position was within 3σ for all three Lenstool models. That is to say that DM
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Figure 4.10. The red star is the center of the BCG-A as determined with SExtractor and
the blue diamond is the peak of the hot X-ray gas (Russell et al., 2010, 2012). The collection
of black points near the BCG-A center is a plot of the centroid of dark matter halo for 1000
samples from the best fit lens model. North is up and east is left. Top image is model
1, middle image is model 2, and bottom image is model 3. BCG-B is out of the frame to
the northwest (or top right) direction from BCG-A. The contours are from Chandra X-ray
Observatory with a 3 pixel Gaussian smoothing. Note that the second X-ray peak coincident
with BCG-A is a point source associated with the AGN of the BCG. This is not a gas peak.
The X-rays from this point source are non-thermal (Russell et al., 2012).
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Table 4.3. Comparison of results from lens models 1, 2, and 3. The Mean Position is for
the dark matter centroid. The error matrix shows the variance and covariance of the dark
matter halo position. The separations are between the mean position of the dark matter
centroid and either the peak light position of BCG-A or the X-ray peak. The Ln(Evidence)
for Model 2 yields a significant Bayes factor (Trotta, 2008) relative to either of the other
models.

Model 1 Model 2 Model 3
Mean Position (deg)

RA 239◦. 05789 239◦. 05860 239◦. 05861
Dec 66◦. 348371 66◦. 348183 66◦. 348171
Error Matrix (arcsec)
σ2
RA 0.7 0.5 0.5
σ2
Dec 0.3 0.2 0.2
Cov(RA,Dec) 0.4 0.3 0.3
Separation Distances (kpc)

BCG-A 4.19 1.63 1.59
X-ray peak 34.5 30.3 30.2
Ln(Evidence) 36.8 41.1 37.8
χ2/dof 0.51 0.38 0.18

halo A position results from GlaficModel 1 were within the 3σ boundary for each of the

Lenstool models, and so forth for each Glafic model.

4.9 Conclusion

We have used Hubble Space Telescope images to identify strongly lensed multiple image

systems near to the BCGs of the merging cluster, Abell 2146. This merging cluster is an

important laboratory for studying the physics of cluster mergers because the collision has

occurred near the plane of the sky, the two clusters in the system are of comparable mass,

and the system also has two well-defined shock fronts. The BCG in Abell 2146-A has an

X-ray cool core. By identifying multiple image systems in the center of Abell 2146-A, we

have made a strong gravitational lensing mass model. We have determined that the location

of the dark matter halo is coincident with the BCG, and is offset from the X-ray cool core. In

other words, from this strong lensing analysis, the cool core is leading, rather than lagging,
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the dark matter post collision, contrary to expectations for a merger seen shortly after first

core passage.

In Canning et al. (2012) it is proposed that there is a causal link between the X-ray

cool core and a plume of gas extending from the BCG in its direction, which is spatially

coincident with soft X-ray emission. Together with the disrupted nuclear structure of the

BCG, an interaction between the BCG and another galaxy in the cluster (prior to or during

the merger) is proposed as a possible explanation of the offset between the BCG and the

X-ray cool core (Canning et al., 2012).

Hamer et al. (2012) describe three clusters with significant offsets between the BCG and

X-ray peak with the conclusion that a transitory event is the source of decoupling. The

largest separation distance in Hamer et al. (2012) is on the order of 10 kpc, whereas in Abell

2146, the offset is on the order of 30 kpc.

However, in light of Sanderson et al. (2009), Abell 2146-A seems to fall in the upper

range of offsets for BCG with line emission (Crawford et al., 1999).

In order to test these hypotheses and to better understand the distribution of the dark

matter (and galaxies), and plasma in the aftermath of the collision, computer simulations

are being undertaken. These simulations will be guided by the results of lensing, X-ray, SZ

and additional data.

Redshift information for the strongly lensed features is critical to obtaining a properly

normalized strong lensing mass model for Abell 2146-A. This redshift information would

in addition allow us to identify multiple image systems to use as constraints in mapping

the distribution of mass in Abell 2146-B. For objects that are bright enough, spectroscopic

redshifts would be ideal, and otherwise photometric redshifts can be obtained with the

addition of near-infrared imaging data to complement our optical imaging data. More work

needs to be done to constrain the dark matter near BCG-B. A combined weak and strong

lensing analysis will help accomplish this.

38



CHAPTER 5

HYDRODYNAMIC SIMULATIONS OF ABELL 2146

5.1 Introduction

The location of the peak in the X-ray signal was determined to be ahead of the more massive

cluster (Coleman et al., 2017; King et al., 2016). Simulations of clusters can have varying

levels of complexity depending on the prescription for the physics included in the software

that is used to model the system. Abell 2146 is of interest because it is a relatively well

behaved merger with properties, such as having a merger axis close to the plane of the sky,

that are well documented and, in the case of the X-ray peak location, not well understood.

Here we present a simple hydrodynamic simulation that aims to capture bulk properties

of the system, such as how various descriptions of the corresponding halos effect each other.

In the weak lensing analysis (King et al., 2016) we can see, that after collision, one of the

halos appears disrupted with no cool core of gas. We attempt to reproduce such large scale

results with simple models.

The simulations assumed a cosmology with a Hubble constant H0 = 70 km s−1 Mpc−1,

with dark energy fraction ΩΛ = 0.7, and baryonic fraction Ωm = 0.3 in a spatially flat

universe.

5.2 Simulation Background and Theory

Dark matter is treated as a collisionless fluid that obeys the collisionless Boltzmann equation

which is

df

dt
= 0, (5.1)

where f = f(x,v, t) is the distribution function of the system in phase space. To account

for forces on the particles, Poisson’s equation,

∇2Φ = 4πGρ, (5.2)
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is used with equation 5.1, where Φ is the potential, G is Newton’s gravitational constant,

and ρ is the density. By expanding the total derivative in equation 5.1, one gets

∂f

∂t
+
∂x

∂t

∂f

∂x
+
∂v

∂t

∂f

∂v
= 0 (5.3)

which can be rewritten using ∂x
∂t

= v and −∇φ = ∂v
∂t

as

∂f

∂t
+ v

∂f

∂x
−∇φ∂f

∂v
= 0. (5.4)

Many options are available for performing hydrodynamic simulations in astrophysics,

such as Ramses (Teyssier, 2002), AREPO (Springel, 2010a), Enzo (Bryan et al., 2014)

or Gadget-2 (Springel et al., 2001; Springel, 2005). Of the differences in the software

codes, some are publicly available while others are either private or require explicit permis-

sion from the author. Other differences include the mathematical formalism for computing

hydrodynamic solutions and, additionally, differences in implemented physics.

The two major classes of hydrodynamic solvers are Eulerian or Lagrangian. The Eulerian

approach is a grid approach that approximates a continuous volume. The volume elements

of the grid need not be identical in size and can also be adaptive (Teyssier, 2002). Each

volume element of space has, at the very least, some density and pressure. The density and

pressure of a volume element changes by the flow of fluid in and out of the element. In the

grid representation, the idealized continuous functions of pressure and density are discretized

according to the grid decomposition of space. More advanced physics can attribute more

properties, such as charge or magnetic field, for these volume elements. In the Lagrangian

formalism the sampling coordinates are co-moving with regard to the velocity flow of the

fluid. The grid is represented by “particles” that are weighted by mass. In regions of high

density a simulation will have more grid points from which to sample the properties of

the fluid. These techniques can be combined (Hirt et al., 1974) with the caveat that any

problems with either system are combined as well, such as issues handling vortices where a
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mesh can get entangled, or oscillation instabilities when momentum diffusion lengths do not

match with cell sizes. There are modern codes that combine the Lagrangian and Eulerian

techniques in different ways that can overcome these issues (Springel, 2010a).

The public and well tested software Gadget-2 (Springel et al., 2001; Springel, 2005) was

used for hydrodynamical simulations of Abell 2146. Gadget-2 is a Lagrangian or smooth

particle hydrodynamics (SPH) N-body solver. Various software was considered and tested,

however Gadget-2 was chosen for speed, robustness and documentation. Recent reviews

of smooth particle hydrodynamics are (Price, 2005) and (Rosswog, 2009), with details about

more modern techniques given by Springel (2010b) and Cossins (2010).

5.3 Initial Conditions

The initial conditions for the hydrodynamical simulation of Abell 2146 consisted of mass

particles representing idealized galaxy clusters constituted of a combination of dark matter

and baryonic matter. The baryonic component represented the intracluster medium, which

is an ionized gas of mostly Hydrogen and Helium. For each cluster, it is assumed that the

gas is in hydrostatic equilibrium.

Also required of the initial conditions is that the density profiles are stable. This is to say

we required for a single halo the ability of the halo to maintain the given density distribution

over the course of a time scale sufficient for collisions to occur. Halo stability allowed for the

determination that the hydrodynamic software was working correctly, and also allowed for

reproducibility of starting conditions for comparison with other research.

5.3.1 Hernquist Density Profile

Both dark matter and gas were represented with a Hernquist density profile (Hernquist, 1990;

Springel et al., 2005; Robertson et al., 2017) due to it having an analytic distribution function

and also being finite in mass. In large scale cosmological simulations where a homogeneous
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distribution of matter is allowed to form structure through gravitational collapse, the NFW

density profile (Equation 4.1) is found to be an average representation of the collapsed matter

(Navarro et al., 1996). The profile appears in these simulations for any assumed values of

the dark matter and dark energy in the simulation, and for this reason the NFW profile

is “universal.” However, the NFW profile has infinite mass which requires, for its use in

simulations, some truncation at some finite distance from the core. This truncation can

cause issues with stability unless handled properly, such as with some smoothing function

that tends to zero at some finite radius.

The Hernquist density profile is

ρ(r) =
M

2π

a

r

1

(r + a)3
, (5.5)

where M is the total mass, r the radius, and a is a scaling factor. The Hernquist profile is

determined with two free parameters, M and a. For comparison with literature that use the

NFW profile, which is also determined with two parameters, we allowed for matching the

Hernquist parameters to NFW parameters. Springel et al. (2005) used a similar approach,

but made a different choice on how to match certain parameters. However, the technique used

for matching parameters between NFW and Hernquist profiles was adapted from Robertson

et al. (2017).

For NFW profiles, the mass specified is often M200, which is the mass contained in a radius

R200 such that the density in the volume is 200 times the critical density of the universe at

some specified redshift. As mentioned in Chapter 4, but reproduced here for convenience,

we have

M200 =

(
4

3
πR3

200

)
200ρcrit, (5.6)

where the ρcrit is the critical density. Given the mass M200, equation 5.6 can be solved

for R200. The mass M200 was used for both NFW and Hernquist profiles. The remaining

parameters are the scale length a in Hernquist and concentration c in NFW.

42



For the Hernquist density, the mass enclosed inside some radius r is given by

M(r) = M
r2

(r + a)2 , (5.7)

where M is the total finite mass in a Hernquist profile. Here, we required the mass enclosed

inside R200 to be M200. Springel et al. (2005) requires that the total mass be M200, and this

causes a difference in how the NFW concentration parameter c relates to the Hernquist scale

factor a. In Figure 5.1, an NFW profile is plotted for a halo with mass M200 = 1.1× 1015M�

and concentration c = 3.5 radially from 10 kpc up to R200, where two Hernquist parameter

matching schemes are compared. When stipulating the total Hernquist mass is equal to M200

(Springel et al., 2005), the density in the outer region near R200 falls off more steeply than

the technique, by Robertson et al. (2017), used here.

The second requirement was for the inner parts of the profiles to match. For small values

of r, the density should be ρ ∼ r−1. This condition applied to the Hernquist profile, when

r � a, gave the density as ρ ≈ M/(2πa2r). The NFW profile for r � Rs, where Rs is the

scale radius, gave ρ ≈ δcρcritR200/(cr). The following relation between a and c was obtained,

(R200 + a)2

a2
=

3

400

δc
c
, (5.8)

where δc is a function of c from equation 4.1.

In constructing the distribution of particles to match the density profiles, we required

that all particle types, gas and dark matter, have the same mass. This suppresses artificial

scattering due to particles of unequal mass where a lighter particle may be ejected from the

system due to momentum transfer.

With all particles the same mass and an assumed gas fraction of 17%, we required, for

each halo, a minimum of 106 particles inside of R200. This ensured there were at least 105

gas particles per halo to maintain enough resolution in the simulation in the inner regions

of the halos.
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Figure 5.1. Differences in density, ρ, due to different parameter matching schemes are plotted.
A target NFW profile of mass M200 = 1.1 × 1015M� and concentration c = 3.5 is the blue
curve. The orange curve more closely matches the NFW profile up to the NFW R200 radius,
which is the matching prescribed by Robertson et al. (2017) and also used here. The matching
scheme used by Springel et al. (2005) (green curve) is not as close of a match to the NFW
up to the R200 radius. The plot is from 10 kpc to R200.

The Hernquist profile has a finite mass, however, this is only finite by integrating the

density to infinity. The construction of a finite particle representation of a smooth function

that extends to infinity is not possible unless we restrict the size of the halo to some large

radial distance, Rmax. From equation 5.7, we can specify some maximum fraction of the

total mass to obtain a finite maximum radial distance. For M(r = Rmax)/M = 99%, the

order of size of Rmax is 100R200. We used a M(r = Rmax)/M = 95%, which gives Rmax to

be around 10R200, which is sufficiently large enough for the simulations here. The excluded

mass far outside R200 has no significant effect on the dynamics of the collisions.

For the velocity of the dark matter particles we follow the technique used by Robertson

et al. (2017). By requiring all particles of a halo to be gravitationally bound, the maximum
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velocity a particle is allowed to have is the escape velocity, vesc. For each particle in the

halo, a random velocity v is assigned such that |v| ≤ vesc. Note, this is an isotropic velocity

distribution which means σr = σθ = σφ. From the phase space distribution function of

a Hernquist density profile the random velocity v is either rejected or accepted depending

on whether a random sample from the distribution function at maximum allowed energy

is less than the distribution evaluated at the random velocity energy. Mathematically, the

distribution function, as given by Hernquist (1990), is

f(E) =
M

8
√

2π3a3v3
g

1

(1− q2)5/2

(
3 arcsin(q) + q(1− q2)1/2(1− 2q2)(8q4 − 8q2 − 3)

)
, (5.9)

where

q =

√
−aE
GM

, (5.10)

and

vg =

√
GM

a
. (5.11)

Then for a random sample, η, from the distribution function at the particle location where f

is a maximum, we check to see if that is within the bounds of the distribution function for the

randomly sampled velocity v. We randomly generate η such that η ∈ [0, f(−GM/(r + a)))

and then accept the random velocity if η ≤ f(−GM/(r + a) + v2/2), otherwise generate a

new random velocity to repeat the procedure.

For the gas component, all particle velocities are zero with respect to the core due to the

assumption of hydrostatic equilibrium. Each gas particle has an energy per unit mass that

can be determined from the one dimensional velocity distribution. From Hernquist (1990)

we have the dispersion as

σr =
GM

12a

[
12r(r + a)3

a4
ln

(
r + a

r

)
− r

r + a

(
25 + 52

r

a
+ 42

r2

a2
+ 12

r3

a3

)]
. (5.12)
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Figure 5.2. A comparison between two formulas for calculating the energy per unit mass.
Equation 5.13 is the “1D σ” line plot, and equation 5.14 is the “integral” circle plot.

Continuing the method used by Robertson et al. (2017), the energy per unit mass is

u(r) =
3

2
σ2
r . (5.13)

The energy per unit mass can also be calculated by the following integral obtained from

Lage and Farrar (2014),

u(r) =
3

2ρg(r)

∫ Rmax

r

∂Φ(ξ)

∂ξ
ρg(ξ)dξ (5.14)

where Rmax is taken to be some very large number for purposes of numerical integration, ρg

is the gas density, and Φ is the total potential. A plot of both methods is shown in Figure 5.2

for a halo of mass M200 = 1.1× 1015M� and concentration c = 3.5.
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Table 5.1. Particle counts for two halos, A and B, where A is more massive than B, and
varying concentrations of A. The halo with the smaller M200 determines the particle mass
such that there are a total of 106 particles inside the volume determined by the corresponding
R200. The particle count of the other halo adjusts to this requirement.

c N Gas N DM 2 Total
Halo A M200 = 1.1× 1015M�
Halo B M200 = 0.3× 1015M�
A 2.0 2,066,789 10,090,792 12,157,581
B 3.5 375,693 1,834,268 2,209,961

A 3.5 1,377,542 6,725,645 8,103,187
B 3.5 375,693 1,834,268 2,209,961

A 5.0 1,132,526 5,529,393 6,661,919
B 3.5 375,693 1,834,268 2,209,961

5.4 Data

We utilized information obtained from weak lensing (King et al., 2016) to constrain the

masses and concentrations. Our parameter space explored various combinations of concen-

trations.

5.4.1 Particle Counts

The simulations were required to have a minimum particle count of 106 for the halo with the

smaller M200 mass. In Table 5.1, a comparison is made of how the concentration parameter

affects particle count.

5.4.2 Simulation Runtime

Two halos were separated by 5 Mpc at the start of the simulation. Each halo was given a

bulk velocity by assuming that each M200 acted like a point mass falling from rest at infinity.

The halos were allowed to have an on-axis collision to simplify the model for purposes

of looking at the bulk motions of the halos. Abell 2146 does not appear to be a perfect

on-axis collision as evidenced by a plume of gas in X-ray observations (Russell et al., 2012),
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however, the asymmetry is small enough that the separation distance between clusters to

eject a perpendicular plume of gas on one side is on the order of the core size (Russell et al.,

2012). Early tests of different density profiles showed perpendicular plumes for on-axis

collisions.

The simulation runtime was approximately 4 gigayears. The internal Gadget-2 code

units for time has 1.0 unit of code time equal to 9.8× 108 yr. This allowed the halos to have

at least one core passage.

5.5 Procedure and Analysis

The data from the simulations was analyzed in multiple steps. First, the mass peaks were

identified post collision. By leveraging the findings from the strong lensing (Coleman et al.,

2017) and weak lensing (King et al., 2016), we have constraints on the separation. For a

given snapshot of the simulation, peaks in the dark matter were determined and are further

discussed in section 5.5.1. Figure 5.3 plots peak separation for each snapshot of the simulation

written to disk.

For instances after first core passage where the separation distance between peaks was

larger than observed, we rotate the system by some angle θ with respect to the plane of

the sky so that the projected separation distance matches observation. Figure 5.4 illustrates

how two objects can have a larger separation than observed due to projection effects.

X-ray maps were computed using the rotation angle obtained from the peak detection.

Peaks in the X-ray were compared with the peak location from observational data provided

by the Chandra X-ray Observatory. The locations of the shock fronts seen in observation

data were used to demarcate bounds from which a goodness of fit were determined. Section

5.5.2 details the creation of synthetic maps and how the X-ray data was used.
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Figure 5.3. The separation distance between peaks in the dark matter. Time is on the
vertical axis, distance on the horizontal axis. Core passage occurs at roughly t = 1.7 in
internal time units. The more massive halo A starts on the right at time t = 0 at location
X = 2500 kpc. Halo B starts at x = −2500 kpc and is on the left. At the end of the
simulation halo A is on the left and halo B is on the right.

Figure 5.4. Left hand side, in the plane of the sky we see objects separated by some distance.
Right hand side, two objects can have a separation larger than observed if tilted some angle
θ with respect to the surface their positions are projected on, in this case, the plane of the
sky.
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5.5.1 Finding Peaks

There are various robust techniques for finding halos in cosmological simulations (Knollmann

and Knebe, 2009; Gill et al., 2004; Davis et al., 1985; Behroozi et al., 2013; Riebe et al., 2013;

Klypin and Holtzman, 1997) . Such robustness isn’t needed for simply finding the peaks in

the dark matter. Generally speaking, halo finding algorithms attempt to identify clusters

by determining which particles are part of the cluster. The identification of all particles

bound to a halo is not needed for simply identifying the core of a cluster, especially given

the starting conditions employed here of only two clusters. We employed a much simpler

technique for identifying halo centers.

The dark matter components of the simulations were found to be more resilient, in terms

of disruption, compared with the gas component. For our peak detection, we looked at

only the dark matter particles. Along the axis of collision, a long volume of particles was

extracted. The end cap area of the volume was 10 kpc by 10 kpc, with a length extending

10, 000 kpc. The dark matter particles were then binned into 10 kpc2 × 40 kpc subvolumes.

Peak detection was done in two steps, first a coarse resolution and then a fine resolution.

For the coarse peak detection an average of the number of particles per bin was calculated,

excluding the bin with the maximum. The reason we excluded the bin with the maximum

number of particles is due to alignment effects with binning densities that have a sharp cusp

at the peak location. Specifically, for a volume element centered on a peak with N particles in

the bin, an alignment dividing this peak at half a volume length away would give two adjacent

bins each roughly N/2 particles. For cusps, N can be significantly larger than immediately

adjacent bins. Next, each bin was considered a possible peak if the number of particles

inside the bin was 5 times the average. This multiplier is a parameter that can be modified

to adjust the sensitivity of peak detection. A finite difference was calculated between adjacent

bins, effectively giving the derivative of the histogram. Sign changes were then identified

in the derivative such that the bin is an inflection point where the derivative changes sign

50



from positive to negative. A secondary derivative check is performed with the average

derivative for two bins before and after the possible peak. This filters noise that may occur

during or after collision of cores. Stated mathematically, for some number counts in bins

{..., ni−2, ni−1, ni, ni+1, ni+2, ...}, we require that ni > 5n and (ni− ni−1) > 0; (ni+1− ni) < 0

and (ni − ni−2) > 0; (ni+2 − ni) < 0, where ni is the number count in bin i and n is the

average without the maximum as described earlier.

The second pass was to take each identified candidate from the coarse sample and consider

the maximum number density around the point of interest. A sphere of radius 10 kpc was

swept through the volume of interest and two immediate neighboring volumes at an increment

of 1 kpc. The maximum number count in this swept volume indicated the location of the

peak ±1 kpc.

5.5.2 Generating X-ray maps

Synthetic X-ray maps were generated from simulation data using the software PHOX follow-

ing the prescription of Biffi et al. (2012, 2013) utilizing the python implementation, known

as pyXSIM, from John A. ZuHone et al. (2014).

PHOX uses the gas component from simulations as input and creates a large sample

of photons in 3D space, which is a discretization of emissivity. For our thermal emission

model, we used APEC (Smith et al., 2001) which is a “collisional-radiative plasma code”

that models the spectra of hot plasma (Smith et al., 2001), such as that associated with

galaxy clusters. We looked at photon energies that corresponded with the camera used on

Chandra X-ray Observatory for observation 12245, specifically 0.1 keV to 7 keV. From large

photon databases, a subsample of photons were selected using a Monte Carlo approach.

The observation location was chosen such that, in projection, the separation between dark

matter peaks are separated by 450 kpc. The synthetic photon maps were convolved with the

ACIS I instrument response and was integrated for 450 ks. For a 1.5 arcmin radius region
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of Chandra X-ray Observatory observation 12245, an effective collection area used for the

synthetic simulation was 500 cm2. This collection area, which corresponds with an energy

of 1.5 keV, is where we expect the majority of photons given the instrument response of

Chandra X-ray Observatory during observation 12245.

Since X-ray observations are photon limited we were limited by low number statistics.

However, since the simulation data can be thought of as an ideal case, we created multiple

mock X-ray maps for each point of observation and averaged them. This was simply the

application of the law of large numbers from statistics such that we could smooth out the

random noise in the synthetic maps. The averages of different numbers of X-ray maps were

tested. An average of 10 maps was sufficient to suppress noise in low photon count regions.

For the purposes of matching the peak and shock fronts in the X-ray data to simulation,

we considered a bisecting slice that intersected the peak in the X-ray and BCG-B. This

slice gives the locations of the X-ray peak and the locations of the shock fronts. Figure 5.5

illustrates the slice through the peak of the X-ray. We also constructed slices in the simulated

X-ray maps that intersected the peaks in the dark matter. We aligned the identified location

of the dark matter peak from the strong lensing analysis (Coleman et al., 2017), which

is coincident with BCG-A, with the a dark matter peak identified from simulations. The

alignment in the dark matter signal constrained the alignment in X-ray. Similar to Lage and

Farrar (2014), we considered the following expression for the goodness of fit for the X-ray

signal,

χ2
dof =

1

N

N∑
i=1

(nsim,i − nobs,i)2

σ2
sim + σ2

obs

, (5.15)

where this is a χ2 per degree of freedom, N is the number of pixels in the slice, nsim is

the photon count in the simulation X-ray map, nobs is the photon count from the observed

Chandra X-ray Observatory data, and σ2
sim + σ2

obs is the total error with an error on a pixel

σi =
√
ni. The error σi =

√
ni is due to the use of Poisson statistics because of the low

number count in each pixel or bin. The pixels examined begin at one shock front and end
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Figure 5.5. Left, a slice of pixel counts from the X-ray data obtained from Chandra X-ray
Observatory. The vertical line on the left is the location of BCG-A, the vertical line on the
right is the location of BCG-B. The upstream shock front is coincident with BCG-B. The
bow shock is to the left of the X-ray peak. The sharp spike at the location of BCG-A is due
to an active galactic nuclei. Right, the X-ray image of Abell 2146. The bright peak is in the
lower left of the image.

at the other shock front. Pixels where the combined photon count from simulation and

observation is zero were excluded from the calculation.

5.6 Results and Analysis

The behavior of the dark matter peaks in terms of concentration is of interest. In Figure 5.6,

we show a fixed concentration for halo A, the more massive halo with M200 = 1.1× 1015M�,

compared to varying concentrations of the less massive halo B with M200 = 0.3 × 1015M�.

In the case where the concentration of halo A is fixed at cA = 2.0, we see that at the end

of the simulation, at time1 t = 4.0, the position of halo B, with concentration cB = 2.0, is

closer to halo A than with cB = 5.0. This is opposite to the case when halo A has a higher

concentration cA = 5.0; the more concentrated halo B, with cB = 5.0, is closer to halo A

1The time given is in in internal Gadget-2 time units.
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than when cB = 2.0 at the end of the simulation. In all instances, the behavior of the heavier

halo A experienced a deflection during core passage while the behavior of halo B is more

varied, as shown in Figure 5.7.

However, when one considers the behavior of a varying concentration of halo A on a

constant concentration of halo B, a more consistent pattern emerges. In Figure 5.8, we show

plots where in each panel the concentration of halo B is kept constant and the concentration

of the more massive halo A is varied. In all instances, the behavior of halo B has, at the

end of the simulation, a closer separation when the halo A is more concentrated. Halo B is

encountering more matter when halo A is more concentrated, and this simply slows down

halo B with respect to halo A.

If the simulation were to evolve past the cutoff time of our simulation, we would expect

to see more deviation in the behavior of halo A.

The behavior of the dark matter peaks, with regard to concentration, is a prelude to the

behavior of the X-ray peak. Our results indicate that the location of the X-ray peak is highly

dependent on the concentrations of the halos in the merger. From equation 4.2, the set of

parameters that gave a value of χ2 closest to unity was, for halo A and halo B respectively,

concentrations cA = 3.5 and cB = 2.0, at a time of roughly 1 Gyr after first core passage

with a merger axis angle with respect to the plane of the sky of 77.1◦. In Figure 5.9, the

X-ray simulation has a peak in X-ray slightly ahead of BCG-A with a characteristic wake in

the direction of the other halo similar to feature observed in the Chandra X-ray Observatory

observation.

The X-ray signal in the best fit model does not have well-defined shock fronts due to

this time being much later than first core passage and also having a rather large angle with

respect to the plane of the sky. The projection angle grows larger rather quickly with our

simulation outputs. After first core passage, the distance a typical core moves between

adjacent snapshots is roughly 100 kpc. To constrain the separation between the peaks in
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Figure 5.6. The more massive halo A starts at 2500 kpc, the less massive halo B starts
at -2500 kpc. The halo A concentration is constant in each of the plots while the halo B
concentration is 2.0, 3.5, and 5.0.

the dark matter to 450 kpcs means that for some time step, ti, when the separation distance

is ∆xi = 450 kpc, the next time step at ti+1 will have ∆xi+1 = 550 kpc. To view that

separation in projection is already a 35◦ angle with respect to the plane of the sky. Any

shock fronts present quickly disappear due to projection effects.

If we consider the local minima of equation 4.2 instead, we can identify cases where the

peak in the X-ray is distinctly ahead of the peak of halo A. For a higher concentration of

halo A, cA = 5.0 and cB = 2.0, we have at an earlier time at about 0.68 Gyr after core
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Figure 5.7. Plotted are the separation distances versus simulation time for all combinations
of concentrations where the mass ratio is 11:3.5. The more massive halo A starts at 2500
kpc, the less massive halo B starts at -2500 kpc. The behavior of halo B varies more after
collision than does halo A.

passage, the result shown in Figure 5.10. Again, the angle of inclination with respect to the

plane of the sky is rather large.

Regarding the dependence of the X-ray peak on concentration and mass, we found that

after first core passage the initial peak in the X-ray would be closer to the peak in dark

matter for halo B when halo B was more concentrated than halo A. We also noticed that for

a high concentration halo A, the peak in the X-ray would follow halo A when halo B had a

low concentration, and it would follow halo B when halo B had a high concentration.
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Figure 5.8. The more massive halo A starts at 2500 kpc, the less massive halo B starts
at -2500 kpc. The halo B concentration is constant in each of the plots while the halo A
concentration is 2.0, 3.5, and 5.0.

5.7 Conclusion

Different concentrations of Hernquist profiles were used to create initial conditions for two

halos as a model for two galaxy clusters, each consisting of a dark matter component and a

gaseous component that represents the intracluster medium. The clusters were allowed to

collide using Gadget-2 as the N-body SPH solver. Peaks in the dark matter component

were identified and used for alignment of mock X-ray data. The mock X-ray data was created

with pyXSIM, a Python wrapper for PHOX.
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Figure 5.9. The best fit according to our χ2 calculation gives parameters cA = 3.5, cB = 2.0.
The black triangles indicate the locations of the peaks in the dark matter from observation.
The green triangles mark the locations of the dark matter peaks in the simulation.
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Figure 5.10. For concentrations cA = 5.0 and cB = 2.0 the peak in X-ray is ahead of the
peak in dark matter. The black triangles indicate the locations of the peaks in the dark
matter from observation. The green triangles mark the locations of the dark matter peaks
in the simulation.
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Results from simulation indicate that it is possible to have peaks in X-ray ahead of the

dark matter component of the more massive halo, however, this occurred at a much later

time and with a large angle of inclination with respect to the plane of the sky, which seems

at odds with the observation of shock fronts. White et al. (2015), Russell et al. (2012), and

Hlavacek-Larrondo et al. (2018) have consistent age measurements for this halo of no more

than 0.3 Gyr after core passage. However, simulations using the Monte Carlo technique of

Dawson (2014) indicated that the merger may be older.
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CHAPTER 6

SUMMARY AND CONCLUDING REMARKS

We live in a universe that can be described with rather simple ideas, such as the notion

that there was an energetic expansion where the matter of the universe eventually cooled,

and through tiny fluctuations in density, created the structures that we see today. The

notion of gravity pulling things together leads to the hierarchical formation of structure in

the universe. Simple ideas lead to complex processes.

Our desire for understanding the universe has led us to try to make sense of what we

see, and also of what we don’t see. There is a quote attributed to Albert Einstein about

simplicity. “Everything should be made as simple as possible, but not simpler.” The work

presented here has attempted this.

Abell 2146 is a fascinating merger of galaxy clusters. It was the first merger system to

be discovered with two shock fronts visible (Russell et al., 2010, 2012). The confirmation

that the peak in the X-ray signal is leading dark matter was an astonishing result. This

was achieved with the simple idea that the gravity from both luminous and dark matter can

bend light. By looking at how gravity bends the light, we can identify the matter even when

it can not be seen. Simulations were constructed with simple models of gas and dark matter

that revealed that Abell 2146 will not give up its secrets so easily.

In Chapter 4, we performed a strong lensing analysis of Abell 2146. Different models were

explored which allowed for investigating signals seen in the weak lensing analysis. Results

were verified with two different techniques for studying the mass distribution of Abell 2146.

We found the centroid for the dark matter component closest to the peak in the X-ray was

trailing behind the gas component.

In Chapter 5, we studied the bulk motion of the gas and dark matter components using

hydrodynamic simulations. We found that the concentration of the matter affects the bulk

flow of the gas and the location of the X-ray signal. The timescale required in simulations
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to achieve the observed separation of the dark matter along with a bright peak in the X-ray

that is leading the more massive dark matter component is found to be larger than theorized

by other studies.

More work needs to be done on simulating this system to investigate the physics of the

intracluster medium. The dynamics of the plasma are affected by magnetic fields. Expanding

the simulations complexity from hydrodynamic to magnetohydrodynamic will give a richer

understanding of the system. Individual features observed in the X-ray, such as the plume of

gas that seems to have been stripped from an off axis merger, the existence of a ram pressure

striped tail, and the length and thickness of the shock fronts need to be investigated. These

are all probes to learn more about diffusion, viscosity, thermal conduction, and electron-ion

equilibration within the intracluster medium.
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