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Zusammenfassung

Dunkle Materie macht einen Grofiteil der Masse von elliptischen Galaxien aus. Jedoch sind
die genaue Menge und die rdumliche Verteilung dieser dunklen Materie noch unklar. Ferner
schrumpfen Galaxien in einer dichten Umgebung, wie sie in Zentren von Galaxienhaufen zu
finden ist, da die dufleren Teile ihrer dunklen Materie Halos abgelost werden. Das Ziel dieser
Arbeit ist es, den Anteil dunkler Materie im Zentrum und den Auflenbereichen elliptischer
Galaxien mit Hilfe des von ihnen verursachten starken Gravitationslinseneffekts zu messen.
Gravitationslinsen sind gut geeignet fiir die Untersuchung dunkler Materie, da sie auf alle
Arten von Materie reagieren, ungeachtet ihres dynamischen oder evolutiondren Zustandes.

Wir stellen Untersuchungen der durch die Sloan Lens ACS Studie entdeckten auflergewdhn-
lichen Gravitationslinsen SDSS J1538+5817 und SDSS J1430+4105 vor. Als Linsen dienen
elliptische Galaxien bei Rotverschiebungen z; = 0.143 bzw. z; = 0.285. Fiir SDSS J1538+5817
zeigen wir, dafl beide Quellen die gleiche Rotverschiebung zg = 0.531 haben. Die Mehrfach-
bilder iiberdecken einen Bereich von 1 kpc bis 4 kpc in der Linsenebene. Fiir SDSS J1430+4105
ist die Quelle bei einer Rotverschiebung zg = 0.575 in einen ausgedehnten Einsteinring gelinst,
der einen radialen Bereich von 4 kpc bis 10 kpc in der Linsenebene abdeckt. In beiden
Fallen konnen die gelinsten Bilder mit verschiedenen Modelansétzen iibereinstimmend re-
produziert werden. Wir erhalten fiir SDSS J1538+4-5817 eine projizierte Gesamtmasse von
8.11f8:§g x 1019 M, innerhalb des Einsteinradius von 2.5 kpc, fiir SDSS J1430+4105 erhalten
wir 5.37 £ 0.06 x 10'' M, innerhalb von 6.5 kpc. Die leuchtende und dunkle Materie werden
getrennt modelliert, woraus Anteile an dunkler Materie von O.Ifgjf bzw. 0.40*_‘8:%3 innerhalb
des Einsteinradius folgen. Wir nehmen ein De Vaucouleurs—Profil fiir die Lichtverteilung in
jeder der beiden Galaxien an. Aus der stellaren Masse, die mit dieser Lichtverteilung verbun-
den ist, kénnen wir ein Masse-zu-Leuchtkraft—Verhaltnis von Mdﬁi‘;‘” ~ (5.5 £ 1.5) Ll\g—@B fiir

SDSS J14304-4105 bestimmen. Ahnliche Ergebnisse erhalten wir fiir das zentrale Masse—zu—
Leuchtkraft—Verhéltnis von SDSS J1538+4-5817. Ein Vergleich dieser Masse—zu—Leuchtkraft—
Verhéltnisse mit denjenigen, welche photometrisch bestimmt werden, zeigt die beste Uber-
einstimmung bei Verwendung der Salpeter IMF. Aulergewohnliche Gravitationslinsensysteme
wie die hier untersuchten mit einem Ansatz aus zwei Komponenten zu modellieren, verbessert
deshalb unser Verstandnis der Eigenschaften der zentralen dunklen und leuchtenden Materie.
Weiterhin wird die dunkle Materie auf mittleren Skalen um elliptische Galaxien in einem
Galaxienhaufen untersucht. Mit dem Galaxienhaufen MACSJ1206.2-0847 wird der seltene
Fall einer Hintergrundquelle untersucht, die zu einem Arc gelinst und zusétzlich von einigen
benachbarten Galaxien verzerrt wird. Diese Verzerrungen erlauben uns die Gesamtmassen-
verteilung dieser benachbarten Galaxien auf gréfleren als den iiblicherweise mit starken Grav-
itationslinsen oder Dynamik-Studien zugénglichen Skalen zu bestimmen. Wir beschreiben
den Galaxienhaufen mit einem elliptischen NFW-Profil und die Galaxien mit zwei Param-
etern fiir die zentrale Masse und Ausdehnung einer Referenzgalaxie. Basierend auf dem
beobachteten Nah—Infrarotlicht werden Skalierungsrelationen zwischen dieser Referenzgalaxie
und den ibrigen Haufengalaxien angenommen. Die Positionen der beobachteten gelinsten
Abbildungen von 12 mehrfach abgebildeten Hintergrundgalaxien kénnen mit einer mittleren
Abweichung von 0.85” reproduziert werden. Darauf aufbauend kann die Fliachenhelligkeit
des Arcs und seines Gegenbildes mit erstaunlicher Genauigkeit rekonstruiert werden. Die
Léangenskala fiir die bestmogliche Bestimmung der eingeschlossenen Galaxienhalomasse betragt
etwa 5 Effektivradien. Die Geschwindigkeitsdispersion und Grofie eines Halos mit Helligkeiten
maB,160w = 19.2 und Mg vega = —20.7 betragen o = 150kms~! und r ~ 26 + 6kpc. Die in
dieser Arbeit durchgefithrte Auswertung kann auf andere dhnliche Falle ausgeweitet werden.
Damit wird die Liicke zwischen Ergebnissen geschlossen, welche einerseits auf starken Gravi-
tationslinsen und dynamischen Methoden auf kiirzeren Skalen und andererseits auf schwachen
Gravitationslinsen auf langeren Skalen basieren.
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Abstract

Dark matter constitutes a large fraction of the mass of early-type galaxies. However, the
exact amountand spatial distribution of the dark matter, especially in the galaxies’ center
is still unclear. Furthermore, galaxies in dense environments such as the centers of galaxy
clusters shrink in size, since parts of their outer dark matter halo is stripped away. The aim
of this thesis is to measure the dark matter content in the centers and outskirts of ellipti-
cal galaxies by analyzing the strong gravitational lensing effect they produce. Gravitational
lensing is well-suited for investigating dark matter, since it is sensitive to all forms of matter,
regardless of its dynamical or evolutionary state.

We present gravitational lensing studies of the exceptional strong lensing systems SDSS
J1538+5817 and SDSS J1430+4105, identified by the Sloan Lens ACS survey. The lenses
are elliptical galaxies at z = 0.143 and z = 0.285, respectively. For SDSS J1538+-5817 we
show that both multiple imaged sources are located at the same redshift zg = 0.531. Its
multiple images span a range from 1 to 4 kpc in the plane of the lens. For SDSS J14304-4105,
the source at redshift zg = 0.575 is imaged into a broad Einstein ring, covering radii from
4kpc to 10kpc in the plane of the lens. In both cases, the lensed images can be accurately
and consistently reproduced with different modeling approaches. We get projected total
masses of 8.1170:27 x 10'° M, within the Einstein radius of 2.5 kpc for SDSS J1538+5817
and 5.37 &+ 0.06 x 10''Mg within 6.5 kpc for SDSS J1430+4105. The luminous and dark
matter were traced separately, resulting in dark matter fractions within the Einstein radius
of 0.170% and 0.407015 for SDSS J1538+4-5817 and SDSS J1430+4105, respectively. We as-
sume a de Vaucouleurs profile to trace the light distribution of both galaxies. From the
stellar mass associated with this light, we can explicitly derive a stellar mass—to—light ratio of
Mdﬁi\é&“ ~ (5.5 £ 1.5) Ii\gi@g in the case of SDSS J1430+4105. Similar results are obtained for
the central massftofligl’lt ratio of SDSS J15384-5817. Comparing these mass—to—light ratios
with photometric estimates for the mass—to-light ratios shows the best agreement with a
Salpeter IMF. Modeling extraordinary systems like SDSS J1538+5817 or SDSS J1430+4105
using a two—component approach leads to a better understanding of galaxies’ central dark
and luminous matter properties.

We also study dark matter on intermediate scales around elliptical galaxies embedded in a
cluster environment. In the galaxy cluster MACSJ1206.2-0847, we describe the rare case of a
background source lensed into a giant gravitational arc and additionally distorted by several
nearby cluster galaxies. These distortions allow us to constrain the total matter distribution
of these galaxies beyond regions normally accessible by strong lensing or dynamical studies.
We model the cluster mass distribution with an elliptical NF'W profile and the cluster galaxies
with two parameters for the central mass and extent of a reference halo. We assume scaling
relations from the reference halo to the other member galaxies based on their observed NIR-
light. We can match the observed lensed positions of 12 multiply lensed background objects
at an r.m.s. level of 0.85”, and can reconstruct the surface brightness distribution of the giant
arc and its counterimage to an amazing accuracy. We find the length scale where the enclosed
galaxy halo mass is best constrained to be at about 5 effective radii. The velocity dispersion
and halo size of a galaxy with map 160w = 19.2 or MB vega = —20.7 are o = 150kms~! and
r & 26 + 6kpc. The analysis carried out in this work can be extended to other cases similar to
MACSJ1206.2-0847, which constitute ideal objects for the study of total matter distributions
of galaxies at intermediate scales. This closes the gap between strong lensing and dynamical
studies on shorter scales and weak lensing studies on longer scales.
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Chapter

Introduction

When we observe the night sky — with or without telescopes — we see a large variety of different
structures: from individual asteroids with diameters over 100 meters, moons, planets, stars,
star clusters, and galaxies, to galaxy groups and even clusters of galaxies with sizes of the order
of 10%% meters. However, all we can directly observe is the electromagnetic radiation emitted,
reflected or absorbed by the baryonic components of these objects. All these structures,
however, form only less the 5% of the energy content of the universe (Komafsu ef all, PO
Larson_ef_all, 20TT). The rest of the universe is filled with two components termed dark
matter and dark energy — thus named because as yet we do not have a better description
of their nature. Dark matter and dark energy make up approximately 22% and 73% of the
universes’ current energy content, see Fig. [CIl. Here, a qualitative summary of the framework
of the thesis will be given, followed by a more detailed overview in the next chapters.

The dark universe

Dark matter, being approximately 5 times more abundant than baryonic matter, is — almost
hundred years after its discovery — still a puzzle to us. We know some of its properties —
such as that it interacts gravitationally and exists around all galaxies — and can derive some
implications from that, for example how it clumps and forms invisible halos around galaxies,
groups, and clusters of galaxies (e.g. Blumenfhal ef all 1984, Davis ef all 1985, Kaiser &
Squires 993, Navarro_ef all (997, Clowe_ef_all 2004), that it formed the first potential wells
or that it bends light the same way as barionic matter. Despite that, we still lack a definite
answer about its constituents, despite dedicated searches (e.g. Bravin_ef all [999; Bernabei
ef_all PO04; Sanglard et all 2005; EDELWEISS Collaborafion ef all 2011). Dark matter itself
was proposed the first time by Fritz Zwicky in the 1930s to explain how the Coma Cluster
can be gravitationally bound despite its large peculiar motions (Zwickyl, 1933). After that,
dark matter again gained some attention in the 1970s, when Rubin and Ford published their
measured rotation curve of M31, showing that it was flat on the outskirts although a decline
would be expected according to its light profile (Rubin & Ford, 1970). In 1978, dark matter
was also used to explain the mass of the Virgo cluster measured from X-ray observations
(Mathews, T978). Other studies also in the 1970s and earlier confirmed the reality of dark
matter, e.g. Kahn & Woltjeq (1959), Osfriker & Peebled (T973). Thus, at the beginning of the
1980s most astronomers believed in the existence of dark matter, although they did not have
unambiguous evidence of its nature. That dark matter was composed of light, relativistic
neutrinos was proposed (e.g. Doroshkevich et all (I9&1)) but was soon ruled out by observing
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Figure 1.1: The energy content of the universe today as found by Komatsiiet all (P011); [arson_ef all (PUTT).

and predicting the galaxy clustering in the universe (e.g. White ef"all ([983)), confirming
that a substantial part of dark matter is cold dark matter. Here, cold means that the kinetic
energy of the dark matter particles is small compared to the rest energy at the time matter
decoupled from radiation, therefore the individual dark matter particles have velocities much
smaller than the speed of light. The idea of dark matter being (mainly) composed of compact,
massive M ~ Mg objects (so called MACHOs) rather than smoothly distributed elementary
particles is ruled out by observations (Alcock et all, 2000; Riffeser_ef all, 2008). This leads to
the currently most widely accepted view of dark matter as (predominantly) cold, dark and
smoothly distributed. Prior to the discovery of dark energy in 1998, this cold dark matter
(CDM) component was considered to dominate the energy content of today’s universe.

The history of dark energy, however, is somewhat longer than that. The two starting points
are: the discovery of the expansion of the universe by E. Hubble 1929 (Hubbld, 1929) and,
even earlier, the introduction of the constant A in the field equations, see Einsfein ([916,
1917). While Einstein introduced A to balance gravity and prevent a static universe from
collapsing due to its own gravitational attraction, Hubble observed that objects further away
from us tend to recess with increasing speed, allowing the universe to be non—static, hence
making A appear dispensable. Until the detection of acceleration of the expansion of the
universe by the High-z Supernova Search Team and the Supernova Cosmology Project(SCP)
(Riess et all, T99R; Perlmutfer_ef all, T99R) in 1998, different models for the energy content
of the universe and the curvature of spacetime existed. To explain the accelerated expansion,
some term was needed in the field equations of the universe that drives it apart, hence A
was revived and termed the dark energy parameter or cosmological constant. We have as yet
no definite knowledge about its nature or even know whether A is indeed constant in time.
Nonetheless this dark energy must be the dominant energy component in today’s universe.
Thus, at this point in time, the most accepted picture of the universe is a ACDM model with




a dominant dark energy component. Unfortunately, we lack a clear picture of the nature
of these dark components. One way ascertain the nature of these dark components of the
universe is to measure their properties. E.g. the dark matter density profiles, the distribution
of matter on different mass scales, the spatial clustering of structures and the development
of these properties over time are some of the probes used nowadays. Another successful
probe used is the temperature fluctuation of the Cosmic Microwave Background (CMB), for
example measured by the Wilkinson Microwave Anisotropy Probe (WMAP) (Komatsu ef all,
2O10; Carson_ef-all, 2011). To further our knowledge of the dark components of the universe,
we can compare predictions of the above described properties for different physical models
of the dark components with observations so as to find the models that best describe the
observations.

Gravitational lensing

Although we only see 5% of the energy content of today’s universe directly, we can still observe
the other 95 % by its influence on the visible, baryonic matter or by its influence on light
itself. The dynamics of celestial objects, e.g. stars in galaxies or galaxies in galaxy clusters is
influenced by the presence of dark matter, allowing us to determine the dark matter profiles
of galaxies and clusters of galaxies. For example, the motion of stars in a galaxy is determined
by the gravitational potential of this galaxy, hence the dark matter distribution is imprinted
on the motion of the stars, (e.g. Bacon ef all 2001, Cappellari et al] 2O1T).
Another way of measuring the dark components of the universe is by measuring their influence
on the propagation of light itself. The accelerated expansion of the universe was discovered
by comparing the redshift and dimming of distant supernovae.
This thesis, however, focuses on another powerful physical effect: the deflection of light
by matter present around its propagation path is independent of this matter’s baryonic or
dark nature. Therefore, this effect is particularly useful for investigating the dark matter
component. The effect was described correctly for the first time in the framework of general
relativity, (Ensfemn, (916, 1922):

4GM
a(R)= "o
with « being the deflection angle of light passing a mass M at a radius R in the weak—field limit.
However, the idea of light being deflected when passing a mass is more than a century older.
For short reviews of the history of gravitational lensing, see e.g. Wambsganss (T99R), Sauer
(2010). Although the idea that distant galaxies could act as gravitational lenses was proposed
as early at 1937 (Zwickyl, 1937aH), it took more than 40 years until the first extragalactic
lens was discovered: The first observed multiple imaged background source was the distant
quasar Q09574561 identified by Walsh, Carswell and Weymann in 1979 as a double image
of one quasar, lensed by a galaxy along our line of sight (Walsh“ef"all, T979). However, it
was several years before the first gravitational arcs — highly distorted images of background
galaxies by foreground lenses — were observed (Lynds & Petrosian, T986; Soucail et all, 1987),
although interestingly Soucail et al. considered the arc in Abell 370 to be more likely a star
formation region in the cluster in their publication. This arc is shown in Fig. 2.

Since then, gravitational lensing has developed into a useful tool for investigating mass distri-
bution in galaxies and galaxy clusters. The strong gravitational lensing effect in the centers
of galaxies or clusters of galaxies — meaning that one background source is imaged multiple
times — can be used to study total mass distributions in these inner regions. In the outer
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Figure 1.2: A color image of the galaxy cluster Abell 370 located at Ra:02h39m50.5s Dec:-01d35m08s with a
redshift of z = 0.375, composed of the filters FA35W, F625W and F814W, centered at wavelengths of 4297A,
6318A and 83334, respectively. The giant arc visible in this image was the first detected arc. At the redshift of
the cluster, 1 = 5.13kpc. Credit: NASA, ESA, the Hubble SM4 ERO Team, and ST-ECF.



regions weak gravitational lensing — measuring only small distortions imprinted on the shapes
of background objects which are detected statistically — can be used to study the mass dis-
tributions there. Large surveys aim to observe a statistical relevant number of clusters of
galaxies so as to increase our knowledge about clusters, e.g. LoCuSS (Zhang et all, 200R) or
CLASH (Postman_ef all, 2012). MACSJ1206.2-0847, which is studied in detail in Chapter @,
is part of the CLASH survey.

As previously mentioned, individual galaxies can also act as gravitational lenses. Since the
typical image separation due to galaxy—scale lenses in the strong lensing regime is about 1”,
high resolution images are needed to identify and investigate this effect. This technique is
mostly used to derive properties about the lensing galaxies itself (e.g. Bolton ef all PO04, POOG;
Belokurov_ef all P2007; Smail_ef"all 2007; Suyu et al] 2009; Suyu & Halkola 2010), especially
about its baryonic and dark matter distribution. However, it can also be used to investigate
cosmology (Suyu et all, 2010a; Grillo_ef"all, PO0RH; Tullo"ef"all, P010), e.g. to investigate
the expansion rate of the universe. Surveys have been carried out in order to find galaxy
scale lenses, such as the CASTLe Survey” aimed at imaging all known strong gravitational
lensing systems on galaxy scales from space so as to provide high resolution images in order
to obtain properties of the lens galaxies as well as to learn something about the expansion
rate of the universe. The survey collected more than 100 galaxy scale gravitational lensing
systems so far. Another survey that should be mentioned here is the SLACS survey? (Bolfon
ef_all, 2006). It collected approximately 100 lensing systems found in the spectra of the Sloan
digital sky survey®. SDSS J1538+4-5817 and SDSS J14304-4105, which are studied in detail as
part of this thesis, are part of this survey.

Elliptical galaxies

Elliptical galaxies are, in terms of numbers of galaxies, only a minor member of the family of
galaxy types. However, they host the largest fraction of baryonic mass (Fukugita et all, T99R;
Bell“ef all, 2003; Renzini, 2006). Their most striking feature, which is responsible for their
name, is the elliptical shape of isophotes (contours of constant surface brightness). In reality
this is not entirely true. For example, Bender_ef all (I988) measure the shapes of 69 bright
elliptical galaxies and find small (disk-like or box-like) deviations from the pure elliptical
forms, as well as small twists of the major axis and changes in the ellipticities. However, we
stick with this simple approximation of the form. The radial distribution in these galaxies is
well-described by a so called de Vaucouleurs profile (de-Vaucouleurs, T94R). The light emitted
by elliptical galaxies is dominated by wavelength larger than 4000121, hence these galaxies
appear red in the visible spectrum. (e.g. Pelefier_ef all [991), pointing to an older stellar
population (Thomas'ef all, 2005). Consequently, elliptical galaxies (or their progenitors) must
have existed for long times, making them very interesting objects. Furthermore, elliptical
galaxies dominate in dense environments (Dressled, T980; Bamford et all, 2009) hence, the
environment must influence the evolution of (elliptical) galaxies. There are indications that
elliptical galaxies are the results of dissipationless mergers of progenitor galaxies (Lacey &
Cold, T993; Baugh et all, [996). A summary of the properties of elliptical galaxies is given in
Chapter .

"http://www.cfa.harvard.edu/castles/
2http://www.slacs.org/
3http://www.sdss.org/
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Motivation for this thesis

Elliptical galaxies represent a class of highly evolved structures in the universe. Mergers with
other galaxies and the evolution of their stellar components have lead to their present day
appearance. Conversely studying elliptical galaxies as they appear today yields information
about their assembly and interaction history. Dark matter contributes the most mass to
these galaxies, and thus the evolution of the dark matter distribution is imprinted on the
observed distribution of elliptical galaxies. We can therefore learn about the history and the
main evolutionary processes of elliptical galaxies by analyzing their total and dark matter
distributions. This work focuses on understanding the distribution of total (dark and lumi-
nous) matter using strong gravitational lensing because gravitational lensing is sensitive to
all kinds of matter, regardless of its nature or state. Consequently, direct information can be
obtained about dark matter as well. We investigate the inner mass profiles of 2 extraordinary
elliptical lensing galaxies and the truncation of elliptical galaxies in the dense environment of
one cluster. To derive the (inner) mass profiles of galaxies by lensing, tracking the signal over
a considerable distance is necessary. We therefore search for elliptical galaxies in the SLACS
survey that have multiple sources (SDSS J1538+5817, see Chapter H) or have one source that
is lensed over a broad radial range (SDSS J1430+4105, see Chapter B). We construct the
inner mass profile from lensing alone for these 2 objects and dissect their mass profile into
a luminous and dark part to gain information about both. We utilize the observed SDSS
photometry to compare the stellar masses derived by photometric estimates with the lensing
derived ones for these two galaxies. The techniques presented here could be extended to a
larger sample size. Chapter [@ takes a slightly different approach: we use the fortunate situa-
tion that in MACSJ1206.2-0847 a giant arc, produced by the lensing potential of the galaxy
cluster, gets distorted further by some elliptical cluster galaxies. Consequently, the arc light
passes the galaxies at various different distances from the galaxies’ centers. This allows us to
trace the matter distribution of the lenses at radii beyond the visible radii. Reconstructing
the surface brightness of this distorted arc, we can learn something about the dark matter
distribution of the cluster galaxies. In this rare case, we can study the truncation of the
galaxies’ dark matter halos by tidal interaction with strong lensing. Furthermore, we can also
investigate the basic mass properties of elliptical galaxies in a cluster environment, showing
agreement with scaling relations derived independently in local elliptical galaxies. Again, the
same methods can be applied on other clusters or groups of galaxies, gaining information
about the processes governing the evolution of elliptical galaxies in dense environments.

Organization

This thesis is organized as follows: the Chapters B, B and B give a summary of the theoretical
framework of this thesis while Chapters B, B and [@ present the results obtained in the course
of this work. Chapter B presents the foundations of the cosmological framework of this
work. Most of the work presented depends heavily on gravitational lensing, hence Chapter B
describes the basic theory of this. Chapter 8 concludes the more theoretical part of the thesis
by summarizing the basic properties of elliptical galaxies as these are the objects studied in
this work. The experimental work conducted in the course of this thesis begins with Chapter
B, in which we present the observed inner mass profile measured by gravitational lensing for
the early—type galaxy SDSS J1538+5817. This is followed by Chapter B where we present
a similar analysis for SDSS J1430+4105. Chapter [@ uses strong gravitational lensing by the



galaxy cluster MACSJ1206.2-0847 to constrain scaling relations and sizes of inner cluster
members in this galaxy cluster. Finally, Chapter B provides a summary of the results and
some outlook for subsequent work of the near future.
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Chapter

A short review of cosmology

2.1 The Homogeneous Universe

2.1.1 The Cosmological principle and the Robertson-Walker Metric

Let us begin with the cosmological principle: the universe is homogeneous and isotropic on
large scales. Also, we assume that no preferred location exists in the universe®. A general
form of a metric describing this universe was found by Robertson and Walker, see Roberfson
(9345), Roherfson (I936a), Raoberfson (T936H), Walke (T937), Peacock (1999), Ryden (2007):

dz?

2 2
+ x°df? 2.1
1-— ka/R,% ’ ( )

ds? = —c2dt® + a(t)?

where c is the speed of light, ¢ is the time difference between two events, a(t) is the scale factor
at time ¢, ke {+1,0, —1} is the curvature parameter, and Ry is the scale radius of the universe
today. x is defined as the comoving distance, meaning that it is constant for observers moving
with the expansion (or contraction) of the universe.

A widely used alternative notation (the notations for Eqs. P and 22 follow Ryden 200%)
with a somewhat different definition of the comoving distance? is:

ds? = —c2de® + a(t)? [dr? + Si(r)2d2?] (2.2)
with
Ry sin (RL()) , for k=+1

Sk(r) =<, for k=0
Rosinh(RLO>, for k=-1

Without expansion, a(¢ ) = 1, and curvature, k = 0, this gives the Minkowski metric of special
relativity. This notation is also used in Peacock (I999).

!These 3 assumptions are somewhat redundant, e.g. an isotropic universe with no preferred location must
be homogeneous.
2z = Sk(r), meaning that the radial coordinate is different in curved spaces.
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2.1.2 Friedman equation

The Einstein field equations, derived in Einsfein (I916) and Finstein (T917), are, written in
a compact manner:

G
Gy + g = ?Tw . (2.3)

Here, G, denotes the so-called Einstein Tensor, derived from the metric tensor g,, which
is connected to Eq. BP0 via ds? = gudztdz? (dz* and da” denote the coordinates of space
and time where p,v € {0,1,2,3})% A the so-called cosmological constant and 7}, the energy
momentum tensor. In this case, we use a positive sign for the rhs of the equation, see Peacock
(1999).

From Eqs. PCI and P23 the first Friedman equation can be derived (Friedman, 1922). For
that, we assume the universe to be filled with a perfect fluid and use its energy momentum
tensor™:

a 2 s c? c?
<agg> :8 Ge(t) A B k ‘ (2.4)

3c? '3 R2Za(1)?
This equation describes the expansion of the universe, connecting the change of the scale
factor a(t) with the energy density of the universe ¢, its curvature and the cosmological
constant.

2.1.3 Cosmic expansion and redshift

First, we define the Hubble parameter as the ratio of the rate of change of the scale parameter
and its value at time ¢:

(= 24D (2.5)

This quantifies the expansion of the universe, since it provides the ratio between the recession
velocity of an object (given by the change of the scale factor a(¢)) and its distance (given by
the scale factor a(t)). The value of H(¢) at present day is abbreviated with Hp and called the
Hubble constant, see Hubblé (1929) who described a linear correlation between the distance
of an object and its recession velocity observed on earth. Hubble’s diagram of this correlation
is shown in Fig. P

Its value today, measured from the CMB, is Hy = 71.0 + 2.5Sl§4“;c, see Komafsu ef all (2011).
This expansion of the universe shifts the emitted spectra of all cosmological objects we can
observe towards longer wavelengths, that is, redshifting them. The redshift z we measure is

defined by the ratio of observed Ay ps to emitted wavelength Aep:

Aobs a(tobs) a(tobs)=1 1
1+ 2z:= = = . 2.6
Aem a( tem) a( tem) ( )
The change in wavelength is given just by the change of the scale factor between emission

and observation.

3For the Robertson Walker metric, Eq. B, we get the following non-zero components for the tensor:
2 9 . I
gt = —1, guo = 717?2“{2, geo = a(t)?2?, gy, = a(t)?z?sin® O, see Weinberg (Z00R).
T “0 =
“For Ty, we get Too = Z,Tio = 0 and T} = a(t)*pgij, p denoting the pressure of the fluid and §; the
three-metric for i,j € {1, 2,3}, see Weinberg (200R).
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Figure 2.1: The first attempt to measure the Hubble constant. 'Radial velocities, corrected for solar motion, are
plotted against distances estimated from involved stars and mean luminosities of nebulae in a cluster. The black
discs and full line represent the solution for solar motion using the nebulae individually; the circles and broken line
represent the solution combining the nebulae into groups; the cross represents the mean velocity corresponding to
the mean distance of 22 nebulae whose distances could not be estimated individually.” Hubbld (T924). While the
value was wrong by at least an order of magnitude, this indicated the evidence of an expanding universe. Credit:
Hubble (1929).

Assuming a flat universe without a cosmological constant that is dominated by cold matter,
£ ~ pc?, we can define a critical density from Eq. 2Z4.

3
o(t) = —=
pe(t) G

We now can give all energy densities in units of this critical density:

H(t)? . (2.7)

2
Pm Er Ac
Qni=—, Qi=—, Qpi=———
" Pc ' pec?’ 3p.H(1)?
We have three components that possibly contribute to the total energy density €2 of the
universe: radiation {2;, matter €),, and the cosmological constant 25. Therefore, we get an

explicit form for the Hubble parameter, see Peacaock (1999):

H(a)? = H? [Qp + Qa3 +Qa™t — (Q— 1)a_2] , (2.8)
where 2 =1 is true for a flat universe. This dependency is plotted in Fig B2
As can be seen, the Hubble parameter is closely linked to the dominant component of the
universe, and it is getting constant in recent times due to the cosmological constant. In the
case of a universe dominated by a positive cosmological constant A > 0, Eq. E4 gives an
exponentially increasing scale factor:

aoce\at

This exponential increase of the scale factor has been measured recently, see Riess“ef all
(I998), Perlmutfer et all (1998). Fig. 23 shows one of the 2 measurements suggesting
the accelerated increase of the scale parameter in recent history. The driving force for this
acceleration is termed dark energy, the simplest explanation which is still in agreement with
current observations being a cosmological constant over time. The physical nature of this
cosmological constant is as yet unknown.
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Figure 2.2: Development of the Hubble parameter with redshift, see Eq. P8 and Fig. IH. The values for Qa,
Qm and Q, are taken from Eq. ZZIA. The Hubble parameter can be seen to be declining with redshift throughout
almost the entire history of the universe, only becoming constant in recent times due to the cosmological constant.

2.1.4 Distances in cosmology

Next, we need to define distances between objects in cosmology, e.g., see Peacock (I999),
Ryden (2002) and Schneider_efall (2008).

The proper distance defines the distance two objects have at one instance of time, if this
distance could be measured. We follow the notation of Ryden (2002) for the discussion of
distances:

Dy(t) == a(t) /OT dr’ = a(t)r . (2.9)

This is the comoving distance r times the scale factor at that instance of time. This is not
a measurable quantity, since we cannot get information of a distant position instantaneously.
Since we are interested in observations, we need to define observable distances, taking into
account the finite speed of light. For that we calculate the distances between an object
emitting light at te, and an observer receiving this light at t,,s. The comoving distance
can be calculated from Eq. P22

0 =ds? = —c2dt® 4 a(t)%dr?

Using & = d 7, we get for the comoving distance:

a‘(tobs) a(t‘)bs
r:/ —d quzs/ QAa +Omat Q- (Q-1)22 ?da . (2.10)
a(%m) a H

(tem)

For the following, we assume a(fy,s) = 1. First, we introduce the angular diameter distance,
since this is the quantity required for lensing. The basic idea is: If we can measure the angular
size 0O of an object for which we know the physical size 15, we can determine the distance®

5We can safely assume Da > 1a, hence 60 < 1.
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Figure 2.3: In this plot, the distance to Supernovae la is plotted, estimated in 2 different ways. On the x-axis, the
redshift is plotted. On the y-axis, the distance modulus is plotted, giving the (logarithmic) difference in emitted
and observed fluxes. The expected curves for 3 different sets of cosmologies are plotted together with the observed
supernovae data. The open symbol marks SN 1997ck (z = 0.97). As can be seen, a model with a cosmological
constant (solid line) follows the observations best. Credit: Riess et all (I9Y8). Reproduced by permission of the
AAS.

Da:
1
tan 60 ~ 60 = —
an D
Using Eq. B0, we can connect 60 with ds by putting the object (lets assume a bar with
length 15 for now) on the plane of the sky (dz = 0) and assuming d¢ = 0, meaning that light

rays from both ends of the bar arrive at our position at the same instance of time:

la = ds = a(tem)Sk(r)IO
Putting all together, we get the angular diameter distance:
_ Sk(r)
1+ Zem

Another way to define distances is by looking at the flux f received from an object with
intrinsic luminosity L at a distance Dy

Da = a(fom)Sk(7) (2.11)

L

f=——
47TD%
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Figure 2.4: The comoving (Eq. ), angular (Eq. PI) and luminosity (Eq. PI2) distance plotted versus
redshift. We assume a flat universe with parameters taken from Eq. EZIA. As can be seen, different distance
definitions give different results since their dependencies on the scale factors are different.

First, we need the surface area of the sphere A on which the luminosity L is distributed in
order to calculate the flux. Again, Eg. EZ1 with d¢ = 0 (since we want the size at one instance
of time) and dz = 0 (since the radius of the sphere is constant), helps us:

A= /ds2 = 478y (r)?

Second, the observed luminosity also changes. Due to the change in scale factor, the wave-
length changes, and additionally the time between two consecutive photons changes by the
scale factor. This means that the received energy per second changes by a factor a(tem)?.

L
(1 + Zem )2

Again, combining all of these factors we get for the luminosity distance Dr;:

L' = a(tem)’L =

Dr. = Sk(r)(1 + Zem) (2.12)

For a flat universe, the comoving, angular-diameter and luminosity distances for an observer
with zgps = 0 are plotted in Fig 4.

2.1.5 Today’s Universe

We want to describe the development of the universe over time. We omit the very early
universe, since we are mainly interested in its later development. In order to do that, we need
two more equations, see e.g. Ryden (2002):

First, we need the equation of state for the components of the universe, connecting the
pressure P with the energy density e:

P=we . (2.13)
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w is the proportionality factor and differs for different types of components®. Consider a small
volume of the comoving universe. With no heat flow in or out of this volume - this is fulfilled,
e.g., for a homogeneous and isotropic universe - we get from the first law of thermodynamics
as the second equation:

E+PV =0

using E = Ve and V = (ra)3, we get the fluid equation:

é+3%@+fﬁ=o . (2.14)

For the three components matter, radiation and the cosmological constant, we therefore
calculate the following scaling with the expansion of the universe:

—4 -3
Eradiation X @,  Ematter X A ~, EA = const . (215)

This result has already been used for Eq. EZ8. Since these energy densities scale differently
with the scale factor, the universe was dominated by different energy densities at different
times?. From that, we can also calculate the lookback time depending on redshift, using Eq.
2w

1 dz

t_Ho/o (T4 2)vV/U(1l+2) + (14 2)3 + Qp + (1 — Q)

(2.16)

Todays values of the energy densities for a flat ACDM universe are, see Larson_ef all (2011):

Qp =0.734 £0.029, Qcpm = 0.222 £0.026, OQparyons = 0.0449 £ 0.0028,
Zeq=3196T132
Qmatter = QDM + baryons = 0.267 £ 0.026,  Qradiation = (84+0.9) x107°
(2.17)
Zeq gives the redshift of matter-radiation equality, meaning the point in time at which the
energy densities of matter and radiation were the same. This is also marked in Fig. ZZ3. The
development of these different components over time can be seen in Fig. P4.
Since the universe is close to being flat today, see Komatsu et all (P0TT), Larson ef all
(2011), we do not consider Eq. E4 in case of a non-zero curvature here. An observationally
important time in cosmology is the era of recombination, in which neutral hydrogen atoms
could be formed, making the universe transparent to the background radiation at that time.
This took place when the background radiation photons were not energetic enough to reionize
this formed hydrogen which is at a background temperature of ~ 3000 K. From [Fixsen ef all
([992), we get a temperature for the CMB today of 2.714 4+ 0.022 K. Therefore, we get
Zrecombination =~ 1100. The CMB provides the earliest cosmic radiation we can still detect
today because in earlier times the photons were scattered from the free electrons present
before recombination.

Sw=0,w=1 /3,w = —1 for non-relativistic matter, radiation and A respectively.
"We could input these dependencies into the Friedman equation, Eq. B, to get the Hubble parameter, Eq.

3.
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Figure 2.5: The development of the energy density of the different components of the universe. Starting from
today’s values, Eq. 717, the different components scale differently with the scale factor (or redshift) of the universe.
Therefore, different components dominate the evolution of the scale factor at different times. While the early universe
was dominated by radiation, it is now dominated by dark energy, having passed through an intermediate phase of
matter domination. Vertical lines mark the time of matter—radiation equality, the time of recombination and the
time of A—matter equality.

2.2 Structure formation

2.2.1 Linear theory

Moving from scales of > 100 Mpc to smaller scales, we see that the universe is not isotropic
and homogeneous on these smaller scales. In fact, we find structures on any scales below
~ 100 Mpc, such as clusters of galaxies, galaxies, globular clusters, stars, planets, moons, and
so on, see Fig. 8.

From the WMAP (Komafsu ef"all, 2001), we know that the temperature 7" of the CMB
radiation at the epoch of recombination (z =~ 1100) (llones ef all, P0041) was homogeneous to
%T = 107°. Since the baryonic matter was coupled to the radiation via Thompson scattering,
we assume the same temperature fluctuations for the baryonic matter. Hence the density
fluctuations of the universe must have been smaller than %2 = 3 x 10~°, assuming an ideal
gas and adiabatic fluctuations. This marks the starting point of observations of structure
formation since matter and radiation decouple only at this time.

The growth of structure can be approximated by a linearized perturbation theory, as long as
the deviations from an unperturbed expanding universe are small, see Peacock (T999) and
Schneidern (QDDG) for the following.

We start with the Euler, energy conservation and Poisson equations for small perturbations

in a matter dominated, expanding universe, using § = i—g:
dsz Vs = T
TZ) = _TOP — V(5<I> — ((57} . V)UO
dd __ = -
Lar =V 0U (2.18)
V25® = 471G pod
2=

S_ap
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Figure 2.6: Galaxies from a slice around declination § = 0 4= 1.25° form the SDSS 3rd year data release. Each
dot marks an observed galaxy. The coloring goes from red (old) to blue (young) according to the age of the stellar
population. The outer circle marks a distance of ~ 650 Mpc. While on large enough scales this distribution tends
to be homogeneous and isotropic, this is not the case on scales of =~ 50 Mpc and below. Credit: M. Blanton and
the Sloan Digital Sky Survey (SDSS) Collaboration, http://www.sdss.org.
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All variables with a leading ¢ (07, §®, dp) denote small perturbations to the local undisturbed
values of the velocity field v, the density pg, the pressure py and the gravitational potential
®y. The last equation defines the sound speed for adiabatic perturbations. After some cal-
culations, see e.g. [Peacack (T999), we get the following differential equation for the evolution
of the density fluctuations:

6 = 6(4nGpo — c2k?%) (2.19)
when using an ansatz for the spatial distribution § o e~ with a proper wavevector k.
Depending on the rhs of Eq. BP9, we get solutions with amplitudes that decay, oscillate
or grow over time. Since we study structure growth, we are only interested in the growing

solutions, for which the rhs of Eq. BZ19 is positive. Therefore only modes with a wavelength

bigger than
27 T
A>T =g/ — 2.20
> = ¢ MGPO (2.20)

can grow in this scenario. This length is also known as the Jeans length. It is governed
by two variables: The sound speed cg and the density of the universe pg. Since the early
universe before recombination is mainly radiation-dominated®, the sound speed is ¢ = %
For the radiation dominated era, the rhs of Eq. EZT9 changes: 47 changes to ?’ZT“, see [Peacock

(999); this changes the Jeans length by a factor \/g. We see that only large clumps of

matter (of the order 10'Mg or above) can grow (Hones ef all, P004]) continuously up to
recombination, while on all other scales overdensities cease to grow at some time before.
Furthermore, perturbations in the density field smaller than ~ 10'2M, are wiped out by
Silk damping (Silk, [968) before the beginning of recombination. After recombination, the
baryonic matter is decoupled from the photons, therefore the sound speed now depends on

its temperature:
dp 5kT
=5 =\ 5= 2.21
Cs dp 3m ( )

for an ideal gas and adiabatic sound waves with m denoting the mass of the gas particles k
the Boltzmann constant and 7" the temperature of the baryonic gas.

The wavelength and therefore the according mass drops to ~ 10 M, (Uones ef all, 20041),
meaning that structures with this mass® and above can now grow. For a matter dominated,
flat universe (which was the case for most of the time after recombination), the linear density
contrast grows like the scale factor, § o< a(t) (Peacock, T999). Therefore, the linear density
contrast now would be of the order of 10%, much smaller than that observed today. Hence,
we need something additional to explain this discrepancy. We can solve that problem by
introducing dark matter: Since it does not interact with radiation (hence dark), the density
contrast of dark matter can also grow before recombination, giving a higher contrast at
recombination than what is observed for the baryonic matter. Depending on its sound speed,
this dark matter clumps on different scales: hot dark matter particles are considered to be

8The epochs of recombination and matter-radiation equality are two different epochs, but this difference
does not change this argument since the baryons are coupled to the photons before recombination.
9This is the typical mass scale for the oldest structures of the universe: globular clusters and dwarf galaxies.
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relativistic at the time of decoupling, therefore this kind of matter forms large structures first.
Afterwards smaller structures would be formed by fragmentation of larger structures, that
is, clusters of galaxies form first then fragment in groups of galaxies then galaxies and so on.
This is also referred to as top—down structure formation.

Cold dark matter particles are non-relativistic, hence, according to Eq. EZ22 and Eq. P20,
also small scale structures can grow from the beginning. Since smaller scale structures collapse
faster, smaller structures form first in this scenario. This is also termed bottom—up structure
formation.

2.2.2 Hierarchical growth following Press-Schechter

Press & Schechter ([974) also assumed a hierarchical growth of structure from small scales
to larger scales, beginning after recombination. We work in comoving distances, and follow
(Peacock, 1999) for the rest of this section. We assume a random density field §(Z). for which
we can define the following correlation function

(7, ) = (0(5)0™(F)) = £(17 — 7))

The brackets denote averaging over the volume of the density field, 5* denotes the conjugate
of . The last equality is only true for a homogeneous and isotropic universe, meaning that
the correlation function only depends on the distance between ¥ and 7. We can derive the
variance of the density field from the correlation function:

UMn://aw—fWM@mwmﬁmB,

where fr(Z) denotes a filter or weight function with a characteristic length scale R, e.g. a
Gaussian or a Top Hat.

An equivalent description of the correlation function is its Fourier transformation, the power
spectrum:

P(k) = (oz*)

where the brackets denote the ensemble average and £ and \5,;\2 are connected by Fourier
transformation:

v 2 —ikF 33
€)= 55 [ ek
For the power spectrum, we assume a single, featureless power law:

P(k) oc k" . (2.22)

In absence of mixing between scales, the linear theory can still represent the mass spectrum
of collapsed objects, assuming that an object collapses as it reaches a critical overdensity. For
a universe with critical density and no cosmological constant, its value extrapolated to the
present is §. = 1.68, derived from a spherical collapse model. According to Mo ef all (20010)
this value can be used for all realistic cosmologies, since the dependency on )y, is weak in
scenarios both with and without a cosmological constant. Objects that form before some
redshift z need to have a higher extrapolated density contrast by the linear growth factor:
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0¢(z) = (1 + 2)dc. In order to derive the mass of these objects, we smooth the initial density
field by the filter function:

(@) = [ 8l - )%’

Furthermore, we can assign a characteristic mass for this density fluctuations:

4
M ~ gT['p()R3

For the Press-Schechter formula, we now calculate how often regions of a characteristic mass
with densities higher than the critical density d.(z) exist for an initial Gaussian density field
and get the comoving number density f(M)dM. Peacock (T999) states for this:

2|d Oc(z _ Se@?

A closer look at Eq. E223 shows several different points: First, there will be a characteristic
mass M,(z) above which the number density will decrease exponentially. Second, since the
variance o(M)? decreases with mass, small mass structures are more frequent than high mass
structures. Third, since d.(z) increases with redshift, there is less structure at higher redshift,
but smaller structures are more numerous at the same time. Therefore, this gives a bottom
up mass assembly, as favored by a cold dark matter scenario. Both Press-Schechter and the
linear growth of structures describe the properties of the large scale structure and its forma-
tion history well. Thus, we get a basic description of the history of our Universe’s structural
growth by following this two approaches.

In Fig. BP0, Girardi ef all ([998) measure this mass function at the high-mass end from
cluster measurements. They compare it with different predictions for different variances
o(M)32, giving the density variation within a sphere of 8h~!Mpc radius and I' defining the
transfer function of the matter power spectrum.



2.2. STRUCTURE FORMATION 21

00001 fF—T— T .
oL 0,=0.4 ;

2 0,=0.6

10-6 L _
10-7 _
10-® _

10-° . N E

______ r=0.4 \\ E

10-10 f————+—+—+—+ .
1o b Q,=0.4
E Q,=0.6

/

10-8

n(M) / (h~'Mpc)3(101h-1M.)

R EERETTT EREETITT EERETTT ERR T

URLRLLL BN R LLLL B LR RLLL. CRL)

10-10

Figure 2.7: This plot shows the mass function, Eq. 23, for the Press-Schechter high-mass end. The data points
represent different mass bins from cluster measurements. In the upper panel, the effect on the mass function for
different shapes of the initial power spectrum is shown, on the lower panel, different rms fluctuations are assumed.
Credit: Girardiet all ([998). Reproduced by permission of the AAS.
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Chapter

Gravitational Lensing

3.1 Basic theory of gravitational lensing

The theory of gravitational lensing treats light as rays which are deflected by gravitational
fields they pass. The deflection angle & generated by a mass M passed by a lightray in
distance r is given by:

a(r) = 4GM

where G denotes the gravitational constant and ¢ the speed of light in vacuum, see [Einstein
(I916, [922); Schneider_ef all (T992); Narayan & Bartelmany ([996); Schneider_efall (2006).
This is sketched in Fig. B

, (3.1)

c2r

T
light
M

Figure 3.1: The concept of the light deflection: The light ray passes from left to right, passing the deflector with
mass M in distance r. The light ray gets deflected by &.

It is valid in the weak field limit, meaning that r is large compared to the Schwarzschild radius
of the mass M, a condition which is always fulfilled in the cosmological cases considered in
this work. From that, we can derive the lens equation. Reviews of the theory of gravitational
lensing can be found in Schneideref’all (T992); Narayan & Bartelmann (1996); Schneider ef all
(2006). This section follows Narayan & Bartelmann (I996). First, we use the so called “thin
lens approximation”, meaning that we simplify the physics by projecting all the lens’ mass
onto one sheet and call that the lens plane. This can be done since the distances Dgs and Dy
(see Fig. BX) are large compared to the size of the lens in all cosmologically relevant cases.
The following definitions, also of the different angles, are taken from (Narayan & Bartelmanm,
1996, pp. 9,10). We define the surface mass density E(g) on the lens plane by projecting the
mass along the line of sight (LOS) [ on the lens plane:

méz/?@wm , (3.2)
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with 5 being the position defined in the lens plane. Combining Eqs. BT and B2 gives the
deflection of each mass element in the lens plane. The deflection angle of an extended mass
distribution is simply the integral over all mass elements:

LG [ E-D3@)
O=3 L e

where 5 and 5_7 are vectors in the lens plane to the intersection of the light ray and the position
of the mass element 2(5' ), respectively. The origin of the coordinate system and the optical
axis can be chosen randomly. A widely used choice for this optical axis is given by the lens’
center of mass.

In Fig B2, the basic lensing situation is sketched. 5 is defined as the angle between the true
source position and the optical axis, O as the angle between the image position and the optical
axis and @ as the difference between these two (Narayan & Bartelmant, 1996, pp.9,10).

O

¢, (3.3)

§ &
§ &

D..
-

Dy Dy

D

Figure 3.2: The basic lensing situation: The light propagates from the source S to the observer and gets deflected
by the angle & in the lens plane by the lens by the mass M. Backprojection of the observed ray to the source plane
gives the image position | with angle ©. In angular coordinates, the source position would be seen with angle 3,
the angular difference between source and image position is called a.

Geometry connects the true deflection angle & with the reduced deflection angle . We refer
to the later when using the term deflection angle in the following. We get
Dds =

G=50d (3.4)
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For the deflection angle and the lens equation we get
F=6-a@) | (3.5)

which relates the true source angle (3) with the observable image angle () and the deflection
angle @. The deflection angle depends on the mass distribution of the lens, Eq. B33, and
therefore on € = Dg©. All the angles are defined on the plane of the sky, so they all are
2-dimensional vectors.

The following discussions of the gravitational potential, the convergence and shear and the
definition of the local Jacobian lens mapping are taken from (Narayan & Bartelmann, 1996,
pp. 23,24). Rewriting Eq. B33 in angular coordinates and using Eq. B gives for the deflection
angle:

= 4GDgDy [ (6 —6)2(DgO) , .,
(©) Z D, /]R? |é = 4/|2 d-e’ . (3.6)
We now define: B
R (C) 2 Dy
k(©) = > with Xyt mGD.D; (3.7)

and term H(é) the convergence and Y.t the critical surface density of the lens. Thus Eq.
B@ can be rewritten as

L1 -, (6—0©
T Jr2 |© — ©/)?
Using the derivative of VIn|Z| = x/x we can define an effective lensing potential 1 (6)

requesting the condition Vg9(© 9) = a@(6):

W(B) = jr/R k(6 In |6 — G20 (3.9)

This effective lensing potential can be related back to the Newtonian potential by integrating
along the LOS:

" 2Dqgs
v = app; /¢ Endl . (3.10)

The Laplacian of the potential, Eq. B9, gives twice the convergence, using V2 In(x) = 276 (z):

Viy(6) = 2x(6) . (3.11)

Up to now, we have only examined the deflection of one light ray by an extended mass
distribution. Next we want to consider the mapping of an extended light source. Using the

abbreviation vy = %, we get the local Jacobian matrix of the lens mapping:
09

o8
06
where we used the lens equation BZ3 and the Kronecker symbol ;5. This matrix (or more

accurately its inverse) gives the change of the image position induced by a change of the
source position.

A=—=(0—vy) , (3.12)
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We can rephrase Eq. B12 using Eq. B and the following definition of the shear tensor:

1) = L — ) = 1(6) cos(20(6))

—

1(0) = thig = o1 = 7(6)sin(24(6)) (3.13)

with y(0) := |7(6)|. We get:

A_<1_“_71 G ) . (3.14)
—V2 l—k+m

It can be shown that the eigenvalues of this matrix are

)\1’2 =1—k :i:’y N (3.15)

meaning that a circular source gets (de-)magnified by the convergence” and distorted to
an ellipse by the shear since it has a different sign for the two eigenvalues, see Fig B3 for
illustration.

source plane image plane

)
A @,
A

Figure 3.3: The basic image mapping situation in lensing: The source vector d3 is mapped into the image vector
dO via Eq. BIA. In this process, the image gets also distorted. While on the source plane, the two eigenvalues A\;
A2 have the same length, this changes on the image plane according to Eq. BIH.

The magnification of the image is given by the flux ratios of the source and the image. Since
A describes the mapping from the image to the source plane, a circular source with radius

r is transformed into an ellipse with the axes: /\”"—1, )\LZ Considering a circular small source

with homogeneous surface brightness f(), we get for the magnification:
R A

1
M FS 7T’f’2f(z) )\1)\2 Al)\Q (det ) (3 6)

Let us briefly consider a circular lens. The deflection angle is in this case, using Eq. B3, a
function of the mean convergence (k)(0) within radius © :

1 2 : 1 © / / /
o(0) = 5 (W(O)TO? with ()(0) = & /0 2rOR(O)dO . (3.17)

With a source at angular position 5 = 0, Eq. B3 together with Eq. B4 gives

1Since A describes the mapping of the image to the source plane, a source with radius r has an image radius
of r/(1 — k) when only considering the convergence.
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0=06 - (k)(0)0 , (3.18)

which is only true for (k)(0) = 1. For a lens with a radially monotonically declining surface
density, this only occurs at one value of ©, the so called Einstein radius or Einstein angle Og.
There, the mean surface density equals the critical surface density in Eq. BZ1. This Einstein
angle is the most characteristic quantity for a lensing system.

3.2 The regime of strong lensing

Depending on the exact properties of the source—lens—observer system, there are different
regimes of the previously outlined theory: Micro-, weak and strong lensing. Since the rest of
the work uses the framework of strong lensing, we will briefly discuss its basic concepts.
Lensing is termed strong lensing when one source can be imaged multiple times to the observer,
resulting in several images of the same source. From Eqs. BT8 and B4, we can calculate the
magnification:

u(©) = (1 - #(6))> —7(©)*)~" . (3.19)

Since k and « are both functions of the position O, there can be cases where the magnification
v is infinite?. These curves in the image plane are called critical curves, their lens equation
mapping back onto the source plane are called caustics. These critical curves separate regions
of the image plane where the multiplicity of the images is different, meaning that each time a
source crosses the caustic in the source plane, images appear or disappear at the corresponding
critical line in the image plane. This is sketched in Figs. B4 and B72.

3.2.1 The case of an axisymmetric lens

For now, let us again assume a circular lens with an arbitrary mass profile; its deflection angle
is defined in Eq. BZT. We put this into the lens equation B3 and get:

B=06-(k)(O)e . (3.20)

Assuming a lens with a continuous, monotonic and convex declining radial density profile and
some radius where (k)(©) > 1, we can write down more than one solution for the equation
above? for some range of 3. In general, we get 3 solutions:

One with positive ©1 = % with (k)(01) < 1, one with negative ©y = #;(@2) with
(k)(©2) > 1 meaning that this image is on the opposite side of the lens center with respect to
the source position, and a 3rd image close to the center with (k)(03) > 1, see e.g. the case
of B9 in Fig. B4.

For this 3rd image, the magnification in Eq. B9 tends to be very small ;4 < 1 and, in the
case of a singular lens (meaning é)iglo K= éiino (k)(©) = 00), this image disappears completely.
In Fig. B4, this is plotted for different convergence profiles, each of the curves representing
a different convergence profile. Along the curves Eq. is fulfilled, meaning that a source
at position [ is imaged to the image position(s) ©. For a given source position (e.q. [3),

2Since real sources have a finite size, the magnification of such a source will still be finite. Also, the geomet-
rical optics assumption has to be replaced with wave optics in that case, giving finite magnifications(Schneider

3Without loss of generality, we can assume 8 > 0 here.
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the intersections with the curve representing the lens’ convergence profile give the positions
of the (multiple) images.

By

B /)

B,
By

source pos (arb. units)

0=0

image pos (arb. units)

Figure 3.4: Graphical representation of Eq. B=0. The horizontal lines mark different source positions, each
intersection with one of the curves mark a lensed image position of this source position for this lens. The Einstein
radius of each profile is defined by the intersection of the curves with the 81 = 0 line. All curves have 2D density
profiles of the form x ~ (62 4 ©2)™™. The red curve represents the case of a singular profile, ©. = 0, n = —0.5.
The red and the green curve share the same n, with ©, > 0 for the green curve, while for the blue (purple) curve,
©c >0 and n > —0.5 (n < —0.5). This form of diagram is also called Young diagram.

As one can see, there exist values of 5 (e.g. f2 and the “green” lens) for which we get three
solutions, meaning that the same source is imaged three times. We note that the exact image
positions for these depend on the properties of the mean convergence (k)(0). Furthermore,
since only the mean convergence enters the Eq. B0, this is the property that one can really
measure for axisymmetric lenses.

In Fig. B4, two points are of special interest: First the Einstein radius (i.e. the angle © to
which a source at 31 = 0 is lensed to) and, for the non-singular profiles, the radii at which
images seem to appear or disappear (e.g. (3 for the green lens, marking the transition between
3 images for smaller $ and 1 image for larger f3).

To study the local properties of the lens mapping for an axisymmetric lens, we consider Eq.
BT2. Using Eq. B0, we get, see Schneider_ef all (2006):

_ (1~ (k)(O) 0 (k)(©) [ ©2 ©,0
A‘< 0 1—<m><@>>‘@<@1é2 @> : (3.21)

The derivative can be rewritten as

d{r)(©) _ 2(k(©) = (x)(©))

()(©) = =g~ = 5 : (3.22)
This matrix A has the two eigenvalues of
A= (1=(r)(0)) A= (1—(r)(O)—(x)(©)O) . (3.23)

The determinant of A is zero if one of the eigenvalues is 0. In that case, the magnification
grows to infinity and we get a critical line in the image plane. So, in general, there are two
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critical lines, since there are 2 eigenvalues. In order to obtain the image behavior at these
critical lines, we look at the eigenvectors of this matrix. Without loss of generality, we can
set ©1 = 0.

We get

_ 98 _ (1= (0)(®) 0
4706 ( 0 1—<n><@>—<n>'<e>92> ’ (3.24)

v = (é) vy = (?) . (3.25)

A defines the backprojection from the image to the source plane, hence a vanishing eigenvalue
means that the image will be stretched in this direction?. Since we are on the O axis, we
get a stretching along the ©; direction for A\ = (1 — (k)(©)) — 0 and therefore term this
a tangential critical line (since the stretching is tangential to the line connecting the image
position with the lens center). We see that the position of this image is again the Einstein
angle.

Likewise we get a stretching along the G4 axis for Ao = (1 — (k)(0) — (k) (0)©) — 0, calling
this a radial critical line. This is illustrated in Fig. B3, where the relative tangential /radial
magnification, defined as the inverse of the respective eigenvalues |/\i1| / \/\% , is plotted.
If we remap this tangential / radial critical lines back into the source plane, we get the
corresponding caustics. For our spherical example, this could be done using Fig. B4 with the
high magnification image positions from Fig. B3.

and the eigenvectors

magnification (arb. units)

image pos (arb. units)

Figure 3.5: Graphical representation of Eq. B22Z3. The colors mark the same profiles as in Fig. B2 and both plots
have the same scale on the horizontal axis. The solid / dashed lines are ‘Tll| and |le| respectively, i.e. the relative
magnifications in tangential and radial direction.

For all the profiles shown, we only get a tangential caustic at § = 0, meaning that the caustic
shrinks to a point in the center behind the lens. As mentioned above, the image appears now

4A big change of position on the image plane gives only a small change on the source plane, meaning that
an extended source gets stretched by a big factor in that direction.
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at the Einstein angle ©f. Since, the source, lens and observer are all aligned on one optical
axis, this system is spherical symmetric: The Einstein angle defines a ring of formally infinite
magnification. As mentioned before, the magnification of a finite source is still finite. The
magnification of a point-source is also not infinite when wave optics are taken into account,
see Schneider_ef all (2008).

Conversely, the caustic belonging to the radial critical line is circular with a radius which
depends on the exact profile of the lens. As mentioned earlier the critical lines mark the lines
at which multiple images appear (or disappear) as soon as the source crosses the corresponding
caustic moving inward (or outwards).

3.2.2 The case of an elliptical lens

For an elliptical mass profile there is no general analytic solution for the lens equation B33.
Therefore, for most of the cases, the lens equation for an elliptical mass distribution has to
be calculated numerically. However, we can get an analytic description in one special case
which is appropriate to most properties of elliptical lenses at least qualitatively. We use a
(non-)singular isothermal ellipsoid (NSIE®) with a minor to major axis ratio® q to discuss the
qualitative properties. We take the definition of (Kochanek, 2004):

b
01,0) = ———— ©1,09)% = ¢*(67 + ©2) + 03 3.26
K( 1 2) 2&)(@1,@2)’ w( 1 2) q ( 1 + C) + 2 ( )
here b denotes some lensing strength, ¢ the minor to major axis ratio and O, the core radius.
It can be shown (e.g. by differentiation) that the deflection angle of this profile is (Kochanek,
o004 :

1(01,02) =

b @1\/ 1- q2
———arct 2
marc an (w(@l,@g) ey , (3.27a)
/1T — 2
b arctanh ©2v1 =4 . (3.27b)
V1-— 2 w(01,02) + 4?6,

The resulting right hand side (rhs) of the lens equation in the form

a3(01,02) =

0=6-ad) -4 (3.28)

for two different source positions is plotted in Fig. BB. The red and blue surfaces represent
the two components of the vector of the rhs. The black surface represents the left hand
side(lhs) and is therefore 0, identical for both components. First, we want to consider several
source positions so as to understand the imaging properties of this system. We start with a
galaxy behind the center of the lens, shown in red in Fig. BZ0. Looking at the lens equation
Eq. B3 with 81 = 2 = 0 and Eq. B2Z4, we see that in order to fulfill the lens equation in
this case, 0 = © — &(é) has to be fulfilled at the positions of the multiple images. In Fig. BR
the lhs (black) and rhs (red & blue) of Eq. are plotted. Therefore, multiple images will
occur on the simultaneous intersections of all three surfaces. As can be seen in Fig. B.6(a],
these positions lie along the coordinate axes where either ©; = o = 0 or O3 = a9 = 0 is true

SWe will discuss some profiles, also including this one, later on in Chapter .
5The axis ratio is defined for the isodensity contours of the convergence k.
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all along this axis, giving four images. If the profile has a finite core radius, there is also a
fifth image in the center of the lens plane. We do not get any more solutions than these five
multiple images. This is shown in Fig. B.6(a}: The case of a1 — ©1 = 0 and ag — O2 = 0,
necessary to fulfill the lensing equation for a source at 1 = 2 = 0, is only true at some
distinctive positions along the coordinate axes. This explains the red images seen in Fig. B,
resulting in five multiple images. A configuration like this also occurs in Fig. BX. This object
is also called the Einstein cross.

If we move the source off center along one of the coordinate axes (right hand plot in Fig. B77)
we again get three images along this coordinate axis, similar to the circular case. Along the
perpendicular axis (©; in Fig. B7) however, we do not get any solutions, see the green case
in Fig. BZ0. The case of ©1 — a1 = 0 and Oy — as — 5 = 0 is only fulfilled simultaneously at
distinct positions off the perpendicular axis, see Fig. B.6(b]. This again defines the positions
of the five multiple images. Similarly, we can reconstruct the images for all the different
source positions seen in Fig. B0 and explain its (multiple) image positions.

0,-01(01,0,)
0,-05(01,0))

0,-01(0,0,) ——
ez'azj(ellvezj)'éz

0
O, (arb. units) O, (arb. units)

0
O, (arb. units)

0

O, (arb. units) 1

(a) (b)

Figure 3.6: These 2 plots represent the lens equation BH for two different source positions. The red and blue
areas show the two rhs parts of Eq. B28, ©1 — a1 — 1 and ©2 — aa — [32, respectively. The black area marks the
area where the values are 0, the lhs of Eq. BZ8. Therefore, intersections of the red (blue) and black area mark
lines where the lens equation is fulfilled for ©1 — a1 — 31 = 0 (©2 — a2 — B2 = 0). This means that intersection
points of the red, blue and black area mark points at which the lens equation B is fulfilled simultaneously for both
dimensions and multiple images occur. The left image shows 81 = B2 = 0, the right shows 51 = 0,82 > 0. While
on the left image, these multiple images occur along the coordinate axis, the ones along the ©2 axis move off this
axis if the source has B2 # 0. For both plots a NSIE model with ©. = 0.3 and q = 0.8 is used.

To describe the image mapping further, we again want to find the critical lines and corre-
sponding caustics for this elliptical lens. For that, we need the magnification (Kochanek,
2004):

b b20,
w o w ((w +6¢:)2+(1— q2)@%)

The radial critical line and its corresponding caustic behaves similar to the circular case,
except that they are ellipses instead of circles, as can be seen in Fig. BZ. The tangential
caustic, however changes from being only one point behind the center of the lens in the circular
case. Without losing qualitative information, we can set ©. = 0. With this simplification, we
get for the tangential critical line using p~! = 0:

#(01,09) "1 =1- (3.29)
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Figure 3.7: These two plots show how a source at different positions in the source plane is mapped into the image
plane. In each of the plots BZ7(B]) the lens and source planes are shown on the left and right. Images with
the same color originate from the source with the corresponding color in the source plane. Depending on the source
position, we get up to five images of the same source with different positions, image distortions and magnifications.
Credit: Narayan & Bartelmann (IL998).

Oy = £1/b% — 202 | (3.30)

Inputting this into the lens equation B3 and using the deflection angles Eq. B2, we get
the asteroid shapes seen in Fig. BZ1. Now, putting it all together, we can understand Fig.
B74, taken from Narayan & Bartelmann (T996). Depending on the source position, we get a
different number of multiple images: one image if the source lies outside of the caustics (e.g.
the light blue source in Fig. B.7(b])), three if the source is between both caustics (e.g. the dark
blue source in both Figs. B.7(a] and B.7(b}) and five if the source is inside both caustics (the
green and red sources in Figs. B.7(a) and B.7(b)). The images are also distorted, as derived
earlier in this chapter. The most prominent cases are the green sources in Fig. B.7(a}] and
as some of the multiple images start to merge and have high magnifications. These
configurations give the spectacular giant arcs, as for example seen in Fig. 2. Depending on
the exact position of the source on the tangential caustic, this is called fold arc (Fig. B.7(a})
or cusp arc (Fig. B-7(b])), as the source is close to the fold or cusp of the caustic. Another
interesting case is the light blue source in Fig. B.7(a]. In the image plane, the two images
close to the radial critical line start to merge, giving a radial arc.
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Gravitational Lens G2237+0305

Figure 3.8: The well-known Einstein cross. A distant quasar is lensed into four images almost forming a cross
on the sky. The configuration is similar to the red configurations in Fig. B demonstrating the link between the
prediction of multiple image positions and the observed ones. Credit: NASA, ESA and STSci.
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Chapter

Elliptical galaxies

In his book, Hubbld (I936) classified galaxies according to their apparent morphology into
mainly three different classes,the famous Hubble sequence: elliptical galaxies, (barred) spiral
galaxies and irregular galaxies?, see Fig. BCll. At that time, galaxies were considered to evolve
from the left to the right along the fork, hence calling elliptical galaxies early—type and spiral
galaxies late-type galaxies?. In this work, we only concentrate on the left part of the fork,
the elliptical galaxies. This galaxies are numbered from EO to E7, denoting the flattening of
their isophotes.

Hubble’s Galaxy Classification Scheme

Figure 4.1: The well-known hubble fork. Elliptical galaxies are on the left-hand side, spiral galaxies on the right-hand
side. Credit: Galaxy Zoo, http://blog.galaxyzoo.org/2010/05/12/types-of-galaxies/ (©Galaxy Zoo 2007, under the
terms of the Creative Commons Attribution-Noncommercial-No Derivative Works Wales License.

4.1 Light distribution

The surface brightness distribution (SFB) I(R) of elliptical galaxies follows the de Vaucouleurs
law (de-Vancounlenrsd, [94R):

! Actually missing the regime of dwarf galaxies which happen to have the highest number counts.
2We now know that galaxies evolve in the other direction, from right to left on the figure.
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<R};>O'2B - 1]) , (4.1)

with Reg denoting the effective radius (the radius of the aperture containing half of the total
light). In Fig. B72, one example is shown for the surface brightness of an elliptical galaxy
which follows this profile.

I(R) = I(Regr) exp <—7.669

12f NGC4472
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Figure 4.2: This plot shows the surface brightness of the elliptical galaxy NGC4472 in different infrared bands.
Shown is the surface brightness versus R/%. Since the surface brightness is given in mag x arcsec™2 a straight line
in this representation follows Eq. Ell. As can be seen the light profiles follow Eq. BEZD well. Credit: Temi et all
2008). Reproduced by permission of the AAS.

As can be seen, this description fits well with observations. However, there are a few gener-
alizations that should be mentioned here: Firstly, the light profile’s steepness in Eq. EZ1 can
be generalized to the so-called Sérsic law, see (Sérsid, T963):

<R};>i_1]> ’

with n being the sérsic index. We get the de Vaucouleurs law back for n = 4.

Secondly, bright elliptical galaxies tend to have a core radius, meaning that the light profile
essentially gets flat within this radius, see e.g. Laueref all (2005) for a sample of 77 elliptical
galaxies.

Besides the spatial distribution of light, the spectral light distribution of an elliptical galaxy
also has some typical features: The visible parts of the spectral energy distribution (SED) of
elliptical galaxies are dominated by the redder parts of the spectrum, see Fig. B=3.

There are no emission features present, which would be typical for short-lived OB type stars.
The line spectrum is dominated by many metal absorption lines, further reddening the galax-
ies’ colors. These spectra typically exhibit a break in its fluxes around 4000A (the so—called
4000A—break), a coincidence of various metallic absorption lines. Both the spatial and spec-
tral distribution of light traces the properties of the stars emitting this light.

I(R) = I(Regt) exp (—b
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Figure 4.3: The spectra of 4 elliptical galaxies are plotted here. As you can see, there are some features typical
for this galaxies: There is the so called 4000A break, a flux increase around this wavelength. Also, the spectra a
dominated by the redder parts of the visible light, making the galaxies appear red in multi-color images. Credit:
Kennicutil (T992). Reproduced by permission of the AAS.

4.1.1 Initial mass function and mass—to—light ratio

The stellar component is characterized by the mixture of stars it consists of: This is given
by the so—called initial mass function (IMF). Three main IMFs are used today: Salpeter
(Salpeter], T955), Kroupa (Kroupa, 2001) and Chabrier (Chabriex, P003). Specifically, the
IMF describes the number of stars N(m) initially present within a mass interval m, m + dm.
Salpetet] (1955) obtains a behavior of N(m) ~ m~23% from star counts in the solar neighbor-
hood. This is a steep function of the star’s mass, meaning that a Salpeter IMF predicts few
high mass and many low mass stars. Kroupa (2001) and Chabrier (2003) keep the same slope
at the high mass end, but weaken the steep power law for less massive stars, e.g. Kroupa
(2001) introduces N(m) ~ m™'3 and N(m) ~ m~%3 for stars below 0.5 My and 0.08 M,
respectively. Hence for Kroupa (2001) and Chabrier (2003) IMFs fewer low mass stars are
present for the same number of high mass stars compared to Salpeter (T955). Since high mass
stars are much more luminous per mass than low mass stars, this different IMF behavior at
the low mass end directly influences the stellar mass of galaxies: For a Salpeter IMF, there is
more mass in stars for the same luminosity than in Chabrier or Kroupa IMF. For example,
Grillo_ef"all (2009) calculate the stellar masses for an ensemble of different strong lensing
galaxies and directly observe this trend. However, the question of which IMF is the correct
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one is not yet resolved, see e.g. Cappellari et all (2012H,m) who see different IMFs agreeing
better with the observed dynamical masses depending on the stellar mass of the galaxy. The
actually observed spectral energy distribution (SED), however, is not only depending on the
IMF, but also on the amount of dust present in the galaxy, the stars’ metalicity and its for-
mation age. Very briefly, the formation age determines which types of stars are still present
at the time of the light emission, since more massive stars have a bluer color and higher
luminosity, but also a shorter life span. Therefore an older stellar population has a redder
color. Dust present in galaxies also reddens the galaxies’ color since it absorbs preferentially
blue light and reemits this at longer (redder) wavelengths. However, the amount of dust in
elliptical galaxies is small (10* — 10° M) (Goudfrooij et all, 1994). The metalicity also makes
stellar spectra redder, since metal-rich stars are cooler than metal-poor stars for the same
mass. Hence, there are several effects shifting the galaxies’ light more towards red colors,
making it hard to distinguish these effects.

One important descriptive quantity relating the observed light profile with its mass profile is
the mass—to-light ratio (MtoL) of the galaxy. The stellar (total) MtoL gives the ratio of the
stellar (total) mass of the galaxy and its luminosity (in units of mass to luminosity of the sun).
E.g. Faber & Jackson ([976) get a typical value of the central MtoL of ~ 10 in the restframe
B-band® for elliptical galaxies, measured in that case from velocity dispersions. Cappellari
ef_all (2012a) measure MtoLs for the stellar components of early—type galaxies by modeling
the observed dynamics of these galaxies and report values of 2 to 10 for the restframe r-band?.
While the stellar and central MtoL is one value that describes the galaxy’s stars, the total
MtoL also includes some statement about the dark matter component. Since the total mass
and light profiles of galaxies do not follow the same radial behavior, the total MtoL necessarily
changes with radius. If we integrate both the light and total mass of a galaxy, we can give
a total, integrated MtoL. Hoekstra ef all (2004) find a value of MLg' ~ 60M@L5}B for the
integrated MtoL in the RCS survey using weak lensing. In Fig. B=, the stellar MtoL for the
inner parts of different coma galaxies is plotted derived from photometric estimates.

By observing a galaxy’s stellar mass or Mtol,, e.g. by measuring the dynamics of the stars
or the total enclosed projected mass by lensing, we can infer properties of these elliptical
galaxies, such as the IMFs.

4.1.2 Elliptical galaxies: components, formation and environment

The above summarized characteristics of early—type galaxies are closely connected to the com-
ponents, formation and environment of elliptical galaxies. Some elliptical galaxies observed
in X-ray wavelengths exhibit bright X-ray halos around them. The X-rays are emitted from
hot gas, see e.g. Fabbiand (I98Y). Hence, elliptical galaxies contain a halo of hot gas. In Fig.
A3 an example of a measured X-ray profile is shown.

In contrast to the hot gas, little cold gas is observed in elliptical galaxies (Knapy, T999) im-
plying that almost no recent star formation is occurring in these galaxies, in agreement with
the star formation history presented earlier.

Besides the visible stars and the gas, these galaxies contain large amounts of dark matter,
although this was a matter of debate for a long time (Carollo_ef"all, T995; Kronawitfer ef all,
2000; Dekel"ef~all, 2005). We discuss the most common dark and total matter profiles in

3B denotes a filter typically centered around 4400A.
4A filter typically centered around 6200A.
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Figure 4.4: This figure shows the radial MtolL ratios for different elliptical galaxies of the Coma cluster. Plotted is
the stellar MtoL in R-band assuming a Salpeter IMF at each radius along the major (filled circles) and minor (open
circles) axis. The dotted line gives the light-weighted average of the Salpeter MtoL within the effective radius, the
solid line represents the MtolL ratio as calculated from dynamical modeling of the shown galaxies. Credit: Thomas,
J., Saglia, R. P., Bender, R., Thomas, D., Gebhardt, K., Magorrian, J., Corsini, E. M., Wegner, G., & Seitz, S. 2011:
Dynamical masses of early-type galaxies: a comparison to lensing results and implications for the stellar initial mass
function and the distribution of dark matter, MNRAS, 415, 545. Reproduced by permission of Oxford University
Press.

Sec. E.

The environment and formation history of elliptical galaxies are closely connected. As dis-
cussed above, the IMF defines which type of stars are formed. The red color and absence of
short-lived OB stars show that these galaxies’ stellar population is dominated by long-lived,
redder and older stars. This implies that significant star formation has not recently taken
place, so the formation of these systems’ stellar components was completed fairly far in the
past, see e.g. Thomas et all (2005) and their derived star formation history in Fig. A@.

We see in Fig. B@. that the formation age of an elliptical galaxy also depends on the en-
vironment. Elliptical galaxies are dominant in dense environments, see Dressled (I980), i.e.
elliptical galaxies reside preferentially in groups or clusters of galaxies. Therefore, it is com-
monly believed that (massive) elliptical galaxies are products of mergers of smaller galaxies

(Lacey & Cold, 1993; Baugh et all, T996). [homre & Toomrd (1972), (ra77),
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Figure 4.5: The radial X—ray surface brightness for the elliptical galaxy NGC4472. The datapoints for this figure
are taken from Eabbiang ([98Y).

Barnes (T98R), Barnes (1989) and Barnes & Hernquisf (1992) have shown that elliptical galax-
ies form from dissipationless merging of progenitor galaxies and, due to the redistribution of
angular momentum, turn into the amorphous assemblies that follow the light profiles of ellip-
ticals. During and after such mergers, the star formation in the merger remnant is suppressed
if no cold gas is present in the merger process, which gives the elliptical galaxies its red colors
mentioned above, see e.g. Springel et al] (2005). Many details of these merger processes are
not yet fully understood, such as the preferred mass ratio of the progenitor galaxies. The
concept of mergers fits into the ACDM structure formation scenario: the structures in the
universe are assembled in a hierarchical way, meaning that smaller structures formed earlier
than larger ones, see Blumenthal ef all (I984) and the larger structures are assembled from
merging of smaller structures.

Since elliptical galaxies exist predominantly in dense environments (clusters and groups of
galaxies), they are interacting with their environment. Here, we focus on tidal stripping of
dark halos, see e.g. Merritfl (T983): Due to the interactions of the galaxies with each other,
they lose fractions of their outer halos to the cluster dark matter halo. This effect is stronger
the closer a galaxy is to the center of the cluster (Merritf, T983; Warnick ef all, PO0R). This
effect has been observed several times, see e.g. Natarajan et all (2002a); Halkola et all (2007);
Limonsin_ef all (2007a). More details on that topic will be given in Chapter [.

4.1.3 Clusters of galaxies

As mentioned before, elliptical galaxies reside preferentially in clusters of galaxies and dom-
inate the population of galaxies in a cluster (IDressled, T980). These clusters are the biggest,
gravitationally bound structures in the universe with typical total masses of 1014 — 105 M.
Fig. 2 shows a typical image of a rich galaxy cluster. Many elliptical galaxies in a cluster
share a tight relation between their color and brightness. This fact is called the red sequence,
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Figure 4.6: Plotted are the star formation histories for early type galaxies of different stellar masses. As can be
seen, the star formation for galaxies in high density environments has its peak earlier in time. All elliptical galaxies
have its vast majority of star formation far in the past, giving it its red color by evolution of the stellar components.
Credit: Thomas et all (P005). Reproduced by permission of the AAS.

e.g. many of the galaxies visible in Fig. [ appear to have a similar color, forming the red
sequence of this cluster. This fact is used to find clusters by looking at spatial clustering of
galaxies which follow such a red sequence (e.g. Postman_ef all 1996 Gladders & Yed 2000).
Typically, in the very center (Lin-& Moht, 2004) of a cluster of galaxies an elliptical galaxy re-
sides, often being the brightest cluster galaxy (BCG), see e.g. Fig. 2. This BCG is probably
formed through merging processes (Dubinski, T99R). Besides galaxies, a cluster also contains
hot, X-ray luminous gas which accounts for ~ 10% of the total mass of a cluster (Evrard,
1997). This gas can be successfully used to find galaxy clusters (Giacconi ef all, [972), and
has already been applied to the whole sky (Bohringer et all, PO00; de Grandi_ef all, [999).
The most massive component of a galaxy cluster, however, is its dark matter halo. The
distribution of the dark matter can be described with the same profile as the galaxy halos
(Navarro et all, [997). Weak gravitational lensing is especially suited for the investigation of
the spatial distribution of this component at large radii, e.g. Umefsu et all (2017).

4.1.4 Elliptical galaxies scaling relations

As seen before, elliptical galaxies show remarkable similarity in some of their properties.
Hence, some characteristics of these can be described with simple scaling relations. First, a
relation exists between a galaxy’s measured stellar velocity dispersion and its luminosity Ly,
measured in some filter z. This relation is called Faber-Jackson relation (FJ), as it was first
described by Faber & Jackson (1976):

o~L . (4.2)
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Traditionally, the B-filter has been used for measuring the FJ relation in local galaxies, see Fig.
B70. The exponent ¢ has values close to 0.25, although it is subject to change depending on
e.g. the mass range, the method and the wavelength considered, see e.g. [Rusin_ef all (PII033);
Matkovic & Guzman (2005); Nigoche-Netro et al] (2010). In Fig. 877 the first measurement
of the Faber-Jackson relation is plotted.
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Figure 4.7: This figure shows the Faber-Jackson relation for elliptical galaxies, as published in Eaber & JTackson
(m978). The logarithm of the line—of—sight velocity dispersion is plotted versus the absolute B-band magnitude.
The points mark the measured values for different galaxies, while the line marks the § = 0.25 reference line. The
data for this plot is taken from Eaber & Tacksor ([Y78).

Another important scaling relation is the so-called Fundamental Plane (FP) (Djorgovski &
David, T987; Bender_ef all, T992; Saglia et all, 2010), linking the effective radius Reg, mean

g LY

surface brightness I.g within this radius and the stellar velocity dispersion o:
logReg = alogo +blogleg +¢ (4.3)

with fit parameters a ~ 1.5, b ~ —0.75 and ¢ ~
for the g*, r*, i* and z* filters. Bender_ef all (T992) show that this relation can be transformed
into a new coordinate system:

k1 = (logo® + log Refr) /v/2
ko = (logo? + 2log g — log Regr) /V/6 (4.4)
k3 = (log 0% — log ¢ — log RCH)/\/g

A measurement of early-type galaxies in this k—space is shown in Fig. E3.

As can be seen, the galaxies form a tight plane in this representation. This relation holds for
local early-type galaxies. Saglia et all (2010) see some hints that this plane might rotate for
higher redshifts (z 2 0.7 for galaxies in clusters).

As stated above the MtoL describes the relation of total / stellar mass to observed luminosity.
Considering elliptical galaxies with different luminosity, we see that this MtoL is a function
of it:

Mtot ~ LE

L. x (4.5)
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Figure 4.8: This Figure shows the Fundamental Plane of early—type galaxies as observed from the Sloan Digital
Sky Survey. Plotted is the k—space (see Bender et all [Ud2) for one of the g*, r*, i* and z* filters in each of the 4
panels.. As can be seen, the galaxies form a tight plane in this space. Credit: Bernardi et all (20033). Reproduced
by permission of the AAS.

The value of € is not universal but depends on the filter in which the luminosity is measured
and the mass range that is considered, see Barbera et all (2011). For the fundamental plane
stated above, e.g. Bender et all (I992) get a value € ~ 0.2 in the B-band for the central,
dynamical mass.

4.2 Matter profiles

Elliptical galaxies typically have a mass in the range of 10°My to 10'2M and a luminos-
ity greater than ~ 3 x 10°Ls g, otherwise, they are counted as dwarf ellipticals (dE), see
Sparke & Gallagher (2000). We will briefly summarize the different descriptions for the mass
distributions in an elliptical galaxy. To do that, we present common mass profiles for ellipti-
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cal galaxies. Since gravitational lensing measures only LOS-projected mass profiles, we only
present these. The most common one is the so-called isothermal sphere.

4.2.1 Isothermal profile

This profile is widely used in lensing because the measured velocity dispersions are nearly
constant with radius for elliptical galaxies without ordered rotation (see e.g. Bender ef all
1994 and Fig. 29).
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Figure 4.9: For four elliptical galaxies, the velocity dispersion o and rotation velocity v of stars along the major and
minor axis is plotted. Hs and H4 mark higher moments of the rotation that we do not consider here. As can be
seen, the velocity dispersions are approximately independent of the radius, at least for cases with negligible rotation
velocities, justifying the approximation of an isothermal profile. Credit: Bender, R., Saglia, R. P., & Gerhard, O. E.
1994: Line-of-Sight Velocity Distributions of Elliptical Galaxies, MNRAS, 269, 785.

Hence we assume a constant velocity dispersion o,. We treat the stars in an elliptical galaxy
as particles of an ideal gas now, therefore a constant o, implies a constant temperature T of
that gas. We start with the equation of state for an ideal gas, see e.g. Narayan & Bartelmann

EE

_ pkT
 m

, (4.6)

with p denoting the pressure, k the Boltzmann constant, T the system’s temperature and
m the test particle’s mass. If we require thermal and hydrostatic equilibrium mo2 = kT,
% = ij‘gP (oy denoting the one-dimensional velocity dispersion and M the mass enclosed

in radius r), we get for the density:
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" 27Gr? (4.7)

Projection along the LOS gives for the surface density and convergence:

p(r)

o2 2702 Dys
Y(&) = == 0) = Y = 4.8
From that, we can calculate the deflection angle via Eq. B=:
(©) = g = 477 Das (4.9)
o = = .
E c¢2 Dy

As one can see, this implies that the deflection angle is constant for this profile. Since most of
the galaxies are not spherical, as we have seen before, for real galaxies we need to extend this

2
to “elliptical models”: we can introduce some ellipticity by © = /0% + %, where ¢ is the
axis ratio of the surface density. Further, to remove the central singularity, we can introduce
a core radius ©,. We then get a convergence off:

_ 271'0’3 Dds 1

2 2\ B
< D (ez+ 07+ %)

K(O) (4.10)

In Eq. B0, we also allowed the actual steepness of the profile to vary by introducing g (in
the case of an isothermal model § = 0.5), and call that a (non—)singular isothermal ellipsoid
((N-)SIE) in the isothermal case or a power—law (PL) model in case of a 8 # 0.5.

BBS—profile Looking closely at Eq. B7, one might notice a flaw in it: the mass enclosed
in radius r increases linearly with r. This is problematic since it is nonsensical for objects
in the universe to grow to an infinite mass. Therefore, we add a truncation radius ryune at
which the steepness of the profile changes to get a finite mass when integrating out to infinite
radius. One way of implementing this was done by Brainerd ef all (T996):

0‘3 1 1 27T0"2,Dds 1 1
-5 (i 7)<~ (6 Teer) o

For © < Oy une, this profile is isothermal, see Eq. EZ8. The other limit © > O,y gives O73
as the asymptotic behavior, therefore the integrated mass stays finite.

In Fig. BT some of the above mentioned mass profiles are plotted.

The core radius makes the profile essentially flat within this radius while the profiles follow
their singular counterparts on larger radii. We also note that the BBS profile follows its
untruncated counterpart well inside the truncation radius, while at larger radii, the density
declines faster than the isothermal model.

5This is only conceptual, actual implementations in lensing modeling codes will have a slightly different
appearance for numerical reasons.
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Figure 4.10: This plot shows the different radial isothermal surface density profiles in a log—log scale. We use
different kinds of models: A singular isothermal sphere (SIS), Eq. B3, two models following its extension Eq. BEIO
for spherical cases (NSIS,NSPL), the BBS model, Eq. EI1. For both the NSIS and NSPL model, we additionally
use the indicated core radius, the NSPL model also has a modified steepness 3 = 0.7. For the BBS model, we
utilize the indicated truncation radius.

4.2.2 NFW-profile

While the isothermal profile describes the total mass profile, the so called NF'W profile Navarra
ef-all (I997) explicitly describes the cold dark matter halo of a galaxy. In numerical studies
of structure formation in a ACDM scenario, the halo profiles follow the form

o) = —OcPe (4.12)

in the spherical case. p is the critical density of the universe, é. the characteristic overdensity
of the halo and rg is the so—called scale radius which marks a transition in the profile steepness.
Most of the time, the NFW-halo is parametrized with a parameter c, called concentration,
and rogg the radius of the sphere that has an average density of 200p.:

200¢3

T 3In(ltc) - %

(4.13)

ro00 =IsC , Oc

Wright & Brainerd (2000) investigate the lensing properties of this halo model, so interested
readers are referred to their work. For the convergence, they state (R refers to the projected
radius on the sky, to avoid ambiguity the speed of light is ¢; in this case.):
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Figure 4.11: Different NFW-like halo convergence maps, the numbers give the concentration ¢ and rago for the
plotted curves. As one can see, a higher concentration leads to a higher central density, while a higher rap0 leads
to a higher density on the outskirts of the halo.
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This convergence for typical values of the concentration ¢ and rogg is plotted in Fig. BZTT.



48

CHAPTER 4. ELLIPTICAL GALAXIES




Chapter

Golden gravitational lensing systems from

the Sloan Lens ACS Survey. 1. SDSS
J1538+5817: one lens for two sources’”

C. Grillo">", T. Eichner?, S. Seitz>!, R. Bender®!, M. Lombardi**, R. Gobat®, and A. Bauer?

IMax-Planck-Institut fiir extraterrestrische Physik, Giessenbachstr., D-85748 Garching bei
Miinchen, Germany

2Universitéts-Sternwarte Miinchen, Scheinerstr. 1, D-81679 Miinchen, Germany

3European Southern Observatory, Karl-Schwarzschild-Str. 2, D-85748 Garching bei Miinchen,
Germany

4University of Milan, Department of Physics, via Celoria 16, 1-20133 Milan, Italy

SCEA Saclay, DSM/DAPNIA /Service d’ Astrophysique, F-91191 Gif-sur-Yvette Cedex, France
*cgrillo@usm.lmu.de

This chapter is a reproduction of the publication Grillo, C., Eichner, T., Seitz, S., Bender, R.,
Lombardi, M., Gobat, R., & Bauer, A. 2010: Golden Gravitational Lensing Systems from the
Sloan Lens ACS Survey. 1. SDSS J1588+5817: One Lens for Two Sources, ApJ, 710, 372.

5.1 Abstract

We present a gravitational lensing and photometric study of the exceptional strong lensing
system SDSS J1538+-5817, identified by the Sloan Lens ACS survey. The lens is a luminous
elliptical galaxy at redshift z; = 0.143. Using Hubble Space Telescope public images obtained
with two different filters, the presence of two background sources lensed, respectively, into
an Kinstein ring and a double system is ascertained. Our new spectroscopic observations,
performed at the Nordic Optical Telescope, reveal unequivocally that the two sources are
located at the same redshift z; = 0.531. We investigate the total (luminous and dark) mass

!Based on observations made with the NASA/ESA Hubble Space Telescope, obtained from the data archive
at the Space Telescope Institute. STScl is operated by the association of Universities for Research in Astron-
omy, Inc. under the NASA contract NAS 5-26555.

?Based on observations made with the Nordic Optical Telescope, operated on the island of La Palma jointly
by Denmark, Finland, Iceland, Norway, and Sweden, in the Spanish Observatorio del Roque de los Muchachos
of the Instituto de Astrofisica de Canarias.
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distribution of the lens between 1 and 4 kpc from the galaxy center by means of parametric
and non-parametric lensing codes that describe the multiple images as point-like objects.
Bootstrapping and Bayesian analyses are performed to determine the uncertainties on the
quantities relevant to the lens mass characterization. Several disparate lensing models provide
results that are consistent, given the errors, with those obtained from the best-fit model of
the lens mass distribution in terms of a singular power law ellipsoid model. In particular, the
lensing models agree on: (1) reproducing accurately the observed positions of the images; (2)
predicting a nearly axisymmetric total mass distribution, centered and oriented as the light
distribution; (3) measuring a value of 8.111“8:%5 x 1019 M, for the total mass projected within

the Einstein radius of 2.5 kpc; (4) estimating a total mass density profile slightly steeper

than an isothermal one [p(r) o r*2'33t8:33}. A fit of the Sloan Digital Sky Survey multicolor
photometry with composite stellar population models provides a value of 20':11 x 10'° M, for
the total mass of the galaxy in the form of stars and of O.Qfgé for the fraction of projected
luminous over total mass enclosed inside the Einstein radius. By combining lensing (total) and
photometric (luminous) mass measurements, we differentiate the lens mass content in terms
of luminous and dark matter components. This two-component modeling, which is viable
only in extraordinary systems like SDSS J1538+5817, leads to a description of the global
properties of the galaxy dark matter halo. Extending these results to a larger number of lens
galaxies would improve considerably our understanding of galaxy formation and evolution
processes in the ACDM scenario.

galaxies: elliptical and lenticular, cD — galaxies: individual (SDSS J1538+-5817) — galaxies:
structure — dark matter — gravitational lensing

5.2 Introduction

Early-type galaxies host the majority of the baryonic mass observed in galaxies in the Universe
(e.g., Fukugita et all T99R; Renzini P2006); hence, deciphering the processes that lead to their
formation and the mechanisms that rule their subsequent evolution is a key cosmological
issue. For instance, it is still debated whether early-type galaxies form at relatively high
redshift (z < 2) as a result of a global starburst and then passively evolve to the present (e.g.,
Eggen et all 1962; Larson [974; Arimofo & Yoshii T987; Bressan ef all 1994) or whether they
assemble from mutual disruption of disks in merging events (e.g., [I'insley et all T977; White
& Rees M978). Information with which to distinguish these scenarios lies in the characteristics
of galaxy dark-matter halos. However, the lack of suitable and easily interpreted kinematical
tracers, such as HI in spirals, has made comprehensive studies on the dark matter component
in early-type galaxies rather difficult (e.g., Berfin_ef all 199%; Saglia et al] 199%; [Thomas ef all

In the last few years, strong gravitational lensing has allowed astrophysicists to make great
progress in the understanding of the internal structure of early-type galaxies. Through lens-
ing, it has become possible to address in detail some fundamental problems related to the
mechanisms of formation of early-type galaxies, like the determination of the amount and
distribution of dark matter (e.g., Gavazzi ef all PO07; Grillo_ef all 2008d, P200Y; Barnahé ef all
2009) or the investigation of the total mass density profile and its redshift evolution (e.g., Ireu
& Koopmans 2004; Koopmans et all 2006). Several algorithms have been developed in order
to fit the observational data of a strong gravitational lens system and, thus, to reconstruct
the properties of a lens.
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Simplifying, a first difference between codes is the use of a parametric model (e.g., gravlens®,
Keetor POOTA m; Seifz et all T99R; Warren & Dye 2003; Halkola ef all PO06; Rzepecki et all
PO07; Grillo ef all PO0SE) or a non-parametric model (e.g., PixeLens?, Saha & Williams 2004
York_ef all 2005; Suyu et all 200Y) to describe the mass distribution of a lens. In the former
case, the mass distribution of a lens is assumed to be accurately described by an analytical
expression; the fundamental scales of the model are determined by comparing the observed
and model-predicted properties of the multiple images. In the latter case, a pixelated map or
a multipole decomposition of the surface mass density of the lens is usually estimated through
a statistical analysis that requires, in addition to the observational information, some extra
physically plausible constraints, called priors, on the surface mass density distribution (e.g.,
positive-definite and smooth) of the lens. On the one hand, parametric models provide a
great deal of freedom and complexity, but they do not cover “naturally” all the possible
realistic mass distributions (for instance, surface mass density distributions with twisting
isodensity contours); on the other hand, even if non-parametric models are more general, their
number of degrees of freedom is often much larger than the constraints and this can result in
three-dimensional density distributions that are dynamically unrealistic or unstable. A viable
solution to obtain physically significant density distributions is to consider a framework where
the mass distribution of the lens is reconstructed by combining in a fully self-consistent way
both gravitational lensing and stellar dynamics measurements (e.g., Barnabé & Koopmang
2007).

Figure 5.1: SDSS gri image centered on the lens galaxy.

Lensing codes are further distinguished by the fact that the multiple images and the corre-
sponding sources can be modeled as point-like (e.g., gravlens; PixeLens; Seifz ef all T99R;
Halkola ef all 2006) or extended (e.g., P003; York et all 2005; Rzepecki et all
2007; Grillo“et™all R200Sd; 2009) objects. In the context of point-like algorithms,
the best-fit model is defined as that which minimizes the chi-square between the measured
positions of the centroids of the images and the positions reproduced by the model, weighted
by the measurement uncertainties. Additional chi-square terms that quantify the agreement
between the observed and model-predicted relative fluxes and time delays of the multiple

3http://redfive.rutgers.edu/~keeton/graviens/
“http://www.qgd.uzh.ch /projects/pixelens/
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Figure 5.2: SDSS spectrum obtained within an aperture of 3" diameter centered on the lens galaxy.

Table 5.1: The lens galaxy.

RA Dec z qr, G‘IL Oe u g T % z
(J2000) (J2000) (deg) ) (mag) (mag) (mag) (mag) (mag)

15:38:12.92 +58:17:09.8 0.143 0.82 157.3 1.58 19.50 £ 0.06 18.17 + 0.01 17.17 £ 0.01 16.74 4+ 0.01 16.43 £ 0.01

References — Bolton_ef_all POORA.

Notes — Magnitudes are extinction-corrected modelMag (AB) from the SDSS.

images can also be included. For extended algorithms, the goodness of a model is estimated
by comparing on a pixelated grid the image surface brightness morphology and distribution
which are observed to those which are reproduced by the model (after convolution with the
relevant point spread function).

The relative positions of a multiply imaged system can sometimes be measured with an accu-
racy of a few milli-arcseconds (e.g., Pafnaik & Kemball 2001) and these positions represent
the most important constraints on the mass distribution of the lens. In fact, although the
flux ratios of the multiple images can be easily estimated and offer another important source
of information, the sensitivity of the flux measurements to details such as the dark matter
substructure of the lens, the extinction in the interstellar medium of the lens, the microlens-
ing effects of the stars present in the lens, and the time variability in the source decrease
their potential. Time delays can also help to determine the mass distribution of a lens, but
a statistically significant number of measurements of this kind is just starting to become
available.

The projected total mass enclosed within a cylinder of radius equal to the Einstein radius
of a lensing system can be accurately measured by only fitting the observed positions of
the multiple images (e.g., Kochanek T991; Grillo_ef all PO0RA), whereas a detailed fit of the
possible arcs and rings associated with an extended source is necessary if the interest is in the
properties of both lens and source (e.g., Swinbank et all 2007; [Vegetti & Koopmans 2009).
By combining lensing and multiband photometric measurements, the amount of mass present
in a lens galaxy in the forms of dark and visible matter can be determined (e.g., Grillo_ef all
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Figure 5.3: Color images of a 5" x 5" field around the gravitational lensing system SDSS J1538+5817, before (on
the left) and after (on the right) the subtraction of an elliptical model, fitted on the luminosity profile of the lens
galaxy. The images are obtained by combining the F606W HST/WFPC2 and the F814W HST /ACS filters.

In addition to projected total mass, lensing analyses allow one to estimate also the total mass
density profile of lens galaxies (e.g., Rusin_ef all R003H; Rusin & Kaochanekl 2005). This can
be achieved either by combining in a statistical way lensing and stellar dynamics data in a
sample of lens galaxies that are assumed to have a homologous structure (e.g., [Koopmans
eft_all P006), by performing a joint lensing and extended stellar kinematics study in a single
lens galaxy (e.g., Barnabé ef all 2009; [Iteu & Koopmang 2004), or by using lensing only
in exceptional lensing systems that show multiple images of different sources probing wide
angular and radial ranges of the lens mass distribution (e.g., Sykes et all T998; Nair T99R).

In this paper, we study the lensing system SDSS J1538+5817, discovered by the Sloan Lens
ACS (SLACS) survey®. This system is particularly interesting because two different sources
are lensed, one into an KEinstein ring with four luminosity peaks and the other into two
images, by an early-type galaxy that has an almost circular projected light distribution. The
large number of images at various angular distances from the galaxy center and the nearly
perfect axisymmetric lensing configuration of the ring makes this system the ideal laboratory
to disentangle the luminous and dark components of the lens mass distribution.

The paper is organized as follows. In Sect. b3, we describe the observational data for the
complex strong lensing system SDSS J1538+5817. We perform parametric lensing analyses
of this system in Sect. bB4. Then, in Sect. b, we investigate the luminous and dark matter
composition of the lens galaxy. In Sect. B, we summarize the results obtained in this
study. Finally, in the Appendix, we model the lens mass distribution on a pixelated grid
and compare these non-parametric results to those from Sect. B4. Throughout this work we
assume Hy = 70 km s~ Mpc™!, Q,, = 0.3, and Qy = 0.7. In this model, 17 corresponds to
a linear size of 2.51 kpc at the lens plane.
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Table 5.2: Astrometric and photometric measurements for the multiple images.

x? y? Zs Oz,y f O a?

(77) (77) (77) (77)
Dy 0.88 1.31 0.531 0.05 1.00 0.30 1.58
D, —-0.33 —0.40 0.531 0.05 0.17 0.09 0.52
Q1 0.96 0.33 0.531  0.05 1.02
Q2 —0.75 0.60 0.531  0.05 0.96
Qs —0.15 —-0.98 0.531 0.05 0.99
Qa4 0.95 —0.19 0.531 0.05 0.97

& With respect to the galaxy center.

Figure 5.4: Observational configuration for the spectroscopic measurements obtained at the NOT telescope with
the ALFOSC instrument: position of the 1" long-slit.
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Figure 5.5: The NOT/ALFOSC 1D (on the top) and 2D (on the bottom) spectra of the lensing system SDSS
J1538+5817. In the wavelength range shown here, the most prominent spectral features at the redshift of the lens
(z1 = 0.143) and sources (z; = 0.531) are marked, respectively, with dashed and dotted lines. The shaded regions
indicate the principal telluric lines. The flux is given in arbitrary units.
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Offset (arcsec)

Figure 5.6: Intensity (in arbitrary units) of the three Hs, Hg, and [Olll] A5007 emission lines along the slit width.
The dashed lines mark the positions of three observed peaks that trace closely the geometrical configuration of the
D1, @1, and Q4 images.

5.3 Observations

The SLACS survey was started in 2003 and aims at studying, from a lensing and dynamics
perspective, a statistically significant number of galaxies acting as strong lenses and located at
redshifts lower than 0.5. The candidate lenses were spectroscopically selected from the Sloan
Digital Sky Survey (SDSS)? database by identifying those objects that show, in addition to
the continuum and absorption lines of a possible lens galaxy at redshift z;, one or multiple
emission lines of a hypothetical source at a higher redshift z;. The most promising candidates
were then observed at least once with the Hubble Space Telescope (HST) Advanced Camera
for Survey (ACS) to confirm the lens hypothesis (for further information, see Balfon ef all
p006, PO0Ra). This procedure resulted in the sample of 63 “grade-A” strong gravitational
lensing systems presented in Bolfon ef all (P008d). SDSS J1538 + 5817 is one of the lens
galaxies discovered by the SLACS survey. The photometric and spectroscopic observations
taken by the SDSS are shown in Figs. bl and B2, As described above, the redshifts of the
lens galaxy and a source (z; = 0.143 and z; = 0.531) were measured from different spectral
features.

By making use of the publicly available observations in the F814W and F606W filters of
the HST/ACS and Wide Field Planetary Camera 2 (WFPC2) respectively, we model the
luminosity distribution of the lens galaxy and subtract the best-fit model from the images.
In detail, a model for the lens galaxy is constructed by using an iterative procedure: first,
presumable background source images are masked and isophotal contours of the lens galaxy
are derived for surface brightness levels separated by 0.1 mag arcsec™2. Then, all isophote
contours (even if partially masked) are fitted by ellipses following the method of Bender &
Moellenhoffl (I987). This provides five parameters (center coordinates, major and minor axis,
and position angle) per surface brightness level. The resulting table of these parameters and

Shttp://www.slacs.org/
Shttp://www.sdss.org/
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associated surface brightnesses is employed to calculate a smooth elliptical model for the lens
galaxy. This model is subtracted from the image, leaving as residuals only the images of
the background source galaxy. The residuals are used to check and improve the masking
of the source galaxy. This procedure is repeated twice until the final model for the lens
galaxy is obtained. In addition, images taken in different wavelength bands provide color
information for lens and source which is of additional help to identify and separate lens and
source components. Color composite images of the strong lensing system and the residuals
after the lens galaxy subtraction are shown in Fig. B33.

The excellent angular resolution of the HST allows us to identify two systems of multiple
images (for labels, see Fig. 577): a double (D; and D) and a quad (Q1, Q2, @3, and Q4).
The images of the two systems have different colors, but the average distances from the galaxy
center of D7 and Dy and @1, QQ2, X3, and Q4 are consistent within the errors. This fact would
imply approximately the same redshift for the two sources, if the lens total mass were close to
an isothermal distribution. In addition, the absence in the SDSS spectrum of evident emission
lines at a possible third redshift supports the hypothesis that the two sources are at the same
distance to the observer.

Since the precise knowledge of the redshift of the two sources plays a crucial role in the deter-
mination of the total mass distribution of the lens galaxy, we decided to perform additional
spectroscopic measurements to understand whether the emission lines observed in the SDSS
spectrum are associated to one or both of the lensed sources. The data were obtained on
June 25, 2009 as a Fast-Track Observing Program (P38-428) with the Andalucia Faint Ob-
ject Spectrograph and Camera (ALFOSC) at the 2.5-m Nordic Optical Telescope (NOT) on
La Palma (Spain). We positioned a 1”-wide long-slit centered in ()1 and passing through D;
and @y, as shown in Fig. B4. We used ALFOSC with the 8 grism, that covers a wavelength
range between 5825 and 8350 A with a dispersion of 1.3 A per pixel. In good atmospheric con-
ditions (seeing between 0.7 and 1”) and in the same observational configuration, we obtained
six exposures of 24 minutes each, resulting in a total integration time of 2.4 hrs.

In Fig. bdE, we show the wavelength-calibrated 1D and 2D spectra. We identify several
prominent absorption lines at redshift 0.143 and at least six secure emission lines (Hy, G,
H,, Hg, [OIII] A4959, and [OIII] A5007) at redshift 0.531. At the emission line positions, the
presence of two intensity peaks, below and above the continuum, is visible in the 2D spectrum.
In Fig. B8, we plot the intensity of the Hs, Hg, and [OIII] A5007 emission lines as a function
of spatial position along the slit’s cross-section. This corresponds to a representation of three
sections of the 2D spectrum at the emission line abscissas. For these three emission lines,
we distinguish three intensity peaks located, with respect to the continuum (lying between
Q@1 and Q4), at angular positions consistent with those of the three images D;, @i, and
Q4. The measurement of the same emission lines at the same observed wavelengths proves
in a conclusive way that the two sources D and @ are equally distant from the observer.
We remark that the intensity values of the emission lines shown in Fig. b are differently
contaminated by the lens galaxy flux.

In Table BT, we summarize the photometric and spectroscopic properties of the lens galaxy:
the coordinates (RA, Dec, z;), the minor to major axis ratio (¢r,) and its position angle (6, ,
degrees east of north), and the SDSS multiband magnitudes (u, g, r, i, z). In Table B2, we
report the coordinates of the multiple images (z, y, z5) and the adopted position uncertainty
on the first two coordinates (0, ), the relative flux of the double system components (f) and
the respective error (d¢), and the distance of the images to the galaxy center (d).
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Table 5.3: The best-fit (minimum x?) parameters of the different models.

Model b T Yl q Oy 0. ¥ Y2 do.f.
"0 (deg) ()

deV (nf) 197 —-0.02 0.03 0.782 148.0 1.58 1.02 3
deV (wf) 1.83 —0.02 0.02 0.871 1479 1.58 2.93 4
SIE (nf) 1.08 —0.03 0.04 0.866 147.5 2.00 1.15 3
SIE (wf) 1.05 —0.02 0.02 0.919 147.6 2.00 3.77 4
PL (nf) 0.82 —0.02 0.03 0.800 147.9 2.33 0.36 2
PL (wf) 0.71 —-0.01 0.02 0.820 148.0 2.47 0.99 3

Notes — The notation (wf) and (nf) indicates, respectively, if the flux measurements of the
double system are included in the modeling or not.

5.4 Strong gravitational lensing

We address parametric (Sect. BZ) point-like modeling of the strong gravitational lensing
system. We focus mainly on projected total mass and total mass density profile measure-
ments. A comparison with the results obtained from non-parametric models is provided in
the Appendix.

5.4.1 Parametric models

Gravlens (Keefonl 200714) is a publicly-available lensing software that, starting from the mea-
sured observables of a strong lensing system, reconstructs the properties of a lens in terms
of an adopted model that is defined by some relevant parameters. By using this code, we
perform a parametric analysis in which we describe the total mass distribution of the lens
galaxy in terms of either an elliptical de Vaucouleurs model (deV), or a singular isothermal
ellipsoid (SIE) model, or a singular power law ellipsoid (PL) model (for further details on the
model definitions, see e.g. Keefon 200Ta). Both a deV and an SIE model are characterized
by five parameters: a length scale b (corresponding to the value of the Einstein angle fg, in
the circular limit), the two coordinates of the center (z;,;), the minor to major axis ratio
¢, and its position angle §,. For the deV model, we fix the value of the effective angle (6.)
to that shown in Table B, A PL model is more general than an SIE model. In particular,
the former requires as an additional parameter the value of the exponent « of the three di-
mensional density distribution p(r) o< =7 (an SIE model is retrieved by setting v equal to
2). The convergence k(z,y) of a PL model, defined as the surface mass density of the model
divided by the critical surface mass density of the studied lensing system (for definitions, see
Schneider_ef all 1997), depends on the previous parameters as follows

—1
K(z,y) o LA : (5.1)

2\ "z
(#+5)

Due to the normalization used in the code, gravlens provides values of a length scale b that
are related to the values of b by a function f(-) of the axis ratio ¢:

b=1f(). (5.2)
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Varying the parameters of the two adopted mass models and the positions of the sources
[(xp,yp); (0, yq)], we minimize a chi-square x? function. This function compares first only
the observed (see Table 62) and predicted positions of the multiple images [deV(nf), SIE (nf),
and PL (nf) models] and then also the measured (see Table b3) and reconstructed fluxes of
the double system [deV (wf), SIE (wf), and PL (wf) models]. In the latter case, the flux of the
source imaged twice is an additional free parameter of the models. In our lensing analysis,
we decide to neglect the flux constraints relative the quad system because the presence of
the Einstein ring prevents us from separating accurately the individual components. For the
multiple images, we assume position uncertainties equal to the size of one pixel of ACS (0.05”)
and flux uncertainties as reported in Table B2 and determined by considering the different
level of contamination on the flux estimates by the surface brightness of the lens galaxy.

To estimate the statistical errors in the parameters characterizing each model, we perform
2000 x? minimizations on simulated data sets. These are obtained by extracting the image
positions and fluxes from Gaussian distributions centered on the measured values and with
standard deviations equal to the observational errors reported in Table bB. In addition,
starting from the sets of optimized parameter values, we estimate the total projected mass
M (< R;) enclosed within seven different circular apertures of radii R;. The first three radii
are chosen as the projected distances from the lens galaxy center of the inner image of the
double system, the “average” Einstein circle, and the outer image of the double system. The
remaining four radii are given by the values of the midpoints of the three segments defined
by the previous three points and a further point at the same distance from the outer double
image as the first point is from the second one [i.e., (0.26, 0.52, 0.75, 0.98, 1.28, 1.58, 1.84)”].
The best-fit (minimum chi-square) parameter and x? values of the different models are sum-
marized in Table B23. For all the models, we find that the best-fit x? values are smaller than
the corresponding number of degrees of freedom (d.o.f.). This implies that the reconstructed
positions of the images are angularly very close to the measured positions of Table b3. In this
section, we concentrate on the results given by the one-component PL and, as a comparison
with the results of previous studies, simpler SIE models and only in the next section we will
address the two-component mass decomposition.

In Fig. 674, for the best-fit SIE (nf) model we show the reconstructed positions of the sources
and the caustics, the observed and reconstructed positions of the images and the critical
curves, and the Fermat potential (for definition, see Schneider ef all 1997) with its stationary
points. The inclusion of the fluxes of the double system does not change significantly the
best-fit parameters of the models. Moreover, the projected total mass estimates, which are
presented below, are not particularly sensitive to the flux constraints. For these reasons, in the
following we will mainly concentrate on the properties of the models that omit the additional
source of information coming from the fluxes of the double system, i.e., the SIE (nf) and PL
(nf) models. We note that the best-fit b values are on the order of 17, the typical distance
of an image of the quad system from the center of the lens (see Tables b2 and 53). The
best-fit values of the lens center and ellipticity show that the lens mass distribution is well
centered and aligned with the galaxy light distribution (see Tables 61 and 53). In particular,
we remark that the total surface mass of the lens is well approximated by an axisymmetric
distribution. The best-fit values of the parameter + of the PL models suggest that the lens
total density profile is slightly steeper than an isothermal one. We estimate maximum time
delays of approximately 30 and 3 days for the double and quad systems, respectively (see Table
64 and Fig. B). Finally, as far as the positions of the sources are concerned, the model
predicted angular distance of the two sources is between approximately 0.5 and 0.7” (see Table
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63), corresponding, respectively, to 3.2 and 4.5 kpc at a redshift of 0.531.

Table 5.4: The model-predicted time delays for the best-fit model parameters given in Table B3.

Model AtD2,1 AtQLg AtQ473 AtQ2,3
(days) (days) (days) (days)
SIE (nf) 248  0.66 070  2.88
PL (nf) 335  0.82  0.87  3.26

Source plane Image plane Fermat potential (double) Fermat potential (quad)
‘ ‘ ‘ 2 ‘ ‘ ‘ 2 ‘ ‘ 2 : ‘ ‘

¥; (arcsec)
o
y; (arcsec)

y; (arcsec)

-10 -05 00 05 10 -2 -1 0 1 2 - -
X, (arcsec) X; (arcsec) X; (arcsec)

Figure 5.7: Best-fit SIE (nf) model. Left: source plane with caustics. The predicted source positions of the
double and quad systems are represented by a plus and a cross symbol, respectively. Left middle: image plane with
critical curves. The observed and predicted image positions of the double (diamond and plus symbols, respectively)
and quad (square and cross symbols, respectively) systems are shown. Right middle: contour levels of the Fermat
potential for the double system. The images are one minimum (D1) and one saddle point (D2). Right: contour
levels of the Fermat potential for the quad system. The images are two minima (Q1 and Qs) and two saddle points

(Qz and Q4)

In Figs. B8 and B9, we plot, respectively, the joint probability distributions of the SIE (nf)
and PL (nf) model parameters, with the 68% and 95% confidence regions and the 68% confi-
dence intervals. These intervals are determined by excluding from the 2000 x? minimizations
the 320 smallest and the 320 largest values for each model parameter. We have checked that
the error estimates determined in this way are unbiased and equivalent to the uncertainties
provided by a full Markov chain Monte Carlo analysis. The comparison Figs. b8 and b
shows clearly that adding the exponent of the total mass distribution among the parameters
increases their degeneracies, hence their error estimates. The probability distribution of the
position angle 6, is bimodal, with a secondary peak located nearly 90° away from the primary
one, found at approximately 150°. From the last column of plots in Fig. BR, we see that
the secondary peak is included only in the 95% CL regions, and, from the last panel of the
same figure, we note that the low values of , are associated with almost circular models (i.e.,
q ~ 1). The bimodal distribution of the values of the lens position angle can then be explained
by looking at the source plane of Fig. B™. If the axis ratio of a model is close to one, the

Table 5.5: The model-predicted source positions for the best-fit model parameters given in Table B3.

Model  (zp,yp) (zg,yQ)  dpg
(77 ,77) (77 ,77) (77 )

SIE (nf) (0.27,0.46)  (0.00,0.00)  0.53
PL (nf) (0.39,0.60) (0.02,—0.01) 0.72
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Figure 5.8: Estimates of the errors and correlations in the parameters for an SIE (nf) model. Results of the x
minimizations on 2000 Monte-Carlo simulated data sets. Thick bars on the co-ordinate axes and contour levels

2

on

the planes represent, respectively, the 68% confidence intervals and the 68% and 95% confidence regions. For each
model parameter, the 68% confidence interval is determined by excluding from the 2000 x? minimizations the 320
smallest and the 320 largest values.
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Figure 5.9: Estimates of the errors and correlations in the parameters for a PL (nf) model. Results of the x*
minimizations on 2000 Monte-Carlo simulated data sets. Thick bars on the co-ordinate axes and contour levels on
the planes represent, respectively, the 68% confidence intervals and the 68% and 95% confidence regions. For each
model parameter, the 68% confidence interval is determined by excluding from the 2000 x? minimizations the 320
smallest and the 320 largest values.
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Figure 5.10: Comparison of the projected total mass estimates for the SIE (nf), SIE (wf), and PL (nf) models.
For each aperture, the 1o confidence intervals are determined from 2000 Monte-Carlo simulations by excluding the
320 smallest and the 320 largest mass estimates. The arrows show the projected distances of the observed multiple
images from the lens center.

shape of the tangential caustic is approximately symmetric with respect to the center of the
lens and the surface enclosed by this caustic is small. In the same limit, the radial caustic
is well approximated by a circle centered on the lens center. From these considerations, it
follows that the expected positions of the images are almost invariant under a rotation of 90°
of the lens mass distribution (supposing the positions of the sources are fixed).

The degeneracies between b, ¢, and 7 are connected to their relations defined in Eqgs. (B5)
and (B2). In particular, the strong anti-correlation between the value of the length scale and
the steepness (see the fifth panel of Fig. 59) is caused by the fact that the Einstein ring of a
circular lens model defines a region on the image plane within which the average value of the
convergence £ is equal to one. In order for this equality to be approximately valid inside the
average circle defined by the positions of our quad system, from Eq. (B51) and by holding the
value of ¢ fixed, it follows that a higher value of b requires a lower value of v, and vice versa.

The previous considerations on the almost model-independent average value of x inside the
Einstein ring can also be translated in terms of total mass estimates within the same ring.
Distinct models, defined by different parameters, that can reproduce well an approximately
complete Einstein ring, provide total mass measurements inside this typical aperture that
differ by only a few percent. This is shown in Fig. BI0. There, we plot the median values
and the 68% confidence intervals (obtained by excluding from the 2000 x? minimizations the
320 smallest and the 320 largest mass estimates) of the lens projected total mass within the
Einstein ring and measure values of 8.357070 x 101°M, for an STE (nf) model and 8.11702] x
10'°M¢, for a PL (nf) model. We notice that the median values of the 2000 Monte-Carlo
cumulative total mass estimates do not necessarily follow a global PL. model, but they have
in principle more freedom. In fact, even if the total mass values of each of the 2000 models
do follow a power law model precisely at all radii, the median values shown in Fig. b0 and
used in the following for the luminous and dark matter decomposition are more general and
do not provide the same value of the steepness v at each radial position. In general, for the
two different models the total mass estimates, that are measured within various apertures
(approximately between 1 and 4 kpc from the lens center), are consistent, given the errors.
We remark that fixing the exponent of the total mass profile (i.e., v equal to 2 for the SIE
models) result in significant smaller uncertainties in the total mass values. As mentioned
above, by modeling also the fluxes of the double system we find total mass measurements
that are consistent within 1o with the estimates obtained by fitting the image positions only.

We generalize our result by emphasizing that the adoption of an isothermal model for strong
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lenses often provides a good fit of the observed images, but the errors on the projected mass
estimates may be considerably underestimated already at projected distances from the center
of the lens that differ from the Einstein radius by half its value. This fact has non-negligible
consequences on the inferred properties of a lens dark matter distribution (see below).

We notice that the value of 205413 km s~! for the central stellar velocity dispersion o, which
is determined by rescaling the value of the SDSS spectroscopic stellar velocity dispersion
measured inside an aperture of 1.5” [0 = (1894 12) km s~!] to an aperture of radius equal to
0. /8, is consistent, within the errors, with the value of 215+5, which is obtained by converting
the total mass estimates shown in Fig. B0 for the SIE (nf) model into an effective velocity
dispersion ogg.

We remark that the best-fit parameters of our SIE point-like models are consistent, given
the errors, with the best-fit parameters of the SIE extended model measured by Balton ef all
(20082). We also note that previous studies (Kochanek [993, 1994; [Tren et all 2006; Grilld
ef_all PO0RK) agree on finding that the central stellar velocity dispersion of early-type galaxies
is a good estimator of the velocity dispersion of a one-component isothermal model.

5.5 Luminous and dark matter

We combine the surface brightness distribution measurement obtained from the HST images
(see Sect. B3) with the multicolor photometric observations of the SDSS (see Table b) and
the projected total mass estimates determined from the lens modeling (see Sect. 54) to study
the amount and distribution of luminous and dark matter in the lens galaxy.

Surface brightness SIE (nf) surface mass density
T T T 2 T T

Vo

y; (arcsec)
=)

y (arcsec)
. o

X (arcsec) X (arcsec)

Figure 5.11: Light and mass distributions. Isodensity contours of the best-fit surface brightness (on the left)
and parametric (SIE (nf), on the right) total surface mass profiles. The observed image positions of the double
(diamond) and quad (square) systems are shown.

First, we compare in Fig. 610 the surface brightness and the total surface mass [for the SIE
(nf) model] isodensity contours of the best-fit models described in the previous section. We
use two images with the same area and pixel size, normalize the images to the sum of the
values of all their pixels, and plot the same contour levels in both images. We observe that the
distributions of light and total mass from the best-fit SIE (nf) model are nearly axisymmetric,
but the former is slightly more concentrated than the latter. This can be inferred by looking
at the positions of the inner and outer contour levels. The position angle of the surface
brightness and total surface mass distributions are consistent within the errors. Thus, we
conclude that the light distribution is approximately circular symmetric in projection and it
is a good tracer of the total mass distribution.

Next, we fit the lens spectral energy distribution (SED), consisting of the SDSS ugriz magni-
tudes (see Table 1), with a three-parameter Bruzual & Charlot composite stellar population
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Figure 5.12: SED and best-fit model of the lens galaxy SDSS J1538+5817. The observed total flux densities,
measured in the u, g, r, i, and z passbands, and their 1o errors are represented by circles and error bars. The
best-fit is obtained by using Bruzual & Charlot 2003 models. On the bottom, the best-fit values of the age (T),

the characteristic time of the SFH (), and the luminous mass (M}},.,) are shown.
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Figure 5.13: Comparison of the projected total mass estimates of the SIE (nf) (left) and PL (nf) (left middle)
models with the luminous mass measurements from the best-fit SED model. The fraction of projected mass in the
form of stars (right middle) and the total and stellar mass-to-light ratios (right) are obtained by using lensing and
photometric information. In each panel, the arrows show the projected distances of the observed multiple images
from the lens center and the curves the 1o confidence intervals.

(CSP) model computed by adopting a Salpeter initial mass function (IMF) and solar metal-
licity (for further details, see Grillo et al. 2009). The best-fit model, shown in Fig. BIZ,
provides a photometric (luminous) mass Mo of the lens of 20111 x 1019 M. We then esti-
mate the value of the mass in the form of stars M;hot(g R), at a projected distance R from
the center of the lens, by multiplying M;hot by an aperture factor fa,(< R), that represents
the fraction of light measured within a circular aperture of radius R divided by the total light
of the galaxy. The quantities introduced above are explicitly defined as

phot (S R) = Mo fap(< R) (5.3)
and Boe s -
o I(R)RAR

fap(g R) - fOOOI R)RdRa (54)

where I(R) is the de Vaucouleurs profile

I(R) = I exp —7.67()4 , (5.5)
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with R, equal to Dy .. As discussed above, the circular symmetry of the light distribution
assumed in the previous three equations is a plausible approximation for the lens surface
brightness. In Fig. B3, we plot at different radii the projected total and luminous mass
estimates obtained from the best-fit SIE (nf) and PL (nf) models of Sect. b4 and the best-fit
SED model.

In the same figure, we show the fraction of projected mass in the form of stars

‘7\4*hot<S R)
f(S R) = —ir =y (5.6)
Mltents(g R)
and the total mass-to-light ratio
Mtot Mtot (< R)
< R) := Tlens\—= 77/ 5.7

plotted versus the projected radius R. We compare this last quantity with the values of the
stellar mass-to-light ratio estimated from the best-fit SED model (M}, Lyt =5.010 M@LélB)

and the evolution of the Fundamental Plane [MypLp" = (6.1 & 1.8) M@Lé}B] (for more in-
formation, see Grillo et al. 2009).

The need for a dark component to be added to the luminous one to reproduce the total mass
measurements of the SIE (nf) models is suggested by looking at the outer galaxy regions
probed by lensing. Due to the larger error bars, the evidence on the presence of dark matter
is reduced if the total mass estimates obtained from the PL (nf) models are considered.
According to all the lensing models (i.e., deV, SIE, and PL), a value of 0.9f8:5 for the fraction
of projected mass in the form of stars over total is estimated at a projected distance from the
galaxy center of approximately 2.5 kpc, and at 4 kpc from the galaxy center a value of one
for the same quantity is excluded by the SIE (nf) models at more than 3o level. Moreover,
at the same distance, the value of the total mass-to-light ratio determined from the SIE
(nf) mass measurements is not consistent with the value of the mass-to-light ratio of the
luminous component estimated from the galaxy SED modeling. Between 1 and 4 kpc, the
same decrease of f.(< R) and deviation of Mt Lgl from M7 ¢ Lgl are also indicated by
the values of the PL (nf) mass estimates, but these results are not highly significant because
of the large uncertainties.

Finally, by taking advantage of the total mass measurements available at different distances
from the center of the lens (not only in the vicinity of the Einstein angle, as in the major-
ity of the known lensing systems), we decide to investigate the dark matter component in
greater detail. To make possible a direct comparison of our results with those obtained from
dynamical analyses or cosmological simulations, we consider two-component models in which
the luminous pr,(r) and dark pp(r) matter density distributions are parametrized by

3 — Mir
pLr) = 4W(7“7L(:Iji-) 7“1345%
o) = =Moo (5.8)

4er D (r 4 rp)4=D

where My, p is the total mass, 11, /p a break radius, and 4y,/p the inner density slope of the
luminous and dark matter distributions. The density profiles of Eq. (53) are projected along
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the line-of-sight to give the corresponding surface mass density profiles >, /D(R):

* pr(r)rdr
Yu(R) = 2/R N

Sp(R) = 2/:%, (5.9)

which, once integrated, result in the following cumulative mass distributions Mj, /D(§ R):
R
Mi(<£R) = / Y(R)2rRdAR
0
R
Mp(<£R) = / Y¥p(R)2rRdR. (5.10)
0

The total density pr(r), surface mass density X1 (R), and cumulative mass Mt (R) distribu-
tions are defined as the sum of the luminous and dark contributions

pr(r) = pu(r) +pp(r),
Yr(R) = IL(R)+Ep(R),
Mr(<R) = My(<R)+ Mp(<R). (5.11)

We notice again that the circular approximation is plausible for this particular lens.

The luminous quantities introduced in the above equations are completely determined from
the photometric observations. In fact, for the luminous component we have estimated the
total mass M, by modeling the SED and, to obtain a surface brightness profile close to a
de Vaucoleurs profile, we assume a Hernquist (1990; 71, = 1 and r, = R./1.8153) or a Jaffe
(1983; v, = 2 and r, = R./0.7447) density profile. Then, we construct a grid of 13671 models
for the dark component. The total mass Mp, the break radius rp, and the inner density slope
vp can assume values included between 0.1 and 100 times My, 0.1 and 10”, and 0.5 and
2.5, respectively. The first two intervals are divided logarithmically into 31 and 21 points
respectively, the last one linearly into 21 points. The best-fit dark matter profile is found by
minimizing the following chi-square function:

O [ Mot (€ Ri)) — Mr(< Ry) ’

2 lens
X" (Mp,rp, ) =
Z UMtot (SRL)

1=2 lens

(5.12)

In order to estimate the errors in the best-fit parameters, we perform 500 Monte-Carlo sim-
ulations varying the total mass of the luminous component according to the corresponding
measurement errors and the luminous break radius by assuming a realistic 10% uncertainty.
In Fig. BT, we show the luminous and dark mass decomposition obtained from the best-fit
(minimum chi-square) model and in Fig. BT the parameter joint probability distributions.
We decide to plot the best-fit dark matter model obtained by assuming a Jaffe profile (no
significative differences are present if a Hernquist profile is adopted) for the luminous com-
ponent and considering the projected total mass estimates coming from the PL (nf) models.
The confidence levels on the parameter space of the dark matter component are expressed in
terms of the luminous mass fraction fi, = My, /(My, + Mp), i.e., the mass in the form of stars
to the total mass of the galaxy, the ratio of the dark to luminous break radius rp /71, and ~p.
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Figure 5.14: Best-fit (minimum chi-square) luminous and dark matter decomposition, determined by assuming a
Jaffe profile for the three-dimensional luminous density and projected total mass measurements as estimated from
the PL (nf) model. The arrows show the projected distances of the observed multiple images from the lens center.

We find a best-fit x? value of 0.8 with two degrees of freedom (derived from the total mass
measurements at the five central radii fitted by three-parametric models). We measure that
the values of the dark matter density overcome those of the luminous matter density at radii
larger than approximately 1.5 times the effective radius of the galaxy (R = 4.0 kpc). As in
the previous sections, a three-dimensional total density profile close but not exactly equal to a
function decreasing as 1/r2 (i.e., an isothermal profile) is found. We note that the uncertainties
in the dark matter parameters determined by using the projected total mass estimates of the
PL (nf) models are significantly larger than those coming from the measurements of the SIE
(nf) models. This is a consequence of the different error sizes of the two sets of projected total
mass estimates. For the same reason, as already discussed looking at Fig. b3, large values
of f1, are excluded at a 95% CL only if the lens three dimensional total density profile is fixed
to be isothermal. We observe that the dark matter component is in any case more diffused
than the luminous one. In fact, rp/ry is larger than 2 at more than a 95% CL. Given the
assumed parametrization, we also find that the dark matter density profile pp(r) is probably
shallow in the inner galactic regions. The value of vp is indeed lower than 0.7 at a 68% CL.

5.6 Summary and conclusions

By means of HST/ACS and WFPC2 imaging and NOT/ALFOSC spectroscopy, we have
established that SDSS J1538+5817 is a rare lensing system composed of a luminous elliptical
galaxy, located at redshift z; = 0.143, that acts as a lens on two distinct and equally-distant
(zs = 0.531) sources. The two sources are lensed into a double and a quad (with an almost
complete Einstein ring) system, covering rather large angular and radial scales on the lens
plane. This exceptional configuration has allowed us to investigate in great detail the lens
total mass distribution within the effective radius of the galaxy, through parametric and non-
parametric point-like lensing programs and perform a complete statistical study of the errors
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Figure 5.15: Estimates of the errors and correlations in the parameters related to the dark matter component: the
luminous mass fraction fi,, the dark to luminous break radius ratio rp /7, and the dark matter inner density slope
vp. The projected total mass measurements of the PL (nf) (on the left) and SIE (nf) (on the right) models are
used. The small squares on the three left panels show the best-fit parameters corresponding to the dark matter
density profile represented in Fig. BI4.

and correlations on the lens model parameters. Then, by fitting the lens SED with CSP
models, we have estimated the luminous mass of the galaxy and combined the lensing and
photometric measurements to examine the characteristics of the galaxy dark-matter halo.
In detail, our main results can be summarized in the following points:

— Parametric models predict image positions that match closely the observed lensing ge-
ometry, and describe lens total mass distributions that are almost circular in projection,
moderately steeper than an isothermal profile, and well aligned with the lens light dis-
tribution.

The value of the total mass projected within the Einstein circle of radius 2.5 kpc is
slightly larger than 8 x 10'° M, and approximately 10% of this mass is in the form of
dark matter.

In the inner galactic regions, the galaxy dark-matter density distribution is shallower
and more diffuse than the luminous one. The former starts exceeding the latter at a
distance of roughly 6 kpc from the galaxy center, corresponding to 1.5 times the value
of the luminous effective radius.

We conclude by remarking that strong gravitational lens systems with configurations compa-
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rable to or more complex than that of SDSS J1538+4-5817 are excellent laboratories to study
the distribution of luminous and dark matter in early-type galaxies. However, to achieve re-
alistic results on the dark matter component, it is essential to verify the commonly accepted
isothermality of the total mass distribution at a higher level than done so far. Strong lens-
ing systems with an Einstein radius significantly larger than the effective radius of the lens
galaxy would be invaluable to determine the dark matter properties of the halos of early-type
galaxies.

We acknowledge the support of the European DUEL Research Training Network, Transre-
gional Collaborative Research Centre TRR 33, and Cluster of Excellence for Fundamental
Physics and the use of data from the accurate SDSS database. We thank Piero Rosati for
useful suggestions and the NOT staff for carrying out our observations in service mode. We
are grateful to the NOT Scientific Association for awarding some observing time solely on
the basis of scientific merit and supporting the NOT Summer School where CG gained some
observational experience with the ALFOSC spectroscopic data.

5.7 Appendix: Non-parametric models

PixeLens (Saha & Williams 2004) is a non-parametric lensing program that generates an
ensemble of models consistent with the observed data of a lensing system. Each model is
composed of a pixelated surface mass density map of the lens, the reconstructed position of
the source, and, optionally, an estimate of the value of the Hubble parameter. These results
are obtained by using the observed positions of the multiple images (ordered by arrival time,
even if time delays are not known), the redshifts of the lens and the source, and some priors
based on previous knowledge of general galaxy mass distribution (for further details, see Saha
& Williams 1997; Coled PO0R). Interestingly, PixeLens has been employed to measure the
value of the Hubble parameter from samples of strong lensing systems with measured time
delays (e.g., Saha & Williams 2006; Coles 2008).

We model here the surface mass density of the lens on a symmetric circular grid of 2” radius
divided into 20 pixels. We consider 400 models with fixed cosmological values and with
decreasing total projected mass profiles [i.e., 3(R) oc R™%, where a > 0].

Total projected mass NP (nf) surface mass density y probability distribution
NP T T T T 2 T T T 08 T T T T T
(nf;
150 —PL(nf
;5 1t 061
g ‘ § 0 04l
g =
= 5¢ 1 02|
0 S 2 ‘ ‘ ‘ 001, I
0 1 2 3 4 5 2 1 o0 1 2 15 20 25 30 35
R (kpc) X (arcsec) y

Figure 5.16: Left: Comparison of the total projected mass estimates, with 1o confidence intervals, from parametric
[PL (nf)] and non-parametric [NP (nf)] modeling. The arrows show the projected distances of the observed multiple
images from the lens center. Middle: Isodensity contours of the best-fit non-parametric [NP (nf)] total surface
mass profile. The observed image positions of the double (diamond) and quad (square) systems are shown. Right:
Marginal probability distribution (histogram) of the three-dimensional total density exponent 7 from non-parametric
modeling. The thick bar on the x-axis shows the 1o confidence interval. The same probability distribution as
obtained by combining strong lensing and stellar dynamics measurements is represented by the smooth curves.

The cumulative total projected mass, the total surface mass density profile of the average
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model, and the marginalized probability distribution of the three-dimensional total density
exponent v are shown in Fig. BT8. We measure a value of the total mass projected within the
Einstein radius of 8.59f8:£ x 10 M, at a 68% CL. At the same confidence level, we estimate
a value of v included between 1.62 and 2.87. We observe that the contour levels of the non-
parametric total surface mass show non-negligible values of ellipticity in the inner regions.
The differences between the surface brightness of Fig. b1 and total surface mass of Fig. b8
are significant within the area defined by the Einstein radius. This is not surprising since here
the total surface mass density distribution is almost completely unconstrained by the lensing
observables. This is the equivalent of Gauss’ law in gravitational lensing (see Kochanek 2004).
We notice that these differences are less evident outside the Einstein ring, where the positions
of the multiple images limit the freedom of the non-parametric models in determining the
lens total mass distribution. In Fig. B8, we also show for comparison the mass estimates
obtained in the equivalent parametric modeling [PL (nf)] and the probability distribution
of the density exponent that is expected by combining strong lensing and stellar dynamics
measurements. In detail, the combined lensing and dynamical probability distribution for ~
is obtained by using the following expression

8eEin

e

2 0 in
B R 2, 2 Dy Q) = (

4dr of

2—y
) 9(,6.8) (5.13)

that relates through the spherical Jeans equations the values of the central stellar veloc-
ity dispersion og, Einstein angle gy, effective angle 6., exponent of the three-dimensional
luminosity density profile §, anisotropy parameter of the stellar velocity ellipsoid 3, and ra-
tio of angular diameter distances between observer-source and lens-source 7(z, zs; Qpm, Q24)
[9(7,0,0) is a numerical factor that depends on the three cited quantities; for definitions
and further details, see Koopmans 2006]. In the plots of Fig.518, we fix § equal to 2 and
choose two values of 5 (—0.25 and +0.25) representative of small tangential and radial orbit
anisotropy. By doubling the size of the grid but keeping the same size of the pixels, we have
checked that the choice of a circular grid with a radius of 2” to reconstruct the total surface
mass density distribution of our not perfectly circular lens galaxy does not introduce any
artificial shear component and does not affect significantly the results.

According to these results and looking at Fig. B8, we can conclude that the two indepen-
dent parametric and non-parametric analyses are in general consistent, within the errors, as
far as total projected mass and three-dimensional total density exponent measurements are
concerned, but small differences and some considerations are worth noticing.

The projected total mass estimates obtained with PixeLens are systematically larger than
those obtained with gravlens. This can be caused by a combination of the mass-sheet degen-
eracy (see Falco et all T98S; Schneider & Seifz T995) and the prior on the positive definiteness
of every pixel of the grid of the total surface mass density. Among all the arbitrary constants
that can be added to the convergence x, leaving though the image positions unchanged, those
which provide a negative value of k¥ somewhere on the grid are excluded, a priori, from the
non-parametric lensing analysis. This fact may bias the projected total mass measurements
to slightly larger values.

As far as 7y is concerned, the larger uncertainty coming from the non-parametric reconstruction
with respect to the parametric one is probably just a consequence of the more general allowed
models. A bias towards small values of v may be associated to the prior present in PixeLens
that constrains the value of k on one pixel of the grid to be lower than twice the average value
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of the neighboring pixels. For large values of v, two adjacent pixels located in the central
region of the lens may have very different values of k, hence these models may not be included
in the statistical ensemble.

Finally, we remark on the overall agreement between the lensing only and lensing plus dynam-
ics probability distributions of 7. We notice, though, that lensing alone does not reach the
precision needed to distinguish among models with different values of the stellar anisotropy
parameter 3.
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6.1 Abstract

We study the Sloan Lens ACS survey (SLACS) strong lensing system SDSS J1430+4105 at
z1 = 0.285. The lensed source (zg = 0.575) of this system has a complex morphology with
several subcomponents. Its subcomponents span a radial range from 4kpc to 10kpc in the
plane of the lens. Therefore we can constrain the slope of the total projected mass profile
around the Einstein radius from lensing alone. We measure a density profile that is slightly
but not significantly shallower than isothermal at the Finstein radius. We decompose the
mass of the lensing galaxy into a de Vaucouleurs component to trace the stars and an addi-
tional dark component. The spread of multiple image components over a large radial range
also allows us to determine the amplitude of the de Vaucouleurs and dark matter components

separately. We get a mass to light ratio of Mdfi‘éa“c ~ (5.5 £ 1.5) Ll\gQB and a dark matter

fraction within the Einstein radius of &~ 20% to 40%. Modelling the star formation history
assuming composite stellar populations at solar metallicity to the galaxy’s photometry yields



74 CHAPTER 6. GOLDEN GRAVITATIONAL LENSING SYSTEMS. SDSS J1430+4105

a mass to light ratio of M*Lif;lp ~ 4.0799 Ii\ff}a and M*I;;hab ~ 23703 Ii\g% for Salpeter and
Chabrier IMFs, respectively. Hence, the mass to light ratio derived from lensing is more
Salpeter-like, in agreement with results for massive Coma galaxies and other nearby massive
early type galaxies. We examine the consequences of the galaxy group in which the lensing
galaxy is embedded, showing that it has little influence on the mass to light ratio obtained for
the de Vaucouleurs component of the lensing galaxy. Finally, we decompose the projected,
azimuthally averaged 2D density distribution of the de Vaucouleurs and dark matter com-
ponent of the lensing signal into spherically averaged 3D density profiles. We can show that
the 3D dark and luminous matter density within the Einstein radius (Rgi, & 0.6Reg) of this
SLACS galaxy is similar to the values of Coma galaxies with the same velocity dispersions.

GRAVITATIONAL LENSING: STRONG — GALAXIES: ELLIPTICAL AND LENTICULAR, CD —

GALAXIES: HALOES — GALAXIES: INDIVIDUAL: SDSSJ 1430+4105

6.2 Introduction

Early-type galaxies contain a large fraction of the total stellar mass observed in the Universe
(e.g., Fukugita et all 1998; Bell_ef_all 2003). Studying the internal structure of early-type
galaxies is crucial for understanding the baryonic physics that plays a key role in the for-
mation and evolution of these objects. Several studies have shown that the stars assembled
in early-type galaxies are embedded in massive dark matter haloes (e.g.,Gavazzi et all 2O0S;
Lagattuta et al] 2010; Weijmans et all Z00R), but the precise amount of dark matter contained
in the galaxies’ inner regions is still under debate.

Dark matter only simulations have found indications of a universal density profile for dark
matter haloes, present also in galaxies (the so called NFW profile; Navarro ef all 1997). Nev-
ertheless, more recent and realistic simulations that include also the physics of baryons (e.g.,
Gnedin_ef all PO04; Dufty et all 2010; EI-Zanf_ef_all 2001; Berfin ef all 2003; Ma & Boylan:
Kolchin 2004; Blumenthal et all [986; Jesseif ef all 2007), like radiative cooling and supernova
and black hole feedback, have suggested that the inner profile of the dark matter component
can be significantly affected by the interactions between baryonic and dark matter.

The internal structure of nearby early-type galaxies has been for decades the object of intense
dynamical analyses (e.g., Saglia et all T992; Gerhard et all 2001; ['homas ef all 2007; T"homas
et _all 200Y; Thomas et all PO1T; Pu et all 2010). One focus of these studies is to compare
stellar with dynamical mass to light ratios. The dynamical studies, e.g. Gerhard efall (2001),
Thomas_ef—all (2001) find ratios for nearby elliptical galaxies of M/Lp ~ 4 to 10. Similar
values are also found by Cappellari et al] (2006). Only in the last few years has gravitational
lensing also contributed significantly to our understanding of the luminous and dark matter
composition of early-type galaxies beyond the local Universe (Barnahe ef all 2009; Grillo ef all
DO10; Barnahe ef all 2010). Strong gravitational lensing in early-type galaxies has also proved
to be a powerful cosmological tool to probe the geometry of the universe independently from
other diagnostics (e.g., Grillo_ef all 2O0XE; Suyu et all 2009, 2OT0OH).

By combining strong gravitational lensing and stellar dynamics in a sample of first 15, then
58 early-type galaxies, Koopmans et al] (2006) and Koopmans et all (2009) have found that
the average total (luminous and dark) mass density distribution within the effective radius —
the radius of the isophote containing half of the total light of the galaxy — is well represented
by an isothermal distribution (p oc 772), although significant deviations from this result can
be observed in individual galaxies. Only rare systems where an extended or several distinct



6.3. OBSERVATIONS 75

sources are gravitationally lensed over an extended radial area on the lens plane can be used
to determine the total mass density profile of the lens galaxy over a wide radial range through
lensing only (e.g. Grilloef all PO0RA, 2010, Fadely et all 2010). Moreover, combining lensing
total mass measurements with photometric stellar mass estimates in these systems offers a
unique way to disentangle their luminous and dark matter components.

In this paper, we study the gravitational lensing system SDSS J1430+4105 that is composed
of a massive early-type galaxy acting as a lens for an irregular background source. This galaxy
was part of the SLACS survey? and has been studied as part of their lens sample, especially in
Bolton ef all (2008a), [Auger et al] (2009) and Auger et all (2010): Bolfon ef all (20083) fit a
singular isothermal lens model to the observed multiple images, while [Auger et al] (2009) and
Auger et all (20010) combine the measured Einstein radii and masses with photometric and
dynamical data. The surface brightness distribution of the lensed source shows several peaks
that extend from 4 to 10 kpc from the lens galaxy centre. This fact provides the opportunity
to investigate the lens galaxy mass distribution on radial ranges larger than those explored in
similar analyses of other gravitational lensing systems (e.g., Xanthopoulos et al] 1998, Cohn
et_all P00, Grillo"ef-all POTT).

The paper is organised as follows: Section 2 gives an overview of the observations and data
used in this work and introduces the environment of SDSSJ 1430+4105; Section 3 describes
the details of the strong lensing models. Section 4 states the implications for the total mass
and the mass profile. In Section 5 the mass to light ratio for the de Vaucouleurs component
is constrained, in Section 6 the results are discussed. Appendix A contains further variants of
strong lensing models. Appendix B gives further details of the environment implementation.
The cosmological model adopted in this paper is parametrized by Qm = 0.3,Qx = 0.7, Hy =
70kms~' Mpc~!. In the cosmology assumed, 1 arcsec in the lens (2 = 0.285) and source
(zs = 0.575) plane corresponds to 4.30 and 6.55 kpc.

6.3 Observations

The SLACS Survey aimed at finding strong gravitational lenses among the galaxies observed
in the SDSS. The lens detection strategy is presented in Bolfon ef all (2004) and is based
on the examination of the SDSS galaxy spectra, taken with a 3 ”diameter fibre, to identify
emission lines not associated with the primary target galaxy but with an additional source,
aligned with the first galaxy and located at a higher redshift. The lens candidates are then
ranked in terms of their probability of being lensing systems and are consequently observed
with the HST/ACS and WFPC2.

Up to now, 85 confirmed (grade-A) lenses (Bolton ef all 2006, Auger et all 200Y) were dis-
covered in this way, and SDSSJ 143044105 is one of these. In Fig. B we show the SDSS
spectrum, from which lens and source redshifts of z; = 0.285 and zg = 0.575 are measured,
together with the lens aperture velocity dispersion of ogpgs = (322 4 32) km s~L.

6.3.1 Galaxy light profile and lensing observables

The basic photometric and spectroscopic properties of SDSSJ 1430+4105, taken from Bolfon

2http://www.slacs.org
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Figure 6.1: The SDSSJ 143044105 spectrum as observed by the SDSS 3 "diameter fibre. On the bottom,
the observed wavelength is stated, while on the top, this is converted into the restframe wavelength of the lens
(z = 0.285). The dotted vertical lines give the SDSS emission / absorption line sample at the redshift of the lens.
The dashed vertical lines give some prominent emission lines at the redshift of the source. Overplotted in the lower
part of the figure is the flux uncertainty given again by SDSS. The spectrum shows several absorption lines typical of
an early type galaxy at z = 0.285 and some additional emission lines at redshift z = 0.575 (e.g. the lines at 5872A,
7661A and 7813A, which can be identified as the redshifted [O11]3728, H3 and [OI11]4960 lines respectively). Data
taken from from www.sdss.org, York et all (2000)

Table 6.1: Photometric and spectroscopic quantities of the lens system

RA Dec 2 2 g  OqL O  OsDsS
(J2000) (J2000) (g) (®) (") (kms™!)
14:30:04.10 +41:05:57.1 0.285 0.575 0.79 -12.8' 255 322432
Given are the position of the galaxy(RA, Dec), the redshifts of galaxy and source (z zg),
the axis ratio(qr,), the orientation (©1,), the effective radius (Oeg) of the lens’ light
distribution and the velocity dispersion ospgs. Values are taken from Bolfon ef al’
(PO0RA)
!This angle is equivalent to —59.3° in the WCS coordinate system, defined as (-E) over
N.

For these, Bolfon ef all (2008a) fitted a de Vaucouleurs (de"Vaucouleurs, [94R) profile with
elliptical isophotes to the galaxy’s surface brightness distribution. They obtained an effective
radius of O = 2.55” = 10.96kpc, a minor to major axis ratio of g, = 0.79, and a major
axis angle of ©1, = —12.8°. The angles are transformed to the adopted local reference frame
shown in Fig. B2, and measured counterclockwise with the y-axis equals to 0°.

We retrieve the public HST images from the Hubble Space Telescope archive at ESO®. Three
filters were available for this system: HST/WFPC2 F606W with a total integration time
of 4400s (uall4501m, uall4502m, uall4503m, uall4504m), HST/ACS F814W with a total
integration time of 2128s (j90p36010) and HST/WFC3 F160W with a total integration time
of 2497s. For the lensing analysis we use the ACS F814W filter observations, since the PSF
of the ACS camera is smaller than the one of the WFPC2 and WFC3. First, we subtract the
lensing galaxy’s light contribution with GALFIT (Peng et al] 2002) by using a de Vaucouleurs
profile, with the parameters of Table El. Then, in order to refine the lens galaxy subtraction
and especially remove the residuals still present in the central region, an additional Sersic

3http://archive.eso.org/archive/hst/
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Figure 6.2: The multiple image systems that are identified after the lens galaxy subtraction and used as input for
the lensing analysis. The labels Al to E2 mark the positions used for the strong lensing analysis. The same letters
correspond to images coming from the same source feature, the labelling is done according to Table BZ2. The cross
marks the centre of the subtracted lens galaxy light. Also indicated are the derived shear direction from Sec. Bl
and the direction of galaxy |. For orientation north is given as well. Angles are measured in the local coordinate
system counterclockwise as (-x) over y if not otherwise stated. The image is rotated relative to the WCS J2000 by
47.21°.

profile (Sérsid M963) with index 1.2 is subsequently subtracted.

Fig. B2 shows the final galaxy subtracted image. The lensed source has a complex surface
brightness distribution, with 5 surface brightness maxima which are imaged 2 times each. We
mark and label the 5 x 2 multiple image positions, identified as the brightest pixels, in Fig.
B2. Their coordinates are reported in Table B2 together with approximate error estimates.
We assume in the following that all subcomponents A-E are at the same redshift and not
unlikely line-of-sight projections at different redshifts. The distances of the multiple images
from the centre of the lens galaxy light distribution span a range from 0.93” to 2.32”. In the
rest of the paper, if not otherwise stated, we adopt the coordinate system introduced in Fig.
B2 which is rotated relative to the WCS J2000 (world coordinate system) by 47.21°.

6.3.2 Observed environment

SDSSJ 1430+4105 is not an isolated galaxy. It coincides in redshift and location with a galaxy
group at z = 0.287, listed in the maxBCG cluster catalogue, (Koester et all, 2007). Therefore,
we should consider the light deflection by the lens’ environment when we model this lens. We
show the environment of SDSSJ 143044105 (labelled as A) in Fig. B3.

The galaxy labelled as I was proposed to be the brightest cluster galaxy (BCG) of this group
found in Koester_ef all (2007). The photometric redshift of the group GI is estimated to
be z = 0.287 with a typical redshift error in the maxBCG catalogue of 0.01. Within this
error the photometric redshift of the group is identical to the spectroscopic redshift (0.28496)
of the lensing galaxy. The group consists of 12 members within the Rggg of this group,
Niga1,200) = 12. At this richness level, the maxBCG cluster is typically more than 90% pure
and complete, based on tests with mock catalogues. We now estimate the group members
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Table 6.2: Observed positions of the multiple image systems

1D @11 @21 Zs 5@ dl
(//) (//) (//) (//)

Al -1.99 -0.32 0.575 0.05 2.02
A2 0.69 0.62 0.575 0.05 0.93
B1 -2.08 047 0575 0.05 213
B2 1.08 0.08 0.575 0.05 1.08
Cl -2.28 0.42 0.575 0.05 2.32
C2 093 0.03 0575 0.05 0.93
D1 -1.84 0.27 0.575 0.05 1.86
D2 084 080 0.575 0.06 1.35
E1 039 -1.21 0.575 0.05 1.27
E2 -164 1.11 0.575 0.05 1.98

Irelative to the centre of the galaxy light distribution

based on astrometric and photometric data from SDSS DR7 (Abazajian et all 2009). We
consider each galaxy within 10 from the main lens of SDSS J1430+4105. We allow for galaxies
which have at least one of the photometric redshift estimates (template based (Template-z)
(Adelman-McCarthy et all 2007) or neural network based (CC2 z and D1 z) (Oyaizu et all
P00R)) consistent within one standard deviation with the spectroscopic redshift value of SDSS
J1430+-4105 and the photometric redshift of the group GI. The neighbours which pass these
requirements are listed in Table B23.

This table shows that for our definition the galaxy A is a group member from both its
photometric and spectroscopic redshift. The magnitudes of the galaxies A and I in the ugriz
filters are 20.43, 19.02, 17.74, 17.12, 16.87 and 22.54, 19.44, 17.92, 17.35, 17.00 for A and I
respectively, and thus A is formally the brightest galaxy ("BCG’) of this group. Since the
group membership and group redshift estimate of the maxBCG catalogue (Koester ef all,
2007) is mostly based on the g-r colour, the contaminated g-r colour of A due to lensing has
likely led to A not being considered as a group member and therefore as the BCG. Using the
same definition for the 7909 as stated in Koester ef all (2007) we find 11 group members from
Table B33.

From Tohnsfon_ef~all (2007), who tested the maxBCG cluster finder on simulated groups
and clusters of galaxies, we derive the probability that a group of the richness given in the
maxBCG catalogue Ngq1900) = 12 is centred on the correct BCG in the maxBCG cluster
catalogue to be pe(N2go = 12) = 0.63. Therefore both A or I could be the true mass centre
of the group GI. Finally, the Koesfer et all (2007) group catalogues could also contain false
positive detections. Song et al] (2012) have shown that the false detection rate of such groups
can be as large as 40%. This motivates why we will consider lens models with and without an
external group contribution. We will show that including a galaxy group centred on galaxy I
has only minor influence on the lens parameters.
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Figure 6.3: The observed environment of J143044105, taken from SDSS. All galaxies with a photometric redshift
consistent with the spectroscopic redshift of SDSSJ 1430+4105 (labelled with A and marked with a diamond) within
1 standard deviation are marked by squares. The galaxy marked as | is the BCG for the group identified by Koester
st-all (2007). In the image, north is up and east is left. This image is rotated relative to Fig. B2 by 47.21°. The
size is 7.5 X 7.5. For the properties of the galaxies, see Table B3.

6.4 Strong gravitational lensing

In this section we model the lens mass distribution with the public GRAVLENS (Keefon
(200TH)) code (Sec. EZ) assuming point sources and with the LENSVIEW (Wayth & Webste
(2006)) code (Sec. B23) using the 2-dimensional surface brightness distribution of the same
system. Both approaches give consistent results. We give a description of the influence of the
environment on the lens model of SDSSJ 1430+4105 in Sec. 4.

6.4.1 Parametric modelling using GRAVLENS

GRAVLENS? is a public code that uses parametric lens models to reconstruct the properties of
an observed lensing system. The lens-modelling we implement here is similar to the one of
Grillo_ef-all (2010) where the reader can find more details. In this subsection, we use peaks in
the surface brightness distribution of the lensed images as point-like position constraints for
the lens model (see Table 62 and Fig. 62). Since the complex surface brightness distribution
of the lensed galaxy makes it difficult to associate reliably a flux measurement to each multiple
image, we neglect flux constraints. In GRAVLENS the convergence k for a (non-)singular
isothermal ellipsoid ((N—)SIE) or an ellipsoidal powerlaw (PL) is parametrized as

bA-1
5(61792) = 5—1 (61)

— 2 —
20-9% (E+03+5) °

“see http://redfive.rutgers.edu/ keeton/gravlens



6.4. STRONG GRAVITATIONAL LENSING 81

with
l—q2
€= ——
1+ ¢2

9

where b is the lensing strength, 8 denotes the steepness of the density profile (5 = 2 in the
case of an isothermal profile), ©1 and ©2 are the coordinates on the plane of the sky relative
to the centre of mass of the lens, O, is the core radius and q is the axis ratio of the isocontours
of the convergence (q = 1 for a circular mass model). In the special case of a circular lens
without core radius, b equals the Einstein radius O, of the lens defined as (0 < O;,) = 1.
Further we use a de Vaucouleurs Model (de-Vaucouleurd, [948) parametrized as

_ _R y1/4_
I(R) = Le " 97lm 1) (6.2)

with Reg being the effective radius (the radius which contains half the light) and I, the surface
density at this radius. In GRAVLENS this is implemented as

<@%+e§/q2>1/2} e

—7.67[ s

K = bgeve (6.3)
In this parametrisation, bgey is the value of the central convergence. The Einstein radius,
however, depends also on O and ¢. Also a Navarro, Frenk and White (NFW) profile
(Navarroet all, T997) is used, defined as

_ dcpe
plr) = r/rs(1+1/r5)? (6.4)

with p. denoting the critical density of the universe at the redshift of the lens, and ry and 4,
are characteristic properties of the individual halo. For an overview of its lensing properties,
see Wright & Brainerd (20010).

The relation for the LOS projected surface mass density X of the lens and lensing convergence
K is

47 G Dy D
with ») = 224 dds
Yerit o c? Dy
where Dy, Dg and Dy are the angular diameter distances from the observer to the lens, the

source and from the lens to the source, respectively. The goodness of a model is judged by
the x2:

R =

0 — 64, |I*
XlQens = Z ”(5207‘| ’ (65)

where @; denote the model-predicted positions of the i-th images, @ is its observed position,

and dg, its observed positional uncertainty.
Any priors described in the text are added to this x? in GRAVLENS via,

2 .2 2
Xtot = Xlens + Xprior

with )
2 _ (p - pprior)
Xprior - 2 )
Uprior



82 CHAPTER 6. GOLDEN GRAVITATIONAL LENSING SYSTEMS. SDSS J1430+4105

Table 6.4: Minimum-x? values and parameter estimates derived with GRAVLENS for the isothermal and pow-
erlaw models

b q Oq I6] Y2  dof. d’if
() ()
Model I  SIE 1.49 0.71 -21.6 2.00" 11.5 7 1.6
147 -1.51 0.69 -0.73 -24.1 --19.3
Model II PL 2.76 0.86 -21.9 1.59 10.1 6 1.7

1.60 - 2.72 0.74 - 0.85 -24.7--20.1 1.60 - 1.94

Lfixed value

where p is the used parameter value, pprior its prior and opior its 1o error. Results give
best-fitting parameters and their 1o errors. The likelihood of a parameter set is given by
L e Xiot/2, In almost all cases, the best-fitting values are within the 68% error interval of
the marginalised distributions.

The values of the parameters for the minimum y? models are given in Tables 64 and G3.
There, we give the model number, type, the best-fitting parameters of the model together
with the resultant x2, the number of degrees of freedom (d.o.f.) and the reduced X?ed = %
of each model. Also, the 1o error intervals are given. These error estimates of the parameters
are carried out using Monte Carlo Markov Chains (MCMC) methods with several thousand
steps each. For each model, 10 chains are calculated with different starting points. Conver-
gence is reached by comparing the variance of the point distribution of each of this chains
with its combined distribution, see Fadely et al] (2010), Gelman_ef all (1T995). From the final
chains, the 2nd half of each chain is combined to the final MCMC point distribution. The ac-
ceptance rate typically lies between 0.25 and 0.3. We explore potential parameter correlations
from these and derive 68% confidence intervals® on the parameters by exclusion of the lowest
and highest 16 % of the MCMC points’ distribution; the central value is given by the median
value of the MCMC points’ distribution, since there are only small deviations between the
median and the average values of the 68% and 90% error intervals.

We describe the most important different models without the lens’ environment in the fol-
lowing: To check for the basic properties of the system, we model the lens as one component
SIE (Model I) and PL (Model II) model. To derive the de Vaucouleurs masses in this lens,
we combine a de Vaucouleurs component with a dark matter halo model (Model III) and
show that this result is not significantly affected by also taking the environment into account
(Models IV, V).

Model I The lens is modelled as a SIE (Eq. B0 with 8 = 2); the environment of the lens
is ignored. The free parameters of this model are the lensing strength b, the axis ratio q, and
its position angle ©,. The best-fitting model is shown in Fig. B4.

The results of the MCMC are shown in Fig. B3A.

The density contours describe the probability density for the parameter values, whereas the
best-fitting model is marked with a cross. The reason for the apparent correlation of q and b
in Fig. 64 lies in the definition of x in Eq. E. The marginalised 68% confidence errors are:

Sall given errors in this section are the 68% confidence values of the marginalised distributions, unless
otherwise stated
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Figure 6.4: The best-fitting model derived with GRAVLENS for the SIE case (Model 1) (see Table B4), both the
image plane and the source plane are plotted. On the image plane triangles mark the input positions, while crosses
mark the best-fitting model positions. On the source plane, the predicted source positions are plotted. Further, the
respective critical lines (caustics) on the image (source) plane are plotted.

b = (1.4915:05)", q = (0.717003) and ©, = (—21.8753)°. These values are in very good (= 10)
agreement with the values derived by Bolfon et all (2008a) using a similar parameterisation
for the lens total mass distribution.

Model IT Model II follows a power law (PL) (Eq. B with arbitrary § within the lim-
its [1,2.7]), and thus has one more free parameter relative to Model I. The values for the
parameter distributions are shown in Fig. G&.

The marginalised distributions change to b = (2.127089)”, q = (0.8175:53), ©4 = (—22.272:1)°
and g = (1.73f8:%). We observe again (see Fig. BH) that the parameters b, ¢ and  are
correlated with each other. This is entailed by the definition of the convergence x in Eq.
B. The steepness parameter (3 is constrained to a value shallower than isothermal on a 1.30
level. The orientation © stays at the same angle as in the SIE case, while its axis ratio moves

towards rounder solutions, now being comparable to the axis ratio of the light distribution.

Model IIT In the following, we split the mass distribution into different components. We
use a de Vaucouleurs like component as traced by the stellar component and add dark matter
with different profiles if needed. Since the de Vaucouleurs component for galaxy A alone
does not provide a good model, see Appendix B8, we add a dark matter component centred
at galaxy A. We add an elliptical NFW-like component to the de Vaucouleurs profile. This
composition resembles the common picture of galaxy mass distribution. For the dark matter

(0.79+0.12). Also we set the limit of the scale radius to values < 500", approximately 10 times
the value we find from Sec G2 for the scale radius. The total mass of the de Vaucouleurs
component is Mgey = (S.Sﬂig) x 10" M, while the parameters of the dark matter halo are,
see Fig. B2 qq = (0.72701), ©4 = (—26.072%)°, cq = (1.8739) and ragp = (40671355)".

We note that there is some degeneracy between the concentration ¢ and rogg. Further we have
no constraints on rogg from the data, since we do not have observables outside 2.32”. Using a

NSIE-like dark matter component yields similar results, as described in Appendix BER, Model
IIIb.
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Figure 6.5: Error estimates of the MCMC for the SIE case (Model |), plotted are the individual points of the MCMC
together with the 68 and 90 % confidence regions of the distribution, indicated by the density contours. The crosses
mark the minimum-x? value from Table BA. The bars on the axes mark the respective 68 % marginalised error
intervals.

6.4.2 Lens modelling of the environment

As mentioned before, this galaxy is not an isolated field galaxy, hence we investigate the
possible impact on the derived lens parameters by taking the environment into account. In
the following, we centre a smooth group contribution at galaxy I and calculate its convergence
and shear at the position of SDSSJ 1430+4105. Further modelling of the group contribution by
summing up the contributions of the individual members (“clumpy group”), and by centreing
it at galaxy A itself is discussed in Appendix 69.

Smooth group mass distribution centred at galaxy 1

According to Rozo ef all (2009), we can transform the group richness into a group mass of
M50 = (0.7240.29) x 1014M@ within 1o. This mass can be converted into a velocity dispersion
3Ms00

of 0group = 519 & 107km s~!, using the critical density of the universe 500p¢(z) = Tme and

2 5

the singular isothermal sphere equation: Msgp = M(r500) =: 2%“’%. There p.(z) denotes
the critical density of the universe at redshift z and ogroup the velocity dispersion of the group.
Subsequently this gives an Einstein radius of O, = 3.6 +1.5”, using again a SIS assumption

(see Sec. B2 for details). This results in a convergence of and shear of

KA — 0029

(6.6)
AR BB — (0,029

at galaxy A if galaxy I is assumed to be the group centre.

Alternatively, we model the smooth group as a ’typical’ richness 12 galaxy group NFW

(Navarro_ef"all (T997)) halo with concentration ¢ = 4.22 and rgg9 = 848kpc from Johnston
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Figure 6.6: Error estimates of the MCMC for the PL case (Model Il), plotted are the individual points of the
MCMC together with the 68 and 90 % confidence regions of the distribution. The crosses mark the minimum-x?
value from Table 6 4 The bhars on the axes mark the respective 68 % marginalised error intervals.

et al. (2007). We obtain a convergence and shear of

Ry VEOW — 0025

(6.7)
ATV ER = 0,026

Further, we note that the angle of A towards I is —26°, therefore forming an angle of 16°
with the external shear value derived in Sec. BZ1. We examine the HST and SDSS frames
which cover galaxy I and its vincinity for group—scale multiple images to further constrain
the group mass distribution but do not find any sign for strong lensing.

Model IV From Section Bz=32 we expect that there is some environment dark matter present
in this galaxy. We check whether using this group dark matter contribution with a de Vau-
couleurs component for galaxy A is sufficient to explain the observations, even though mod-
elling this system with a pure de Vaucouleurs component fails, see Appendix G8. Therefore,
in this model, we combine the de Vaucouleurs profile with a group halo centred at galaxy I. To
account for the environment, we include the galaxy group explicitly as a SIS profile centred at
galaxy I in Table E233. We use a prior on the group Einstein radius of bgroup prior = (3.6 £1.5)".
The de Vaucouleurs component has shape parameters as stated in Table Bl. The group acts
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Figure 6.7: Error estimates of the MCMC for the NFW+de Vaucouleurs model (Model Ill), plotted are the 68 and
90 % confidence regions of the distribution. The crosses mark the minimum-x? value from Table EH. The bars on
the axes mark the respective 68 % marginalised error intervals. The individual points of the MCMC are omitted for
clarity.
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almost as a mass sheet. We get a x? = 18.9 for the best-fitting model. We get parameter
estimates of Mgey = (13.5702) x 10" Mg and bgroup = (8.075:7)" as can be seen in Fig. ES.

140:M od’e‘l‘ IV

135

M (10" M,)

13.0¢

bgroup (")

Figure 6.8: Error estimates of the MCMC for the de Vaucouleurs+Gl model (Model V), plotted are the individual
points of the MCMC together with the 68 and 90 % confidence regions of the distribution, indicated by the density
contours. The crosses mark the minimum-x? value from Table BH. The bars on the axes mark the respective 68 %
marginalised error intervals.

Besides being a worse fit than most of the other models, this model also needs a much more
massive group present than what is likely from the observations. Therefore, dark matter that
is distributed almost uniformly within Og;, of the galaxy does not provide a good model for
the system.

Model V This model adds environmental effects to Model I11. Therefore we add the group
GI explicitly as above, yielding 3 components: the group GI, the dark matter associated with
the galaxy as an elliptical NF'W profile and a stellar component modelled as a de Vaucouleurs
profile. We use the same constraints as for Model I11. We get the following parameters, see also
Fig. E9: Mgey = (10.4713) x 10" Mg, qq = (0.797011), Oq = (—21.675%)°, cq = (1.4757),
a0 = (321ﬂ§§)”, and for the galaxy group bgroup = (4.93:?)”.

We note that these parameter estimates do not significantly change compared to Model III,
therefore the inclusion of group GI has only a small influence on the estimated galaxy param-
eters; the Mgey for the de Vaucouleurs component is slightly increased. Again, we are not
able to constrain the concentration ¢ or rogy of the dark matter halo. Models Va and Vb in
Appendix B8 employ a NSIE-like galaxy dark matter halo (Model Va) and an external shear
contribution instead of a explicit group contribution (Model Vb) and again give results very
similar to Model V regarding the parameters for the lensing galaxy.

6.4.3 Full surface brightness distribution using LENSVIEW

We also use LENSVIEW (Wayth & Webstel (2006)) to derive models and mass estimates for
SDSSJ 1430+4105 and to reproduce the full surface distribution of the lensed galaxy and its
unlensed source. LENSVIEW is a publicly available program that fits parametric lens models
to image data and uses the best-fitting lens model to reconstruct the source and image. The
code uses the image data, a corresponding noise map, and an image mask to minimise y2 —\S,
where 2 is the chi square difference between the reconstructed image and the data, S is the
entropy in the source, and X is internally adjusted such that x? approaches its target value.
If the data are well fit by the model, the entropy term serves to smooth the source. Because
the flux of each unmasked data pixel is used in the fit, LENSVIEW is well-suited to systems
with extended flux like SDSS J1430+4-4105. The profile used here is defined, following Barkana
(T99R), as
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Figure 6.9: Error estimates of the MCMC for the de Vaucouleurs+NFW model (Model V), plotted are the 68 and
90 % confidence regions of the distribution. The crosses mark the minimum-x? value from Table 5. The bars on
the axes mark the respective 68 % marginalised error intervals. The individual points of the MCMC are omitted for
clarity.
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Table 6.6: Minimum-x? values derived with LENSVIEW

b a ©q ' 6, B Xy
(") ()

SIE 1.49 069 -19.5 0% 02 200> 14
SIE+ES 145 0.80 -23.0 0.046 -105 2.00> 1.02
PL 1.53 0.77 -202 02 02 1.83 1.02
PL+ES 150 085 -22 0.047 -106 1.89 0.99
IThe external shear at the position of the galaxy A
2fixed value

b/
k(©1,092) = —

B—1
3-8\ 2 0% 15
S (20) T e (6.9

q

where b/ gives the Einstein radius, ¢ the axis ratio and 3 again the power law exponent of the
profile. We note that the normalisation of the profiles is different from Eq. B, resulting in
different values for the Einstein radius in both approaches.

The minimum-x? results are stated in Table EB.

The SIE best-fitting parameter values derived here agree with those found in Sec. B2, when
directly compared to Model I in Table B4. For the PL model, we see a consistency of the
different models from GRAVLENS and LENSVIEW within the stated errors for ¢, ©q and £.
Since, as mentioned before, the normalisation of the convergence profiles is different, the b /
b’ values do not compare directly to each other. For the models including the environment,
the direct comparison of the SIE+ES model with Model Ia shows again a consistency within
the errors derived in Appendix GR for the lens parameters. However, the external shear angle
shows a discrepancy, the angle is offset relative to the expected value derived in Sec. B3
Since the external shear contributes no mass, this will not have a significant effect on the
mass estimates in Sec. B23. The same is true for the PL4+ES case, the comparison with Model
ITa gives an agreement within the given errors in all parameters besides ©,. The best-fitting
SIE model, residual and source are shown in Fig. 6I0.

ol

Figure 6.10: best-fitting model for the SIE case p-10(a], its residuals p.10(b] and the corresponding source p-10(c].
For the images and B-10(B]), the pixel size is the same as in Fig. B2; the source has a 3 times smaller pixel
size. The same flux scaling has been used on all images.
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6.4.4 Tests on the strong lensing assumptions

For all but the single, pure de Vaucouleurs model, the centre of the light and mass distribution
do not necessarily have to coincide. To address possible systematic effects of the assumption
that the mass model profiles are centred on the centre of light, we use Model I with a free
centre with priors on the centre position of uncertainty oe, , = 0eo,, = 0.2”. In this case, we
find: b = (1.517083)", q = (0.697003) and ©4 = (—26.1733)°. The lens total mass centre
moves to 01 = (—0.02f8:8?)” and O = (—O.llfg:gi)”. The lensing strength b and the axis
ratio q agree within the errors with the values derived for Model I, but the uncertainty on ¢
increases. While the lens position ©1 is still consistent with 0, there is a dependency of ©)
and ©q. This has no effect on the mass profiles M(< R), so we conclude that we can fix the
lens total mass centre to its centre of light without inducing systematic effects on the derived
masses.

In the previous sections we restricted the smooth mass model of the group GI to be spherically
symmetric. We alter the shape of group GI to an elliptical isothermal profile (SIE) and study
the changes on the best-fitting SIE lens models. This model is analogous to Model Ia, but
combines a SIE lens with a SIE instead of a SIS galaxy group centred on galaxy I. Therefore,
we create 2000 random representations of group GI as a SIE. For each of these representations,
the axis ratio is randomly chosen between qgy = [0.6, 1] with a random orientation. The centre
of this SIE group model is taken from a gaussian distribution, centred on galaxy I, with a
width of oy g1 = oy,a1 = 1.5”. We recalculate the best-fitting parameters for each of these
SIE4GI(SIE) models and evaluate the scatter of the best-fitting parameters to estimate the
systematic uncertainties emerging from the assumption of a simple SIS group halo. This
results in 68% c.l. distributions of the best-fitting parameters for this modified Model Ia:
blens = [1.44,1.46]", qiens = [0.79,0.82], ©4 = [—18.4,—16.2]° and bgoup = [4.27,4.42]".
These intervals are small compared to the statistical uncertainties for Model Ia derived from
the MCMC sampling. We conclude that the details of the group model representation do not
change the results for the lensing galaxy significantly, therefore including the most simple SIS
model for group GI is sufficient.

6.5 Results for the galaxy mass profile

The total masses M(< R) within a cylinder of radius R and their derivatives obtained from
the lensing analysis for Models I to V are shown in Figs. 610 and EL3. We have calculated
these values within several concentric apertures with radii ([0.46 0.92 1.26 1.59 1.95 2.32 2.78|
"), chosen to lie in the radial regions covered by the lensed images plus extrapolations towards
smaller / larger radii. For the Models I to V of Secs. 641 and B472, the masses are estimated
by randomly taking 1000 MCMC points and creating convergence maps for each one of these
1000 models. The 68 % (90 %) errors are estimated by taking the central 680 (900) models
at each radius.

6.5.1 Mass profiles for the single component isothermal and powerlaw
models

First we focus on the masses derived for Models I and II in Table E4. The Einstein radii
are defined as the radii within which the mean convergence equals 1. For this, we calculate
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the mean convergence around the Einstein radius in 0.03” distance bins. The results of this
calculation are stated in Table BZ4.

Since all models agree on an Einstein radius of Og;, = 1.51”=6.48kpc = Rg, we adopt this
value as “the” Einstein radius of this lens with an uncertainty of 0.03”=0.13kpc. We get a
mean Einstein mass of (5.37 # 0.06) x 10''Mg, for the Models I and II with a fixed Einstein
radius of O, = 1.51”. This values are in good agreement with the ones stated by Auger
ef-all (2009) for this system also based on strong lensing.

We also extrapolate the models to the effective radius reg = 2.55”=10.96 kpc of the galaxy,
and calculate the mass and its derivative. We find an enclosed mass between Mot enc =
8.9 x 1011M@ and Mot enc = 11.3 x 10111\/[@ on a 1o level, depending on the model used. The
azimuthally averaged results of the included masses are plotted in Fig. BT.
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Figure 6.11: The mass within radius R, M(< R), from the models | and Il, analysed in Sec. B4 is plotted in Fig.
B-I1{a). For each model, 1000 random entries from the MCMC are used to calculate the errors. Each time, the means
and 90 % errors are shown, with the respective means in bold lines. The bars at the bottom mark the radii of the
apertures used to calculate the enclosed projected masses. The masses are in units of 10" Mg, the radii are stated in
kpc in the lens plane. The mass estimates for the Models | and Il are shown as solid (I) and dashed (Il) lines. Vertical
lines indicate the Einstein and effective radius in both plots. Fig. p-I1{b]) shows the same as Fig. but for the
LENSVIEW derived masses. The errors are estimated by an increase of the reduced x? of the extended model by 1. As

can be seen, the masses agree with each other in terms of derived masses within the errors.

For an SIE model, the mass included within radius r grows linearly with the radius, so the
derivative of it is expected to be independent of the radius. This is the case for the singular
isothermal model (Model I) in Table E4. If we allow the steepness to vary (Model II) the
mass profile tends to be steeper at the Einstein and effective radius. For the radial mass
derivative at the Einstein radius, we calculate values between % = 0.8 x 10" Mgkpe™!

and % = 1.2 x 10"Mgkpc™! . The extrapolation to the effective radius ranges from

WMiceene — 0.8 x 10 Mgkpe™! for Model T to PMtetene — 1.6 % 10 Mgkpe™! for Model TI.

This values are plotted in Fig. BI2. Here and in Table 64 we state the 68 % c.l. errors.
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Figure 6.12: The masses and radial derivatives for the Models stated in Table B2 and Table 638. Plotted are the
mean values together with its 1 o error bars. For Models | and I, the black asterixes mark the values at the Einstein
radius (fixed to 1.51"), while the blue triangles mark the extrapolations to the effective radius of the galaxy. For
the de Vaucouleurs like models Il and V, the green squares are the values at the Einstein radius, the red crosses are
the ones at the effective radius. While the total mass within the Einstein radius is tightly constrained independent
of the model used, the mass within the effective radius depends on the mass model used.

6.5.2 Mass profiles for the de Vaucouleurs plus dark matter halo models

From the single component lens analyses in Sec. B2, we conclude that the total projected
mass density profile is isothermal or slightly shallower than isothermal. The de Vaucouleurs
mass density drops faster with radius than the isothermal profile. Therefore, we expect the
pure de Vaucouleurs profile to be a poor description of this lens’ mass profile (as seen in
Model IV in Sec. E472 and Model IVa in Appendix B8) and expect that we need to add some
component which follows a shallower than isothermal density profile. In principle a constant
mass sheet, like a nearby group halo would approximately provide, could do this, given that
it provides enough mass at the position of the lens. In Model IV, we see that this model is
a poor fit to the data. Therefore a (dark) matter component centred at the position of the
lens is necessary. We model this in Models III, IIla and ITIb in Sec. B2 and Appendix
BER with different types of dark matter halo profiles. A SIE-like dark matter component
(Model IIIa) suppresses the de Vaucouleurs part of the matter profile, effectively yielding a
single component model. Because the light distribution is well-fit by a de Vaucouleurs profile,
we require a non-zero de Vaucouleurs component for this 2 component fit, hence we do not
consider Model IIla in the following. The Models IIIb, Va and Vb in Appendix BX give
similar results to Models III and V in Sec. BZl. Therefore, in the following, we mostly
consider Models IIT and V, which model the lens using an NF'W profile for the dark matter
component.

Besides the stars and the dark matter, an elliptical galaxy or a galaxy group also contains
some amount of gas. Since we do not model this component individually, this gas needs to be
incorporated in either the dark matter or the de Vaucouleurs component, effectively limiting
the accuracy of our mass estimates to the gas mass fraction in elliptical galaxies and groups
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of galaxies. [Young et al] (201T) get typical molecular gas masses of early-type galaxies in the
ATLAS3P project of M(Hy) < 10°Mg, less than 1% of the total galaxy masses derived here.
The hot gas component in an elliptical galaxy or a group of galaxies can contribute up to 10%
of the total mass in the centre of the galaxy or group of galaxies, see e.g. Sanderson et all
(2003). Hence the uncertainty of our mass estimates due to the neglected gas is ~ 10%.

We again adopt Ogi, = 1.51” for the Einstein radius. First we focus on the masses within
this radius, see Table 3.

For the total masses within the Einstein radius of the models IIT and V, we measure Mot Ein =
(5.33 £0.04) x 10''M The radial mass derivative is dMé"f{’e“ = 0.867057 x 10" Mgkpe ™t .
The extrapolations to the effective radius give Mg ef = 9.51’8:? x 101 M, for the mass and

% = 1.00f8:ig x 10" Mokpe™! for its derivative. This values are plotted in Fig. BIZ.
As can be seen, the enclosed masses and its derivatives at the Einstein radius and the effective
radius agree with each other throughout Models I, II, III and V. We state the de Vaucouleurs
mass within the Einstein and effective radius of Model III as Component IITA in Table B3R.
We get a mass of Myev in = (3.2Jj8:?) x 101" M, meaning that % ~ 35% of the total de
Vaucouleurs mass is concentrated within the Einstein radius for this lens. For Model V, we
get similar values for the de Vaucouleurs component, see Component VA in Table GR. In Fig.
613 and Fig. in Appendix BR, the projected, enclosed lens masses and their derivatives

are plotted versus radius for the different 2 component strong lensing models.

The measurements are done using circular apertures, so all of these values are azimuthally
averaged. As one can see, including an explicit group halo GI (Model V) has only a minor
influence on the mass estimates and their derivatives. The total masses agree very well with
the one component estimates in Fig. BIl. Also, all models agree very well on the total
masses and their radial derivatives, tending to give a shallower than isothermal mass profile
in the centre. For the Models III and V in Fig. B3, the dark matter haloes modelled as
NFW-haloes agree very well with each other, meaning that the environment has only minor
influence on the mass estimates. This is also true for the de Vaucouleurs component. We
note that the uncertainties on the individual components are larger than the uncertainties on
the total masses and derivatives, giving a well-constrained total mass.

6.5.3 3d spherical reconstruction

Further, we also reconstruct the 3d matter densities from the 2d data for Model III. For this,
we employ the inverse Abel-transform:

1 [*d¥ dR
=1 69

transforming a 2d circular density function X into a 3d sperical density function p. Since
this only transforms circular to spherical profiles and vice versa, we start from the mass
measurements within a cylinder in Fig for the azimuthally averaged profile. In Eq.
B the integration extends to infinity, which is not possible due to our limited range of reliable
data. To estimate the radial range at which we can use Eq. B9 only integrating up to our
last data bin we test it on a SIS toy model. For a SIS toy model, we know both the spherical
and the projected circular density. We then consider this radial range reliable where the
deviation of the reconstructed 3d density from the analytical SIS density does not exceed
2 x 10"Mgkpc3. From this comparison, we conclude that this inverse Abel transformation
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Figure 6.13: The mass within radius R, M(< R) from the Models Il and V analysed in Sec. G4. For each model, 1000
random entries from the MCMC chains are used to calculate the errors. All errors plotted are the 90 % error intervals
with the respective means in bold symbols. The bars at the bottom mark the radii of the apertures used to calculate
the enclosed projected masses or its derivatives. The masses are in units of 10** M, the radii are stated in kpc in the
lens plane. In B.13{a], the mass estimates of Model Il for the de Vaucouleurs (dashed line), NFW (dot—dashed line)
and its sum (solid line) are plotted. While the sum of these two is fairly well constrained, the errors on the individual
parts are bigger. In B.I3(b], the same mass estimates are plotted for Model V, together with its 90 % error intervals,
splitted in de Vaucouleurs (dashed line ), NFW (dot—dashed line) and GI (dotted line) parts and its total sum (solid
line). The radial mass derivatives are plotted in for Model Il and B.I3(d]) for Model V, keeping the line coding.
Plotted is the change in enclosed mass with radius. This can also be interpreted as the mass in a thin ring with width
dR at radius R, M(R). Again, vertical lines indicate the Einstein and effective radius in both plots.
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is only reliable up to ~ 6.5 kpc with a systematic error smaller than 30%, given our limited
radial range of data. The reconstructed 3d profile is shown in Fig. BT4.
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Figure 6.14: The 3d densities for the stellar (dashed) and the dark (dash-dotted) component, as well as the total
matter (solid) For this, the data of Model Il is used. Plotted are the median (thick) and the 90 % c.l. intervals.
Spherical symmetry is assumed for this reconstruction.

The errors plotted are only statistical, not taking any systematic effects into account. The
dark matter accounts for only a minor fraction of the total mass in the 3d centre of the
galaxy. We now turn to Fig. 7 in ['homas ef_all (2001). In the lower part of Fig. 7 they
have displayed the ratios of the mean dark matter density and mean total density within the
Einstein radius of Coma galaxies as a function of their velocity dispersion. (For the definition
of the synthetic Einstein radius for Coma galaxies, see TThomas et all 20TT). To see whether
there are structural differences for the Coma and the higher redshift SLACS sample one would
like to enter the corresponding deprojected values for SLACS galaxies in these figures as well.
These were not available until now because the dark to total matter fractions were only
calculated for the line of sight projected densities within the Einstein radii (i.e. cylindrical
averages) by gravitational lensing. The corresponding projected values are shown for SLACS
(and Coma) galaxies in the upper part of Fig. 7 of [Thomas ef all (2011). The projected and
deprojected values differ, since the projection along the line of sight mixes scales: parts of the
matter that have a large physical distance from the centre of the galaxy but lie on the line
of sight are taken into account when calculating the projected dark matter fractions. Due
to the monotonic increase of the dark to total matter density ratios as a function of radius,
the projected ratios displayed in the upper part of Fig. 7 of Thomas et all (2011) are upper
limits to the central, 3—dimensional density ratios at the Einstein radius. With the analysis
described in this work we are able to measure the 3—dimensional densities of the (spherically
averaged) dark matter and de Vaucouleurs components of the lensing galaxy separately from
gravitational lensing alone due to the large radial coverage of multiple images in the image
plane by one source. Since the source is only one background object, we do not need to take
the systematic uncertainties into account that arise in systems with multiple image systems
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from sources at different redshifts like e.g Gavazzi ef_all (2008). At the Einstein radius we
obtain (using Fig. 614, displaying Model III (de Vaucouleurs+NFW)) a dark to total density
ratio of 22 per cent for the dark to total density. Doing the same for the Model V where
SDSSJ 143044105 (consisting of de Vaucouleurs and dark matter component) is embedded
in a DM halo centred on galaxy I we find that the ratio of dark to total matter density at the
Einstein radius is about 14%. Since the dark matter fraction increases towards the outskirts,
these ratios of densities at the Einstein radius are upper limits for the mean dark matter to
total matter density ratios of galaxy SDSSJ 143044105 within the same Einstein radius. On
a (90 per cent c.l.) basis, the density ratios at the Einstein radius are larger than 15 per cent
(Model III) and 5 per cent (Model V) for the dark to total matter density.

6.6 Mass to light ratios for the de Vaucouleurs component and
dark to total mass ratio

Since we calculated the de Vaucouleurs masses for this galaxy, we now want to estimate the
rest—frame mass—to—light ratios of this galaxy. Further, we evolve these mass—to-light ratios
to present—day values in order to compare it with those of Coma galaxies. First, we calculate
the dark matter fractions within the Einstein radius. In Fig. BI3, we plot the dark over total
enclosed mass fraction within the Einstein radius.
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Figure 6.15: Dark over total enclosed mass ratio for this galaxy. Shown are Models Il (solid) and V (dashed).
For Model V the group contribution is ignored, meaning that we only consider the dark matter associated with the
galaxy itself as dark matter and only the sum of de Vaucouleurs and dark matter as the total matter. The vertical
line indicates the effective radius of the galaxy. As one can see, both models predict dark matter contributions in
the centre of this galaxy, with changing amounts depending on the modelling details. Plotted are the 68 % and 90
% errors, respectively.

The error bars are estimated as before from the central 68 and 90 per cent entries of the
random sample drawn from the MCMC for Models III and V, respectively. The fractions for
Model III and V are: hﬁ% = (0.4015-55) and Mﬁ:}f" = (0.271913). These fractions indicate
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Table 6.9: Galaxy luminosity evolution factors for the different IMF and metallicity models

B-R T 7 g g M

ABmag Gyrs Gyrs (10111\/{@)
A 0.77 8 2 1.77 1.48 6.7
B 0.85 8 2 1.92 1.55 4.4
C 0.81 9 2 1.66 1.42 4.0

a substantial amount of dark matter within the Einstein radius of this lens. As can be seen,
this picture is not significantly altered by locating the group at I in Model V. Although the
actual numbers change, we still need dark matter associated with the lens in the centre of the
galaxy. Since we ignore the dark matter contribution associated with the group GI in Model
V for the total mass, we get a lower dark matter fraction for Model V compared to Model
I11.

For the Models IIT and V, we calculate the mass to light ratios for the de Vaucouleurs compo-
nent at the redshift of the lens. We use the masses from lensing and the light (in rest frame B
and R) as obtained from photometric data. To compare the mass to light ratios with present
day galaxies, we also need the luminosity evolution to redshift zero in these bands. We take
the observed griz SDSS photometry for this system which covers the rest frame B and R filters
to calculate the B-R rest frame colour.f We calculate a colour of (B — R) = (0.80 £ 0.03) and
luminosities of Lp ¢ = (1.66 £ 0.03) x 10" Ly g and Ly ¢ = (1.92 £ 0.02) x 101 Ly g from
the absolute rest frame magnitudes. To estimate the luminosity evolution until today, we fit
3 extinction-free BC (Brnznal & Charlofi, 2003) composite stellar population (CSP) models
to the observed griz SDSS photometry: A Salpeter initial mass function (IMF) (Salpeter,
[955) with solar metallicity (Model A) and 2 models with Chabrier IMF (Chabried, 2003)
and solar / super—solar metallicity (Models B,C), respectively, see Drory et al] (2001, 2004).
The best-fitting results are stated in Table B9 together with the luminosity evolutions in B
and R bands and the best-fitting stellar masses, which agree with Grillo_ef all (2009).

From the best-fitting star formation histories (SFH) to the spectral energy distribution (SED)
we obtain a stellar age of typically 8 Gyrs and a B-R colour of 0.8. Therefore, this galaxy has
a formation redshift of approximately 2 to 3 which is a typical value for elliptical galaxies. If
we divide the de Vaucouleurs masses derived by lensing in Sec. B4 by the luminosities derived
from the SDSS photometry we obtain the mass to light ratios (MtoL) for the de Vaucouleurs
component of this galaxy. For Models I1I and V, we find a MtoL of MLL;)V = (5.3f%§)ﬁw®—® and

,B

% = (6.2f(1]'8)£v[—® in the B-band rest frame at the redshift of the lens. These two Models
B . ®,B

give the same MtoL within the errors, although including the group GI explicitly increases
the most-likely MtoL. We compare this with the total light of the galaxy and the stellar mass
derived in Grillo_ef"all (2009), who use composite stellar population models with a Salpeter
or Chabrier IMF, a delayed exponential star formation history, and solar metallicity to model
the SDSS multi band photometry. First, we compare in the rest frame B band. In Fig. 610
we plot the cumulative distribution function for the stellar mass to light ratios derived from
the respective de Vaucouleurs parts of the Models III and V and Models IIIb and Va from
Appendix B3.

5All magnitudes are given in AB.
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Figure 6.16: Cumulative probability distribution functions of the mass to light ratios for the de Vaucouleurs
components of the models Il and V. Models IlI, Illb, V and Va are marked by red, blue, turquoise and green. The
vertical lines mark the derived stellar mass to light ratios with its 1 o errors from Grillo“ef_all (2009) for this system
fitting SFH to broad band SDSS photometry using a Salpeter IMF (solid line) and Chabrier IMF (dashed line). The
mass to light ratios are as observed at z = 0.285 and not corrected for luminosity evolution to redshift zero.

We overplot the stellar MtoL ratios derived in Grillo’ef all (2009) for this system and get the
best agreement for a NF'W like halo and a Salpeter IMF.

In the R-band, we get a MtoL for Models IIT and V of MLL;VV = (4.61% 1)11,\/17% and MLL;;V =

(5.4Jj8:g)ﬁ\g—i. To compare the lensing galaxy SDSSJ 143044105 with present day Coma
galaxies ( Ihomas ef all, PO1T) we have to account for the luminosity evolution between redshift
0.285 and now. We use the average evolution factor from the SFH models stated in Table
B9, derived from the extrapolations of the fitted SFH models to redshift 0, which increases
the MtoL in the R band by a factor of 1.48 for z=0, giving (Mdg\’)pres = (6.877 E)M—GR and

(Nﬁi")pres = (8.011 Ll;) M© for Models III and V, respectively. In Fig. B4, we plot this
R-band de Vaucouleurs mass to light ratio at redshift zero against the present day R-band
mass to light ratio for a Kroupa-IMF (Kroupa P2001), obtained again from the SFH fit of
Grillo_ef-all (2009), translated to R-band and evolved to redshift zero.

We added the results from a dynamical study of Coma galaxies by [Thomas et all (2011). This
allows us to conclude that SDSSJ 1430+4105 evolves into a galaxy with mass to light ratio
similar as the Coma galaxies, and shows the same conflict with respect to a Kroupa IMF as
they do. This conflict to a Kroupa IMF would be resolved if, for example, the de Vaucouleurs

component is not made of stars only but contains dark matter as well.

6.7 Discussion and conclusions

In this paper, we studied the lensing properties of SDSS J1430+4105. From the complex
source, we identified 5 double image systems, spanning a radial range from below 0.9” to
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Figure 6.17: Mass—to—light in R from lensing versus stellar mass using a Kroupa IMF (see Grillo_et_all 200Y). Both
values are evolved passively to the redshift 0. The lensing estimate is taken from Model Ill. The black points show
the mass to light ratios derived from stellar dynamics analysis of the COMA cluster galaxies versus their stellar
mass—to—light ratio derived from photometry for a Kroupa IMF, taken from [Thomaset all (2011). The solid line
marks the one—to—one correspondence.

almost 2.1”. The source is spectroscopically confirmed at a redshift of 0.575. Parametric
models can match the observed image positions well with an average scatter in the position
comparable to the pixel size of the ACS camera input image, which is 0.05”. Our results are:

1)

1)

The best-fitting reconstruction of the profile favours a profile slope shallower than
isothermal for the best-fitting model. However, profiles with free slope for the den-
sity steepness are consistent with an isothermal profile at 90% c.l.. This is also true
when combining an explicit model for the de Vaucouleurs-like light distribution with
a NFW-like dark matter component. Auger et al] (2010) found a steepness for the 3d
density profile for this system of p ~ 1~ (2:06£0-18) 1y yging the location of the Einstein
radius only and combining this with stellar dynamics, in agreement with our results
for the one component powerlaw total mass distribution of p ~ r~ (1735073 Wwithin the
errors.

The galaxy is part of a group of galaxies listed in the maxBCG cluster catalogue.
Using a lens mass component following the stellar light, we can not model the strong
lensing signal for this galaxy if we use this component alone or combine it with a dark
matter halo not centred on SDSS J1430+4105, called galaxy A. Therefore, this leads
to two possibilities: Either A is indeed the centre of the galaxy group, or the galaxy
A is a satellite of this group, residing in its own dark matter halo. Since we cannot
distinguish between these 2 cases, neither from the lensing signal nor from external
data, we model both scenarios and show that these lead to similar results regarding
the mass distribution of the galaxy. We show that the dark matter halo of galaxy A
must not be singular and isothermal at the same time, since this would suppress the
de Vaucouleurs component. Both a non-singular, isothermal halo and a NFW-like halo
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I11)

IV)

for the dark matter halo of galaxy A fit the data well. We find agreeing dark matter
fractions and distributions for both cases. From the lensing data, we cannot distinguish
whether the dark matter halo follows a NFW or NSIE profile in the centre, since we
cannot constrain the concentration ¢ and r9gy — or O, for a NSIE dark matter halo —
of the dark matter component well. From the models taking explicitly the environment
into account we conclude that the dark matter and the light of the galaxy have the
same axis ratio and are likely coaligned.

We estimate the rest frame B-band mass to light ratios for the lensing galaxy from the
de Vaucouleurs lensing component. For the case of a deVauc+NFW mass model, we
obtain a total mass of Mgev tot = (8.8ﬂ:3) x 10" M, for the de Vaucouleurs component.
Grillo_ef all (2009) have obtained stellar mass estimates for the luminous component
using the ugriz broad band SDSS photometry and SFH fits. They assumed solar metal-
licity composite stellar populations with a delayed exponential SFH, and examined the
Salpeter IMF (with BC and MAR (Maraston, 2005) single stellar populations (SSP)),
and the Chabrier and Kroupa IMF (based on BC-SSPs). They obtained stellar masses
of My = (5.670%) x 10" M), M, = (3.9735) x 101"Mg, M, = (3.27%%) x 10" M, and
M, = (2.9f[1):g) x 10t M, for these four cases. The stellar mass agrees best with the mass
of the de Vaucouleurs component obtained from lensing if we assume a Salpeter IMF.
In principle, the mass to light ratios also depend on the age of the galaxy and its metal-
licity. According to De Tmcia ef all (2006), solar metallicity and a formation redshift of
3 to 5 as used in Grillo'ef all (2009) are good assumptions for a galaxy of the measured
stellar mass. Thus, the IMF must not be Chabrier or Kroupa like unless a fraction of the
de Vaucouleurs component is not of stellar origin, i.e. part of the dark matter follows
the light distribution. We measure a mass to light ratio for the stellar component of

MLL;V = (5.3f(1):§) ﬁ\g ?B using gravitational lensing and assuming a NFW-like dark matter

halo. If we allow for a group halo at galaxy I, we obtain Mﬁ" = (6.2f?:g)ﬁg—%. These
results again favor a Salpeter IMF, and are in agreement with the Fundamental Plane
results % =(4.8+ 1'4)% for this galaxy from Grillo’ef all (2009). These results hold
as long as the metallicity is approximately solar. We compare the mass to light ratio,
passively evolved to z=0, to those of Coma galaxies analysed in [Thomas et all (2011).
We confirm their trend towards a Salpeter IMF, again disfavouring a Kroupa-IMF. This
trend also is seen in Cappellari et al] (200123) for the most massive galaxies. Their data
indicate a more Salpeter-like IMF for high velocity dispersion galaxies. The dark to
total mass fraction of SDSSJ 143044105 rises from the centre outwards, giving a value
of % = (0.41'8:%%) at the Einstein radius. In this galaxy, we need a significant amount
of dark matter in its projected centre to explain the observations.

We compare the 3d densities of total, dark and luminous dark matter with to those
of Coma galaxies analysed by [Thomas ef all (2007), based on dynamical modelling,
especially their Figure 5. Our galaxy has an effective radius of 10.96kpc and a velocity
dispersion of 322 + 32kms~!. Concerning the effective radius it is most similar to the
Coma galaxies GMP 0144, GMP 4928 and GMP 2921, a cD galaxy, which have effective
radii of 8.94 kpc, 14.31 kpc and 16.43 kpc (Thomas et all P007) and effective velocity
dispersions of 211.8 £0.4kms ™! and 314.8 +2.9kms™! and ~ 400 kms~! (I"homas ef all
P07, Corsini_efall PO0R). Since our 3 dimensional matter densities are reliably known
only between 3 kpc and about 6.5 kpc we decide to compare the matter densities at 3
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kpc. At this radius the matter density values of Thomas et all (2007) are reliable as
well. At the same time this radius is within the core radius (r. in Table 2 of [Ihomas
ef “all 2007) for all 3 GMP galaxies and thus the densities at this radius define the
central dark matter densities in these galaxies. We read off dark matter and total
densities of 6 x 1072Mpc and 3 x 10~ Mpc=3 for GMP 0144, of 1.5 x 10~2Mpc~2 and
2 x 107 !Mpc—3 for GMP 4928 and 1 x 10~ 'Mpc~ and 3 x 10~ 'Mpc—3 for GMP 2921.
For SDSSJ 143044105 these numbers are 4 x 1072Mpc =2 and 3.5 x 10~ Mpc 2 for the
dark matter and the total density at 3 kpc with fractional errors of about 25%. This
means that the dark matter and total densities at 3 kpc for our galaxy and the 3 Coma
galaxies are comparable, and that the ratio of dark to total matter density of about 1:10
is consistent within the error with the ratios of 1:5 and 1:13 for the non-central Coma
galaxies.
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6.8 Appendix: Additional strong lensing models

To check for the robustness of the previously derived lensing results, we also examine some
different strong lensing models to the ones presented in Secs. BZZ2—1 and BZ=A. These models
confirm the previous results without adding new implications for the results, therefore we
add these models in this appendix. The minimum y? values and parameter estimates of the
models are shown in Tables 610 and BT

Model Ia To account for the environment, we include the galaxy group explicitly as a
SIS profile centred at galaxy I in Tab. BZ3. We use a prior on the group Einstein radius of
baroup prior = (3.6£1.5)", as derived in Sec. B42. The results and 68 % c.l. marginalised errors
of this STE+GI (Model Ta) case are: b = (1.457002)" q = (0.817091), O4 = (—17.4739)° and
bgroup = (4.6775)", see Fig. BIR for the derived parameter errors.
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Figure 6.18: Error estimates of the MCMC for the SIE case with Gl (Model la), plotted are the individual points of
the MCMC together with the 68 and 90 % confidence regions of the distribution. The crosses mark the minimum-x?
value from Table B4. The bars on the axes mark the respective 68 % marginalised error intervals.

This plot shows an anti-correlation of b and bgroup- This is expected since the total con-
vergence needed at the position of the main lens can either be provided by the main lens
or by the mass associated with GI. We also include the environment as external shear, as
calculated in Sec B2, see Model Ib in Appendix ER. This has only small effects on the
derived parameter values.
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Model Ib Model Ib is for a SIE with external shear 7, hence it has 1 more free parameter
relative to Model Ia. The external shear priors are based on the environment models derived
in Sec. 62332 and Appendix B9: We use Yprior = (0.012 + 0.031) and O prior = (—10 & 25)°.
The marginalised errors are: b = (1.507002)", q = (0.81700%), ©4 = (—13.47125)° ~ =
(0.05015:022) and ©., = (—29.677:¢)°. There is a correlation present between the axis ratio q
and the external shear -, reflecting the fact that the shear and the ellipticity can compensate
each other in its effects on the deflection angle, since both are pointing in the same direction
within ~ 16°.

Model IIa If we add the group GI, we obtain a marginalised steepness value of 8 =
(L.717093) together with b = (2.097589)", q = (0.917593), ©4 = (—15.371%2)° and bgroup =
(4.51%:2)” . Since there is no correlation between 3 and bgroup, the details of the environment
implementation have no systematic influence on the derived steepness of the lens mass profile.
The shear and convergence provided by the group are yqr = kg1 = 0.037 in agreement with
our expectations.

Model ITb A mass density profile which is flatter than isothermal at the Einstein radius can
also be achieved by an isothermal mass distribution with a finite core radius. Therefore, Model
IIb is for an isothermal ellipsoid with a core radius (NSIE) with 8 = 2 and arbitrary value for
the core radius ©.. For such a model one expects to also find a demagnified third image, which
is not observed. We assume that the demagnified third image in the centre produced by a
non-singular mass profile could be detected if its flux exceeds 3o of the sky+object noise in the
image for the brightest source pixel. We exclude a region of 0.2” in the centre due to residuals
of the galaxy subtraction, where we have no limits on the image fluxes at all. We then get
the following marginalised errors: b = (1.637017)", q = (0.757053), ©4 = (—21.5739)° and
a core radius of O, = (O.llfg:tl)%)”. However, the best-fitting model is identical to Model I,
i.e. purely isothermal. There is a linear dependency between b and O, due to the definition
of the non-singular profile: A larger core radius needs to be compensated by a larger lensing
strength b to get the same enclosed mass within the Finstein radius.

Model IIla In Model IIla we allow for a dark matter component that is centred on the
lensing galaxy. Here, we test if we can improve the modelling by combining the de Vaucouleurs
profile with a SIE halo. For the dark matter SIE halo, we impose a prior on the axis ratio
based on the Bolfon et all (20085) work of qgark prior = (0.79 & 0.12). For the errors, we get
b= (1.43700%), da = (0.717002), ©g.a = (—21.9754)° and Mgey = (0.6707) x 10'' Mg, Since
the best-fitting model has a 2 = 11.8 and almost zero de Vaucouleurs mass, this implies that
a de Vaucouleurs like mass model for the light plus a purely isothermal density profile for the
dark matter are not compatible with the data. The Einstein radius of the SIE component
and the de Vaucouleurs mass are anticorrelated, forcing the total projected mass within the
FEinstein radius to be constant.

Model I1Ib Instead of the NF'W component, we can also model the dark matter component
with a NSIE. We limit the core radius of this component to be between 0 and 50”, and use
the same prior on the axis ratio as before. For the mass of the de Vaucouleurs component,
we get: Mgey = (8.5:1):%) x 10"'Mg. For the other parameters, we get (see Fig. BI9):
da = (0.78%53%), Oq = (—26.0739)°, ba = (19.27139)" and O, = (24.77135)".
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Again, we note that there is a degeneracy between by and ©., emerging from the profile
definition. Since there are no observed images for radii larger than 2.32”, this leaves the
upper limit of the core radius O, totally unconstrained. Large ©. make this dark matter
distribution flat at the Einstein radius, with bgq giving its density value. The radial mass
estimates and their derivatives are plotted in Fig.

Model IVa We model the mass distribution by a de Vaucouleurs model with the shape
parameters following the light profile as stated in Table 61 Therefore, the mass of the de
Vaucouleurs component is the only free parameter in this model. The best-fitting light model
(Model IVa) in Table EID has a x? = 118, meaning that a pure de Vaucouleurs profile is a
bad fit to the observations.

The de Vaucouleurs mass in this case is Mgey = (15.0f8:§) x 101" M. This badness of the fit
implies that there must be a (dark) mass component not following a de Vaucouleurs profile.

Model Va Here we do the same as in the Model V before: We combine the 2 component
model (Model IIIb) with an explicit description for the galaxy group GI. For the de Vau-
couleurs component, we get: Mgy = (11.5J_r(1):g) x 101'My. For the other parameters, we
get qq = 0.747075, Oq = (—21.8787)°, by = (5.5738)", O = (16.475%1)", and for group
GI bgroup = (5.12:2)” . As one can see, again there is no significant difference between this
model’s parameters and the one of Model IIIb. As for the NFW-like dark matter halo, the
Mgev is increased relative to Model I1Ib by introducing the group halo GI. Again, the radial
mass estimates and their derivatives are plotted in Fig.

Model Vb Model Vb is motivated by the fact that for the preceding models (Models 111
and V), the axis of the dark matter halo is always offset from that of the light by about —10°,
which is statistically significant on a more than 3¢ level for Models I1I and I1Ib, see Figs. 622
and ET9. At the same time, the axis ratio of the dark matter haloes are consistent with the
axis ratio of the stellar component, see Table 6. This could be mimicked by a non accounted
external shear which is present if galaxy A is not the centre of the group. From the results
for Models Ia, ITa, V and Va, we conclude that if we include the group explicitly as centred
on galaxy I the matter gets more aligned with the light. Looking at Model Ib we see that
using an external shear instead of GI changes the best-fitting orientation of the total mass
distribution more towards the observed light’s angle. So, in this Model, we combine Model
ITIb with the external shear of Model Ib. In numbers, we get here: Mgey = (991%%) x 101 M,
qq = (0.771'8:%8), 04 = (—14.2‘1‘5’:3)0, cq = (4.11“11:%), rogo = (1661‘2%)”, and for the external
shear v = (0.0387092%) and ©., = (—35.277,)°. We also note that with this improvement,
the dark matter profile becomes more concentrated, at a level expected for galaxies.

6.9 Appendix: Alternative descriptions for the lens environ-
ment

In this Appendix, we discuss 2 alternative scenarios for the environment, firstly a scenario in
which the group is only consisting of its members (“clumpy group”) without a reference to
a group halo, secondly a scenario where the group is a typical group with 12 members, but
centred on galaxy A instead of galaxy I.
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6.9.1 Clumpy group

A clumpy group model is obtained if all group mass is considered to be associated to the group
galaxies. We describe the galaxies as singular isothermal spheres (SIS) without truncation of
their mass profiles and obtain at the position of the lens:

clumpy group __ KIS,
E n >

(6.10)
lum T
7C Y EIOND — E YSIS,n

In this model, the shear and surface density at the location of the lens depends on the 2-
dimensional galaxy distribution and not at all on the centre of mass of the group. The galaxies
themselves are parametrized only by their positions and velocity dispersions o,,. The value of
the velocity dispersion o for SDSS J143044105 is taken from the central velocity dispersion
measured by the SDSS. The estimates o, for the neighbouring galaxies are obtained from the
Faber-Jackson relation (Faber & Jackson I976),

. 0.25
in

On = 0A () 5
A

where ¢ is the SDSS ¢ band flux of the neighbours and ia the flux of the lens galaxy A. The
shear v, (dn) and convergence rk(dy) for a SIS at a projected angular distance d,, from its

centre are 5
27ra ds

) = i) = 257 ()
S

c2d,
with ¢ denoting the speed of light and Dys and Dg mark the angular diameter distances from

the lens to the source and from the observer to the source, respectively. The proper (vector)
addition of these convergence and shear values yields a prediction of

72unlpy group __ —0.012

)

clumpy group __ (6 1 1)
kS — 0.023

The angle of the shear is —10° in the local coordinate system. The fact that we model
the galaxies as SISs, ignoring the finite halo sizes which would keep the mass associated to
galaxies limited, is not relevant, since finite halo sizes can only lead to lower estimates for the
convergence and shear at the position of galaxy A. Therefore, we get an upper limit of the
clumpy group estimates using this assumption. As we see in Sec. B2, the parameters of the
lensing galaxy only mildly depend on the assumptions about the group as long as it is centred
on galaxy I. To calculate the mass of this clumpy group, we first need the ro09. We adopt
the definition of Koesfer ef all (20007) of r90p as a function of number of group members. We
sum up all mass contributions of member galaxies in Table B3 within this rogg = 3.8 centred
on A or I, respectively and calculate the total projected mass of the group within its rqgo:
Magg = 5.5 x 10 M. This value gives an upper limit of the mass associated with the group,
since SIS profiles for its members overestimate the densities of each member at large radii.

6.9.2 Smooth group mass distribution centred at galaxy A

In principle, the assumption of the group being located at A could already be in conflict with
the lensing observables. The most secure strong lensing estimate is the observed critical mass
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ﬂR%inEcrit = 5.43f8:}2 x 1011 M, within the Einstein radius, obtained from all models in Sec.
B3 consistently. We now can model the group — located at A as an NFW or SIS (see Sec.
6271 for details) profile and estimate its projected mass within the observed Einstein radius.
If this halo mass estimate exceeds the observed critical mass, the assumption of this group
being a typical group with 12 members and with galaxy A as its centre is already in conflict
with the lensing observables.

In Fig. 6220 we show the c-rogy diagram for a NFW profile.
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Figure 6.21: This figure shows the concentration c - raoop properties for a NFW halo profile. The levels of grey
show the virial masses of the dark matter haloes. Overplotted are several different lines: The dashed lines are the
Bullack et all (2001) c-rago relation with its 1o error. This marks the area typically populated by galaxy groups.
Further we overplot the c-r200 values for a typical richness N=12 group halo as found by Oohnston et all (20007)
with its errorbars. This shows where we expect the group halo to lie approximately in this plane. The dash-dotted
lines mark the transition above which more than 55, 62 and 74 % of the observed critical mass within the observed
Einstein radius would be made up by the dark matter halo of the group. All group haloes above this dash-dotted
line in this c-ropo plane overpredict the observed total mass within the Einstein radius, therefore this lines mark
regions with excluded group haloes. Since the typical Dohnsfon et all (2007) group halo lies below this lines, the
observed critical mass within the Einstein radius does not exclude A as the group centre. The thick, solid 1.00 line
marks the transition where the dark matter group halo alone would provide the observed critical mass within the
Einstein radius. Hence along this line no baryons (or dark matter) in the lensing galaxy A would be required at all.

The levels of grey indicate the virial Msgg mass of a group with parameter values ¢ and
rog0- The thick solid line marks the transition where the NF'W group halo mass within the
observed Einstein radius alone (without baryons and dark matter of the galaxy A) exceeds
the critical mass, predicting a bigger than the observed Einstein radius. Therefore all groups
that lie above this line would — from its group halo mass alone — overpredict the observed
total projected mass within the Einstein radius and cannot be centred at galaxy A.

In reality, some of the observed mass within the Einstein radius has to be contributed by
the stars, giving an even smaller upper limit for the dark matter mass within the Einstein
radius. Hence, we plot the analogous curves for the case where the dark matter makes up
only a fraction of the total critical mass within the Einstein radius. The dark to total matter
fractions shown also in Fig. B221 as dash-dotted lines are fq,x = 0.55, 0.62, 0.74. To obtain
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these numbers, we subtract the stellar mass measurements within the Einstein radius done
in Grillo“ef all (2009) from the derived lensing mass within the Einstein radius in this work.
If we attribute the missing mass to the group dark matter halo, we get again upper limits for
the possible group halo mass contribution within the Einstein radius, allowing us to exclude
all groups that would exceed this upper mass limits. Grilla_ef-all (2009) fit composite stellar
population models to the SDSS photometry of this galaxy to derive its stellar mass within
the observed Einstein radius. We use the Salpeter IMF stellar masses of Grillo_ef all (200Y),
since these give the highest mass in stars. Now we plot the model group with richness 12 in
Fig. BZZT to see where it resides. From [lohnston et all (20007), we obtain c-rogg values of 4.22
and 848 kpc for a richness 12 group. Since this group therefore does not fall into the excluded
regions of Fig. B2, we cannot exclude A as the group centre from the lensing observables.
This conclusion also holds in the picture where the group is modelled as SIS. If the group
follows a SIS matter profile it has an Einstein radius of Ogj, = 3.6 = 1.5”, see Sec. A2
This is consistent within the errors with the value derived from the strong lensing models
in Sec. B3A. Therefore a typical group with richness 12, as seen in the vicinity of SDSSJ
1430+4105, does not violate the observed critical mass within the Finstein radius, nor the
Einstein radius itself. Hence, galaxy A could also be the group centre without violating the
lensing observables for a typical group of this richness.
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7.1 Abstract

In this work we analyze the mass distribution of MACSJ1206.2-0847, especially focusing on
the halo properties of its cluster members. This cluster appears already relaxed in Xray data,
but its huge amount of not yet centrally diffuse intra cluster light is a sign of its recent built
up enforcing cluster galaxy halo stripping and tidal disruption. The cluster lenses 12 back-
ground galaxies into multiple images and one galaxy at z = 1.033 into a giant arc and its
counterimage. The multiple image positions and the surface brightness distribution (SFB) of
the arc which is bent around several cluster members are sensitive to the cluster galaxy halo
properties. We model the cluster mass distribution with a NF'W profile and the galaxy halos
with two parameters for the mass normalization and extent of a reference halo assuming scal-
ings with their observed NIR-light. We match the multiple image positions at an r.m.s. level
of 0.85” and can reconstruct the SFB distribution of the arc in several filters to a remarkable
accuracy based on this cluster model. The length scale where the enclosed galaxy halo mass
is best constrained is about 5 effective radii — a scale in between those accessible to dynamical
and field strong lensing mass estimates on one hand and galaxy galaxy weak lensing results
on the other hand. The velocity dispersion and halo size of a galaxy with migow,aB = 19.2
or MB vega = —20.7 are 0 = 150kms~! and r ~ 26 4+ 6kpc. We also reconstruct the unlensed
source (which is smaller by a factor of ~ 5.8 in area), demonstrating the increase of morpho-
logical information due to lensing and conclude that this galaxy has likely star—forming spiral
arms with a red (older) central component.

Galazxies:clusters:individual: MACSJ1206.2-0847 Galazies:halos Galazies:elliptical and lentic-
ular, cD Galazies:interactions Gravitational lensing:strong

7.2 Introduction

For elliptical galaxies the half light radii, central velocity dispersions and surface brightness
within their half light radii form a fundamental plane (Bender ef all, 1997). This fundamental
plane relation is very similar for field and cluster galaxies at the same redshift (Andreon,
1996; Saglia et all], 2000). The redshift evolution of the ellipticals’ mass to light ratio is

independent of the cluster velocity dispersion; it is compatible with passive evolution of the
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stellar population (Bender et all, T998; van Dokknm & van_der Marel, 2007; Saglia et all,
2010) and slightly stronger for field galaxies. The effective radii and velocity dispersion of
ellipticals evolve with time, but not depending significantly on the galaxy environment.
Studying elliptical dark matter halos with stellar dynamics, Thomas et all (2005) & [Thomas
ef_all (2009) have shown that (1) the stars of ellipticals form at high redshift (z=3-5), (2) the
dark matter halos of (Coma) ellipticals formed earlier than spiral galaxies of same brightness
and environment and (3) the halos of ellipticals mostly formed at least as early as their stars
(see Fig. 13 of Wegner et al] (2017))

In general, however, galaxy environment plays a major role for the formation of galaxies and
the transforming of galaxy types according to the morphology-density relation of [Dressler
(r980) and their evolution with redshift (Dressler_ef all, [997). Dressler_ef all (T997) conclude
that “the formation of elliptical galaxies predates the formation of rich clusters, and occurs
instead in the loose-group phase or even earlier”.

Wilman & Frwin (PI12) confirmed this picture in a quantitative way: According to their
interpretation ellipticals are centrals or they are satellites which have been centrals in halos
before they have been accreted; Taken together this implies that the central stellar dynamics
and the stellar population content of elliptical galaxies depend on the present day environment
on a minor level. Elliptical galaxies stay elliptical galaxies when larger scale halos like groups
and clusters form, but depending on whether they become central or satellite galaxies their
dark matter halos undergo growth or stripping.

The stripping of dark matter halos embedded in group and cluster halos by tidal fields is
theoretically expected (Merritfi (T983), Merritfl (1984)) and gets stronger the denser the envi-
ronment is. Stripping has also been studied in N-body dark matter simulations (Ghigna et all,
1998; Cimousin_ef all, 2009). Gao ef all (2004) have shown that on average 90 percent of mass
associated with halos accreted at z=1 are removed from the accreted halos and contribute to
the smooth host halo at z=0. Highest mass accreted halos reach the centers more quickly, due
to dynamical friction, and thus become stripped most quickly. Diemand ef all (P0007) have
shown that subhalo mass is removed from outside, in agreement with the observations that
any changes of fundamental plane (FP) relation with environment can be explained by slight
age differences of the stellar populations, i.e. that the structural parameters of ellipticals do
not change during the build up of groups and clusters. Warnick et all (2008) have shown,
that on average surviving subhalos lose about 30 percent of their mass per orbit in group and
cluster halos (this excludes tidally disrupted halos), where halos with radial orbits may lose
80 per cent or even more per orbit. Their Fig.4 illustrates the subhalo mass loss sorted as
a function of subhalo distance to the halo center, for different central halo masses. Within
10 percent of the virial radius the majority of subhalos has lost more than 50 percent of its
original mass. Limousin_ef all (2009) have studied galaxy dark matter halo truncation in high
density environments with hydrodynamical N-body simulations. They predict half light radii
of galaxies in a Coma and Virgo like cluster as a function of 3D and 2D projected separation
to the cluster center, finding a measurable effect in both, at a level stronger than that of
Ghigna et all (T99R). According to their work the total mass of galaxy halos is a few times
larger than its stellar mass in the center and up to about 200 (50) times larger in the outskirts
of the cluster at z=0.7 (z=0).

Galaxy halo stripping in clusters has been measured with planetary nebula kinematics in local
galaxies (Ventimiglia et al] (2001) and references therein). Pu_ef all (2010) have analyzed
the stellar kinematics of massive local ellipticals and measured halo sizes of orders of 60 kpc
based on the Mgb absoprtion line strength vs escape velocity relation. These methods for
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analysis of individual galaxy halos do not work for large samples and larger distances yet.
Galaxy halo sizes can be also measured with weak galaxy galaxy lensing for field galaxies
(Schneider & Rix, 1997; Hoekstra ef"all, P004) and also for cluster galaxies using statistical
methods and large samples. In clusters the effect is stronger per galaxy since the signal is
boosted by the matter of the cluster itself (Geiger & Schneider, 1999), but this imposes also
a degeneracy in measuring the galaxy halos (Geiger & Schneider], 1999). Nevertheless halo
truncation has been measured with weak galaxy galaxy lensing (Narayan (T99R), Geiger &
Schneider (T999), Natarajan et al] (2002a), Natarajan et all (2002H), [Limousin_ef all (2007a))
and truncations in half mass radii by a factor of 4 to field galaxies or more have been reported.
Halkola et all (2007) have worked out a different idea: Using strong gravitational lensing,
they described the mass distribution in the massive strong lensing cluster Abell 1689 with a
smooth dark matter component and a smaller scale component traced by the cluster galaxies.
The combined ’granular’ mass distribution maps multiply imaged galaxies differently than
the best fitting pure smooth cluster component. Making use of the fundamental plane and
Faber Jackson scaling relations for the cluster galaxies the properties of a reference halo
could be measured. This method finds the statistically best fitting reference galaxy halo mass
distribution to reproduce the astrometry of multiply imaged sources best. It relies on a very
precise global mass model (Broadhurst_ef"all (2005), Halkola _ef"all (2006), [imonsin_ef al
(2007H), see also Diego et all (P005), Coe_ef all (2010)) constrained by a huge number of
multiple images (in this case 32 background galaxies mapped into 107 images) spread over
the Einstein radii corresponding to the various source redshifts.

Studying the impact of substructure in the lens with multiple images positions does not make
use of the full information, since this just makes use of the differences of deflection angles
between multiply imaged sources and not of higher order or local derivatives of the deflection
angle. This can be done when mapping the full surface brightness distribution of the images
and adjusting the model such that for every image system of a reproduced source the SFBs
match the observations. Colley et all (IT996) were the first to measure the unlensed surface
brightness distribution of the 5 image system in Cl0024 and thereby helping to constrain
the mass distribution of the cluster. Seifz et all (T998) analyzed the lensing effect of the
cluster MS1512 using several multiply imaged systems and obtained the surface brightness
distribution of the highly magnified galaxy c¢B58 to a unprecedented spatial resolution. In
this analysis it was important to account for the mass distribution of a galaxy perturbing
the cBb8arc such that it was bent away from the cluster center — although measuring galaxy
halos was not the aim of this work. Later on Suyu & Halkola (2010) analyzed the surface
brightness distribution of a source multiply imaged by a galaxy with a satellite as perturber
and could indeed measure the satellite halo size in this way, showing that the sensitivity of
this method can be extended to (still massive) satellites in favorable lensing systems. On
cluster lens scale Donnarummaef all (2011) used a method similar to Halkola ef"all (2007),
to constrain halo sizes in another cluster. In this case one of the sources is mapped into a
giant arc system, of which they used several corresponding surface brightness knots for lens
modeling, thus partially making use of the surface brightness distribution of the arc in this
cluster.

In this work we will study galaxy halo truncation in the cluster MACSJ1206.2, since this is an
ideal target for several reasons: MACSJ1206.2 is a massive cluster at redshift z = 0.439 (for
a summary on properties and lensing, Xray and SZE results see IUmefsu ef all POTY, Zifrin
ef_all POT2H). This cluster shows still signs of its recent assembly, since there is a ’trail’ of
intra cluster light along its major axis (in mass and light), indicating previous tidal strippings
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down to the core of galaxies or tidal disruption of galaxies. On the other hand its central
galaxy is almost at rest relative to the center of mass (as obtained from cluster members’
velocities),see Biviano et al. in preparation. Further, this cluster appears relaxed from its
Xray contours (Ebeling et all, 2009; [Umefsn et all, P0I2). This means that cluster members
orbited each other for at least a significant fraction of the crossing time, were exposed to the
dense cluster environment and had the necessary (and short) time to become tidally stripped.
Due to its deep multi-band HST photometry this cluster has many multiple image systems
(Zitrin“ef"all (2012H)) and furthermore has a giant arc, which is bent around several cluster
members, making the light deflection of galaxy halos already visible to the eye. Using the
SFB distribution of the arcs and the multiple images positions, this cluster thus offers the
opportunity to provide very strong constraints on halo sizes.

This paper is organized as follows: In Section 2 we give an overview of the data used, in
Sect. 3 we present the models for the mass distribution of the cluster and the halos traced
by cluster galaxies, in Sect. 4 we introduce the scaling relations connecting galaxy luminosity
and dark matter halo properties. In Sect. 5 we obtain a strong lensing model using only
point source constraints from multiple images and the giant arc. Section 6 then also includes
the full surface brightness distribution of the arc and its counterimage in the analysis. In
Sect. 7 we will discuss our results concerning the scaling of cluster galaxies’ luminosity with
their velocity dispersion and halo sizes and the properties of the unlensed source of the arc’s
counterimage. We use WMAP7"? (Komatsu et all, 2011) cosmology throughout the paper.
This gives a scale of 5.662kpc/” at the redshift of the cluster, z = 0.439. Einstein radii,
convergence and shear values are given in units of the ratio of the angular diameter distances
from the lens to the source (Dgs) and the observer to the source (Dg), DgsD; ! if not otherwise
stated.? All angles are defined as N over (-E).

7.3 Data

The data used in this work are described in Postman et all (2012), Zitrin_ef all (20125) and
Ebeling et all (2009). All raw and reduced HST imaging data taken by CLASH are public.
We obtain position and shapes of cluster galaxies with SEXTRACTOR (Bertin & Arnonts,
1996) from the F606W filter data. The F435W, the F606W and the F814W filter data are
used to extract the surface brightness distribution of the arc and its counterimage for the
lens modeling. We need a r.m.s.-noise estimate for each pixel of the giant gravitational arc
and its counterimage for the surface brightness reconstruction. We obtain the pre-reduced,
publicly available FLT images for the F435W, F606W and F814W filters, respectively. The
pre-reduction, done by calacs, includes overscan and bias correction as well as flat-fielding
of the single images. Afterwards, Multidrizzle has been used for the alignment, background
subtraction, cosmic-ray rejection and weighted coaddition of the individual frames and the
r.m.s.—noise estimate. The weighting scheme used is the ERR—-scheme, where the weighting is
done by the inverse variance of each pixel. From this inverse variance, we calculate the r.m.s.—
noise estimate for each pixel. For these frames, we choose a pixel scale of 0.05” resembling
the natural pixel scale of the ACS camera in these filters. We verify that the corresponding
star positions in the different filters are accurate to =~ 0.5pix.

'Hp = 71kms *Mpc~ !, Qu = 0.267, Qa = 0.734
2 Another interpretation would be DgsD5 ! = 1, which is theoretically ill-defined.
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7.4 Modeling the cluster and its galaxy component

Since we want to measure the parameter values for halo truncation, we use parametric lens
models. The main cluster component is modeled by a NFW (Navarro et all, 1997) halo. Its
lensing properties are described in Wright & Brainerd (2000) and Golse & Kneihi (2002):

1 2 /1—Xx
%71 [1 Vi arctanh, /75| X <1
3 X=1

X21_1 [1 — \/XQQ_larctan,/%} X>1.

Here rg, d. and p. are the scale radius and the characteristic overdensity of the halo and the
critical density of the universe for closure at the redshift of the halo. For the spherical case,
X = T% denotes the dimensionless distance in the image plane. Following (Golse & Kneih
(P002); Halkola“ef all (2006), we introduce elliptical isopotential contours by introducing the
axis ratio ¢ = ba~! with major and minor axes a and b, respectively. X = \/x%/q+ x%q
then denotes the non—spherical extension of the spherical case above, with 1 and x5 being
the Cartesian coordinates in the major axis coordinate system. In the following we will only
consider the elliptical case, calling that the NF'W profile.

We model the cluster galaxies as Brainerd ef all (T996) with their so called BBS: The density
profile is an isothermal sphere with a “velocity dispersion” ¢ and a truncation radius ry:

Y(X) = 2rg0cpe X X (7.1)

2 2
o T

= rGr2 2 +r2’

1— (1 + ;1?2)0.5] . (7.3)

This gives an enclosed mass within a cylinder of radius R of

M(<R):722[R+rt\/R2+r§] , (7.4)

T2y

G :
where G is the gravitational constant and R the 2D-radius. For its exact lensing properties,
see Brainerd ef all (I996). Following Halkola ef all (2008), ellipticity is again introduced in the
potential in the same way as in the NF'W case. The truncation radius ry marks the transition
region from a density slope p ~ 772 to a slope of p ~ r~%. At r; the projected density is half
the value of the SIS model with the same o. For the 3D density the truncation radius is equal
to the half-mass radius of the profile, see Eliasdotfir ef all (2007); Limousin_efall (2009). For
the 2D projected density the 2D half mass radius is smaller, ry /5 9p = 0.757¢.

p(r)

(7.2)

The projected surface mass density is:
2

2GR

S(R) =

and a total mass of

Mgy = (7.5)

7.5 Galaxy scaling relations

We are likely not able to constrain galaxy halos individually. Therefore we use scaling relations
between the different galaxy halos based on the luminosity of the individual galaxies. As in
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Table 7.1: The scaling parameters for different values of §, € and a.

Field galaxies Stripped galaxies
J € % « J % a €stripped
03 02 2 06 030 1 0.30 -0.10
0.25 0.0 2 05 025 1 0.25 -0.25
025 02 28 07 0233 1 0233 -0.30

03 00 4/3 04

Halkola et _all (2006, 2007); Limousin_ef_all (2007a) we make use of the Faber-Jackson (Faber
& _Jackson, T976) relation connecting the luminosity (L) of early type galaxies with their
central stellar velocity dispersion o,y and halo velocity dispersion o:

o= o (LL)(S . (7.6)

The truncation radius is assumed to scale with luminosity as

L\“ o \/o
B (L> = (2)" (7.7)
Here, o*, L* and rf are the parameter values for a galaxy halo with reference luminosity L*.

With Mo o< o?ry (Eq.C3), we obtain for the mass luminosity relation

Mtot
L

x L€ x O_2+a/571/5 _ 0_6/5 (78)

and for the relation of the power law indices we obtain

a € 1

5—5—24-5 . (7.9)
For elliptical galaxies the scaling relations between dark matter halo mass and light, Mot /L o
L€, has a slope of about € ~ 0.2 (see e.g. Grilla’ef-all (2009); Auger et all (2010), who measure
the central My /L from strong gravitational lensing of early-type galaxies). The ratio for their
central dynamical mass and their light is very similar Mgy, /L o< LFP, with a fundamental
plane slope of epp &~ 0.2 (Bender et all, [992). The exact value depend also on the filter used
to measure the luminosity, see Barbera ef all (2011). If ¢ = 0 then the total mass to light
ratio is independent of luminosity and mass.

The values for the Faber-Jackson slope § quoted in literature depend on the wavelength range
used for the luminosity measurement and on the considered magnitude range (Nigoche-Netrd
ef_all, 2011; Focardi & Malavasi, 2012). For the B-band relation we will in the following
consider slopes between ¢ = 0.3 (Kiegler & Bender (1997)) and § = 0.25 (see also [Frifz ef all
(2009), Kormendy & Bender (2012) and Focardi & Malavasi (2012)). Therefore the scaling
between truncation radius and velocity dispersion varies between power law indices of one
and three, and the scaling between truncation radius and luminosity varies between a power
law index of 0.4 and 0.7 as can been seen from Table [I.

For halos in a dense environment, however, we expect the stripping radius to be (Merriti,
1983)

re oc M3 (7.10)
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and with Mot o< 021 we obtain « /0 = 1. The mass velocity relation is Mo o< o3. This gives
for the mass to light ratio using Eq. [(3:

7th7zﬁpped o Lestrivped o 3707 (7.11)
and thus
Estripped = 30—-1=3a—-1 . (712)

Thus, as expected for stripped halos, the power law index for the mass to light ratio as
function of light is negative and of order egtripped = —0.1 t0 €gtripped = —0.3, depending on
the value of §, see Table [l

As we will see later, we cannot distinguish the different exponents of the truncation law with
this work, but only the truncation scale. Hence we fix the values of € and §. On the one hand,
the galaxy cluster MACSJ1206.2-0847 represents a dense environment, on the other hand,
since galaxy clusters are relatively young objects, the halo stripping might not be entirely
complete. Therefore, we choose values somewhat in between field and cluster galaxies; we
take ¢ = 0 as an intermediate value for the mass-to-light ratio evolution with luminosity. For
0, e.g. Bernardi ef-all (2003H) find empirically a value of 6 = 0.25 from the Sloan Digital Sky
Survey. There are, however indications for an increase in § for fainter elliptical galaxies (see
e.g Matkovic & Guzman (2005) and references therein). To take that increase into account,
we take 6 = 0.3, as empirically derived in Rusin"ef"all (2003a) from gravitational lensing of
field elliptical galaxies and get the following equation for the truncation scaling:

4
_ (%3
Ty =T} (;) . (7.13)
This scaling relation between the velocity dispersion and truncation radius is the one adopted
in most parts of the paper. Therefore, one aim of the paper is to measure o* and .

7.6 Strong lensing model for point-like sources

A first strong lensing model for cluster MACSJ1206.2-0847 was published by Ebeling et al!
(2009), based on 2 surface brightness peaks multiply mapped into knots on the giant arc
and its counterimage. The CLASH data allowed Zitrin“ef all (2012H) to identify 12 multiply
imaged systems lensed into 52 multiple images. Distances for the lensed galaxies were inferred
from spectroscopic redshifts if available or precise photometric redshifts. In the following, we
use a parametric strong lensing model for the dark matter and we also model the cluster
members close to the strong lensing area. We describe the model input first, followed by the
results.

7.6.1 Model ingredients

For the point-like strong lensing analysis, we need two ingredients: The point-like multiple
image positions and models for the cluster scale mass distribution and the substructure as
traced by the cluster galaxies.
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Multiple image systems

We start with similar sources as Zifrin“ef_all (2012H), Table 1, but modify this selection.
In Table [ we present our multiple image identifications; their positions are given in Fig
2. The differences to (Zifrin“ef~all, 2012H) are as follows: First, we keep the systems
2,3,4,5,6,7,8,12,13 unchanged. We split the Arc system 1 into 3 subsystems at the same
redshift, labeled “la”, “1b” and “l¢”, using corresponding surface brightness peaks, see also
Fig. [I3. Since systems 2 and 3 are two brightness peaks in the same source, we replace
these systems by numbers 2b and 2c. For the systems 9 and 10, Zifrin_et all (2012H) state
an ambiguity of images 9.3, 9.4, 10.3 and 10.4. We implement these images as 10.3 and 10.4
only: First, the surface brightness distribution of 10.3 and 10.4 looks more similar to 10.1
and 10.2 than 9.1 and 9.2 and second, also the best-fit model gives a significantly better fit
to this identification of the observations than 9.3 and 9.4. Also, for these systems, we neglect
the only probable counterimages 9.5 and 10.5 of Zifrin“ef"all (20I2K). For system 11, we also
neglect the candidate images 11.1 and 11.2, keeping 11.3 to 11.5 as a triple imaged system
only. Our best fit model does indeed not predict the multiple images 11.1 and 11.2 and gives
model positions 9.5 and 10.5 6.2” and 9.5” away from the positions given in [Zifrin_ef all
(20121), respectively. However there is no certain identification possible for these images.
We use the spectroscopic redshift of image systems measured as part of the VIMOS campaign
at the VLT where these are available. Otherwise, we combine the available photometric
redshifts in Zifrin_ef all (2012H) into an error weighted mean redshift and mean error for each
multiple image system belonging to the same source. The mean redshift becomes the central
value for a Gaussian shaped redshift prior, and the mean redshift error becomes the 1o width
of this prior. This gives an approximate, more conservative estimate for the uncertainties of
the redshifts than the r.m.s.—error of the mean. Any systematic uncertainty in the photometric
redshift estimate is equally present in the estimate of each multiple image, since they have
the same color. Therefore a pure statistical error would underestimate the true uncertainty
of the photometric redshift. These photometric redshifts constraints of the multiple image
systems are used as priors in the model optimization.

For the positional uncertainty of the multiple images, we adopt a value of 0.5”. This value
is driven by line-of-sight (LOS) structure and substructure not accounted for in the lens
modeling, since the measurement error of the positions of the multiple images is usually only
a fraction of a pixel. Unllo”ef all (2010) estimate the LOS structure to produce an r.m.s.
image position scatter of ~ 1” for a cluster like A1689. Hosf (2012) estimates a relative LOS
structure deflection angle depending on the distance from the cluster center and the redshift
of the source to be 0.5” to 2.5” for typical strong lensing situations.

Cluster galaxies tracing dark matter substructure

We use the BPZ Photometric redshifts (Benited, 2000; Benifez et all, 2004; Coe et all, PO0R)
as described in Postman_ef all (2012) and spectroscopic information for this cluster (Rosati
et al, 2012, in prep), wherever available for the cluster member selection. For simplicity, we
consider as cluster members galaxies with spectroscopic redshifts between z=0.43 and 0.45;
all other galaxies with different spectroscopic redshifts are excluded.

For galaxies lacking spectroscopic redshifts we use the photometric redshift estimates and
consider all galaxies with a photometric redshift estimate between 0.39 and 0.49 and a 95 %
confidence interval width smaller than 0.5 (i.e. ¢.l.(95%)max — ¢-1.(95%)min < 0.5) as cluster
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Table 7.2: Multiple image positions

Ob.] @1 ! @21 Zinput Zmodel
ld (II) (//)
la.l | 12.85 | 19.73 1.0332 1.0332
1a.2 | 20.76 | 3.46 1.0332 1.0332
1a.3 | 19.56 | -6.79 1.0332 1.0332
1b.1 | 13.72 | 18.91 1.0332 1.0332
1b.2 | 20.71 | 4.96 1.0332 1.0332
1b.3 | 19.71 | -7.54 1.0332 1.0332
lec.l | 12.46 | 20.26 1.0332 1.0332
1c.2 | 19.56 | -5.84 1.0332 1.0332
2a.1 | -35.30 | -28.95 3.032 3.032
2a.2 | -42.15 | -14.20 3.032 3.032
2a.3 | -42.65 | 15.40 3.032 3.032
2b.1 | -33.60 | -30.95 3.032 3.032
2b.2 | -42.15 | -12.85 3.032 3.032
2b.3 | -42.30 | 14.65 3.032 3.032
2¢.1 | -34.00 | -30.45 3.032 3.032
2.2 | -42.11 | -13.15 3.032 3.032
2¢.3 | -42.30 | 14.85 3.032 3.032
4.1 | 14.37 | 12.57 2.542 2.542
42 | -6.43 | 21.42 2.542 2.542
4.3 | -15.10 | 2.74 2.542 2.542
4.4 0.62 3.63 2.542 2.542
45 | 6.36 | -39.21 2.542 2.542

5.1 | -21.60 | 17.60 | 1.73£0.173 1.59
52 | -22.30 | -2.80 | 1.73+0.173 1.59
5.3 | -6.50 | -30.45 | 1.73+£0.173 1.59
6.1 | 13.95 | 28.15 | 2.73+0.15° 1.86
6.2 22.36 | -23.50 | 2.73 +£0.153 1.86
6.3 26.25 11.30 | 2.73 +£0.15° 1.86
7.1 | -56.30 | -15.10 | 3.824+0.3° 2.90
7.2 | -55.60 | -19.30 | 3.82+0.3% 2.90
7.3 | -53.10 | -24.30 | 3.82+£0.3% | 2.90
7.4 |-56.29 | -13.62 | 3.82+0.33 2.90
7.5 | -56.61 | -12.68 | 3.82+0.33 2.90
8.1 | -2.67 | 34.72 | 5.46+0.29% | 5.03
8.2 | 23.27 | 13.86 | 5.46 +£0.29% | 5.03
8.3 | -16.33 | -0.46 | 5.46+£0.29% | 5.03
8.4 | 13.01 | -40.68 | 5.46 £0.29% | 5.03
9.1 8.95 14.05 | 1.73 £0.23° 1.64
9.2 2.40 16.55 | 1.734+0.233 1.64
10.1 | 0.35 18.95 | 1.3440.263 1.69
10.2 | 12.30 | 10.70 | 1.34 +0.263 1.69
10.3 | -5.55 | 2.00 | 1.34+0.26% | 1.69
10.4 | -2.45 2.25 | 1.344+0.263 1.69
11.3 | -10.79 | 19.02 | 1.3540.443 1.44
11.4 | -13.87 | -0.56 | 1.35 4 0.443 1.44
11.5 | 2.38 | -28.57 | 1.35+0.443 1.44
12.1 | -19.04 | 33.42 | 3.844+0.52% | 3.28
12.2 | -24.78 | -7.58 | 3.84+0.523 | 3.28
12.3 | -3.95 | -36.07 | 3.84 +£0.523 | 3.28
13.1 | -10.99 | -37.61 | 3.18 £0.99% | 2.34
13.2 | -29.83 | -1.72 | 3.18 £0.99% | 2.34
13.3 | -28.73 | 17.18 | 3.18 £0.99° | 2.34
relative to the center of the BCG at 12:06:12.134 RA (J2000) -08:48:03.35 DEC (J2000)
2spectroscopic redshift, fixed 3photometric redshift estimate, weighted mean and error
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members as well. From these cluster galaxies, we use only a subsample which fulfill 2 criteria:
First, we only use those within a 3 x 3-sized box centered on the BCG. Second, these galaxies
have to trace a sufficiently massive halo to be relevant for the lens modeling: From the galaxy
sample we pick the second brightest galaxy of this cluster, located at 12:06:15.647 RA (J2000),
-08:48:21.88 DEC (J2000) as the reference galaxy (called hereafter GR), see Fig. [

We use the F160W fluxes of the cluster members in units of GR and use Eq. [8 to scale the
velocity dispersions relative to GR. We convert the velocity dispersions in a “cosmology-free”
Einstein radius by

4o

Op = (7.14)

o2
with ¢ being the vacuum speed of light. We explicitly model only those cluster galaxies which
have an Einstein radius larger than 3% of the Einstein radius of GR. An Einstein radius of
1" corresponds to a velocity dispersion o = 186kms~!. Looking at Eq. I3 we note that we
need to measure 2 values to fully determine the halo properties: ¢* and r;. We use 2 different
sets of parameters: ry 1, for a reference o = 186kms™! which gives the value for a galaxy
with an Einstein radius of 10%, and 7 gr, which gives the truncation radius for galaxy GR
itself.

With this procedure, we obtain 92 galaxies. We take their positions, orientations and ellip-
ticities from a SEXTRACTOR (Berfin & Arnouts, 1996) run on the HST/ACS F606W band.
A list of all cluster galaxies in our model is stated in Table d. A comparison with the
HST/ACS F814W shows consistent values for the orientations and ellipticities of the cluster
members.
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Figure 7.1: The color-magnitude diagram of the selected cluster galaxy lenses. Plotted is the FA75W-F814W color
against the F814W magnitude of the galaxies. We mostly select red galaxies with similar color. Since we do not
select by galaxy color but by photometric and spectroscopic redshift, we also identify some bluer galaxies as cluster
members, which would not have been possible based on a pure red sequence cut. The typical error on the magnitude
and color is smaller than the symbol size. The color indicates the SED type of galaxies, separated in red and blue
galaxies.

With Eqs. [[8 and [T3 we now have a complete description of all cluster galaxy lenses with
only 2 free parameters, the normalizations of equations A and [CT3. Since we take L* for
GR, the only free parameters in our galaxy model are oggr, thus fully determining Eq. @
and 7y gr fully determining Eq. [T3 for ogr.? We will attribute these two parameters to
the reference galaxy GR, but we should however keep in mind that the derived parameters of
GR are due to the combined signal of all the galaxies and that it is irrelevant which galaxy
was chosen as reference. For this reference galaxy, we measure an effective radius Reg of

3However, we can equivalently use ry1 With o = 186kms ™' as the full determination of Eq. [ZI3.
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Table 7.3: Model lens input parameters and priors. Stated are the parameter, its prior type, the minimal and
maximal allowed value and the most likely and its 95 % CL error.

parameter  prior min max model result(95% c.1.)
vy uniform 0 0.4 0.201‘8:83
e, uniform  —90° 90° 25.7154°
INFW uniform —8" 8" 0.191'8:%”
YNFW uniform -8 8" 0 78J_r8:%§”
gnew  uniform 0.35 1 0.686"0 016
Onpw  uniform  —20° 44° 19.0%]2°
OpNrw  uniform 25" 200" 43.8717"
rexFw ~ uniform 50" 650" 1757337
o170 uniform 11kpc 142kpc 31f§gkpc
0GR uniform 59kms~! 395kms~! 236f§gkm8*1

Irelative to the center of the BCG at 12:06:12.134 RA (J2000) -08:48:03.35 DEC (J2000)

5kpc to 6kpce from a Sérsic, (Sérsid, [963), a de Vaucouleurs (de_Vancoulenrs, [94R) and a
de Vaucouleurs+exponential disc in the F160W and F814W filters consistently using GALFIT
(Peng et all, 2010). This effective radius agrees well with measurements (in the HST-F814W
and VLT-FORS-I-band filters) of other elliptical galaxies in various clusters of similar red-
shift, see Figure 10 in Saglia et al] (2010).

Modeling of the cluster component

We model the cluster as a NFW (Navarro ef all, 1997) halo. We have also used a non singular
isothermal elliptical (NSIE) profile for the halo, but this results in worse fits to the positions
of the multiple image systems. The best fit x? for the NFW is X2NFW = 227, while a NSIE
cluster scale halo with the same number of free parameters gives a X2NSIE = 434, for the full
model using point-like images. A similar difference for a NSIE vs NFW model has been
reported already for the stacked weak lensing signal of clusters and groups of galaxies in the
SDSS (Mandelbanm et all, 2006).

We also add external shear as a free parameter to allow for a contribution of the large scale
environment in the vicinity of the cluster.

This gives in total 6 free parameters for the NFW halo, 2 for the external shear, 2 for the
galaxy lenses, 9 for the source redshifts and 32 free parameters for the (RA,DEC) source
positions of the 16 sources. The lens model parameters and its priors are posted in Table [Z3.
We use flat priors with defined minimum and maximum values for each of the parameters.
From the multiple images, we get 104 constrains, leaving this model with 53 d.o.f.

7.6.2 Results of the point-like modeling

Putting all together, we can now reconstruct the lensing signal for this cluster. We use
the strong lensing code GLEE, a lens modeling software developed by S. H. Suyu and A.
Halkola (Suyu & Halkola, POT0; Suyu et all, 2002). This method does not only yield the
best fitting model (using either source plane or image plane minimization) but in addition
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Figure 7.2: A 110” x 100" cutout of the cluster center. The multiple image systems are labeled according to
Tab 2. We have added the critical lines for a source at the redshift of the arc (z = 1.03) in cyan and for a
source at z = 2.54 in red. The critical lines are calculated from a pixelated magnification map, enclosing the high
magnification areas of the image. The BCG and the reference galaxy GR are marked in the image. North is up and
east is left. This color composite image is made from the F435W, F606W and F814W HST/ACS filter data.
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includes a Monte Carlo Markov Chain (MCMC) sampler yielding the most likely parameters
with their confidence limits. We obtain the best—fitting cluster model by maximizing the
posterior probability distribution function. For that, the likelihood is multiplied with the
priors, see Halkola ef all (2006, 2008); Suyu & Halkola (2010). The likelihood is proportional
to ~ exp(—x?/2). The x? is calculated from the difference between the observed and the
model predicted image position:

9 | © — O |?
X =) o
i ©;

where ©; and © ; mark the model predicted and observed position of multiple image i and dg,
its input uncertainty. The MCMC sampling procedure is described in Dunkley et all (2005)
and Suyu & Halkold (P011). We get acceptance rates of typically ~ 0.25 for the MCMC, the
covariance matrix between parameters is derived from a previous run of the MCMC procedure
for the same model parameters. Convergence is achieved based on the power spectrum test
given in Dunkley et all (2003).

Results for the cluster—scale model

For the best-fit values?, we get: re1r = 23.7kpe, ogr = 246kms~!, v = 0.19, 0, = 26°,
INFW — 0.15”, YNFW — 0.74”, b/aNFW = 0.69, @NFW == 190, @E,NFW = 44.1" and T's, NFW =
174”. As explained already the external shear and the Einstein radius are given in units of
DgsD3t. The redshift estimates of the best-fit model are given in Table 2. Most of the
redshifts agree with their photometric estimates within the errors, only system 6 is a clear
outlier. The critical lines for the arc redshift and a redshift of z = 2.54 are plotted in Fig.
raw.}

In Fig. I3, we show the differences of the input and model output positions for our best-fit
model.
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Figure 7.3: The radial error dependence for the best fit model is shown in this plot. Plotted is the distance between
observed and model predicted multiple image position on the y-axis against its distance from the center of the BCG.
Overplotted are the respective median and mean of the images. The vertical dotted line marks the mean distance
of the giant arc and its counterimage to the center of the BCG. There is no radial dependence of the error visible
in this Model.

As one can see, the mean and median differences are 0.86” and 0.82”. This justifies the used
input uncertainty of 0.5”, since this is a good estimate of the reconstruction uncertainty.
The MCMC sampling provides us with estimates for the parameter uncertainties. The prob-
ability densities for the parameter estimates are shown in Fig. [4.

4The error erstimates from the MCMC sample will be discussed below
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Figure 7.4: Parameter estimates from the MCMC sampling of the parameter space. The shaded regions give the

68.3% 95.5 % and 99.7 % uncertainty areas, from dark to light gray, respectively.
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We want to discuss some of the parameters here, quoting the 95 % confidence intervals: First,
the external shear values are: v = 0.20f8:8§ and ©, = 25.73:?0. This shear can originate
from external structure present in the vicinity of the cluster or from substructure present
in the cluster, but not accounted for in the model. Indeed, the cluster mass reconstruction
map of Umefsuef all (2007) (see their Fig. 8) shows two additional structures, one in the
southeast one in the northwest of the cluster center. We take the 2D mass reconstruction
map of Umefsu et all (2017), and subtract the surface mass density of the their best—fitting
cluster NF'W-profile, leaving us with the residual mass map. We calculate the shear that these
additional masses cause in the cluster center, and obtain a values of v 5 0.13 for DgsDy l=1.
This thus explains a part of the shear present in the model. In addition there is a faint, bar
like intra—cluster—light structure in the center of MACSJ1206.2-0847, visible mostly in the
NIR, see Fig. [7A.

Figure 7.5: The center of the cluster MACSJ1206.2-0847 as observed with the F160W HST/WFC3 filter. The
faint, bar-like structure in the intra-cluster light is marked with a white box. It extends ~ 1.5 radially outwards from
the BCG to the SE. The mass associated with this ICL acts as further substructure. We use logarithmic scaling for
the fluxes in this image.

The mass associated with this light causes an additional shear. To verify this, we model this
bar as an isothermal, highly elliptical mass profile (qpa, < 0.4) with similar values for the
core and truncation radii. A best-fit total bar mass of a few times 10'2M, is sufficient to
lower the required external shear values down to the expectation® from the environment and,
at the same time, further improve the overall fit quality of the model significantly. We check
that including this intra—cluster-light bar does not change the r 1~ significantly and ignore
it for the rest of this work. A detailed study of the mass associated to the intra cluster light
is beyond the scope of this paper.

Second, the cluster—scale NF'W halo has the following most likely parameter estimates: xnrpw =
0.1970:37", ynrw = 0.78¥0 23", axpw = b/anpw = 0.68670 015, Onpw = 19.0715°, O xpw =
43.8fi:i” , Ts NFW = 175f§3” . The results regarding the cluster-scale dark matter halo are
within our expectations:

e The halo center’s position follows the same trend as the X-ray center in
(2009), i.e., the center has a slight tendency to move towards positive values of x and
y relative to the BCG center. In total, the center of mass is shifted by approximately
(0.8 +£0.3)". (2009) report a displacement of the X-ray center from the
BCG center of (1.7 4+ 0.4)” in approximately the same direction implying that these
displacements agree on a 20 level. The level of displacement between the BCG and the
dark matter halo center is comparable to (20123).

®For the bar model, we get an external shear value of v = 0.1375-3.
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e The orientation of the NF'W-major axis follows the major axis of the BCG within ~ 5°

e There is some degeneracy between the orientation of the cluster halo and the external
shear, since both can compensate each other partially. The same is true for the axis
ratio of the halo and the value of the external shear.

e For the Einstein and scale radius of the NFW halo, we get: Opnpw = 43.8ﬂ1421” ,

Ts NFW = 17538” . The total mass included within a cylinder of radius R is shown in
Fig. [[A.
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Figure 7.6: The projected mass estimates within circular apertures are shown in this figure. The black area shows
the 68 % confidence interval for the combined mass, the black solid and dashed lines show the mass contributions
for the NFW halo alone and the galaxies for the best-fit model, respectively. The small uncertainty for the mass
estimate comes from the fact that we use a parametric model, which needs to reproduce the correct Einstein radius,
therefore giving too small errors in the intermediate radii. We overplot the mass estimates from [Imetsu et all
(2012), more explicitly their NFW fit to the weak and strong lensing data in gray, their weak lensing mass estimates
alone (red area), and the Zifrin_et_all (POI12H) strong lensing estimate in blue. The mass estimate in this work
agrees in the range of ~ 4kpc to ~ 150kpc with our previous work.

Comparisons with Zifrin“et all (20128) and Umetsu et all (2002) show that we derive
the same mass estimates within 68 % c.l. in the range up to ~ 150kpc. Our errors
on the measured masses are derived from the mass distribution of 200 random cluster
models from the MCMC points. Since we use a parametric model for the lens, we only
measure the uncertainty within this parametric model, not taking into account that
different parameterizations could give similar good fits with a slightly different mass
profile, hence underestimating the true error on the radial mass profile.

e We fit a circular NFWP halo to the total azimuthally averaged mass in Fig. 8 to
estimate the concentration cogg and rs Npw from the total included mass with a least
square fit. We get a concentration of cogp = 3.7 £ 0.2 and a scale radius of rs Npw =
677 + 48kpc. When we exclude the central 70kpc from the fit, we get cogo = 3.2 and
rs NFw = 827kpc. Our radially averaged mass distribution agrees with the results of
[Imefsu_ef all (2012) in the center. Our scale radius value is an extrapolation beyond
the scales of strong lensing datapoints. Since Umefsu_ef"all (2012) do a combined

5We give the values for an overdensity of A = 200. The conversion to IImefsu et al (e12), who use
A= 132, is C132 ~v 1.20200‘
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strong and weak lensing analysis constraining the profile on a much larger scale than
our work can do, confidence intervals for these two parameters are smaller than ours
and their conclusions are much more firm. Regarding results of MACSJ1206.2-0847’s
mass—concentration relation we therefore refer the reader to the work of Imetsiief all
(2012).

Results for galaxy halos tracing the cluster—substructure

Using the F160W flux of the galaxies and scaling relations, the mass distribution of the
galaxies is described as a function of the two (free) parameters, the velocity dispersion of
GR ogr, and the normalization of the truncation radius scaling 7 1~. This truncation scale
7t,17 is not to be confused with 7 gr, which gives the truncation radius for galaxy GR and is
shown in Fig. [Z4.

R R R R R R AR R R R R AR R N AR R R AR RN
\
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Figure 7.7: Here we show the probability contours for the 2 parameters governing the profile of the GR for the
point source modeling: The truncation radius r:,cr = ¢ 17 (0r,Gr(186kms™")™1)!-333 and the velocity dispersion
of the GR og,gr. We also show the best fit for the enclosed mass within an effective radius as dashed lines, which
gives a radius of Rmass,er = 26.6kpc and a enclosed mass of M (< Rmass,et) = 7.3 £ 0.6 X 1011M@ for the GR.

For these 2 values, we get the most likely values of: ¢ gr = 41ﬁ’§kpc and ogr = 236f§gkms_1.
We apply the Faber-Jackson relation and show the velocity dispersions for all cluster members
galaxies as a histogram in Fig. [3.

Since the lenses’ impacts scale like o< 02, most of the low velocity dispersion galaxies have
a minor influence on the lensing signal. There is however a secondary effect, i.e. that the
deflection angle that a galaxy can impose on the LOS to a multiple image position depends
also on the transverse distance to it. We therefore now weight each cluster galaxy by its
deflection angle (it imposes on all multiple images) and obtain the effective velocity dispersion
histogram for the cluster members. It shows that the major impact is caused by galaxies with
velocity dispersion between 100kms~! and 200kms~! (55% of cluster galaxies light deflection

for multiple images) or 250kms~! (60%).
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Figure 7.8: The velocity dispersion distribution for the galaxy cluster MACSJ1206.2-0847 is shown here for the best
fit. Marked are the brightest cluster galaxy (BCG) and the second brightest galaxy (GR) which is used as a reference
for the Einstein radius scaling in this work. For the same galaxies, the dashed histogram gives the weighted velocity
dispersion distribution. As a weight, the mean deflection angle of a galaxy on all multiple images is used. As can
be seen, the galaxies with lower velocity dispersions get down-weighted, meaning that they contribute on a minor
level to the summed galaxies’ lensing signal. The BCG has a velocity dispersion of ~ 290kms ™" from the best fit
scaling law. This agrees with Sand et all (2004) who measure a stellar velocity dispersion of o ~ 250 £ 50kms ™!
in the central ~ 1.5" of the BCG.

For the galaxies, we get the following scaling law on a 95% CL basis:

4

re1r = 3175%kpe (m) i (7.15)
We translate the output of the MCMC sampling for the truncation radius of a galaxy with 1”
cosmology free Einstein radius into (1o and 20) confidence contours for ogr and r¢ gr and
show them in Fig. [7. If we would be able to constrain only the mass M (< Ry,) within one
scale Ry, (as it is the case for strong lensing analysis of galaxies with one multiple image or
one Einstein radius only) then the contours would extend to infinite truncation radius and
also smaller minimum value, given by Eq. [ as

GM(< R -1
o2 = ( - mass,p) Riassp + 1t — 1/R12nass,p + rtz} . (7.16)

Hence the contours in Fig. [Zd demonstrate that the degeneracy between the two free param-
eters is broken (albeit not yet completely). This implies that not only the enclosed mass at
some radius but also the gradient of the mass profile at this radius must be constrained by
the observables, i.e. there must exist a scale Rpagss p, Where the profile is best determined, i.e
where the enclosed mass is most equal for all ogr and r; gr pairs of the Chain output. We use
Eq. 73 for all MCMC sample output pairs and find this scale to be Ruagsp = 4.7”=26.6 kpc.
The enclosed mass at this scale becomes M(< Ruags,p) = 7.3 X 10111\/1@ for the most likely
ogr and t;gr pair. The curve of this constant enclosed mass is added as thick dashed line
in Fig. [Z4. As expected it traces the degeneracy in the ogr and 7, gr parameter space.

We then use Eq. [4 at this fixed enclosed mass radius and calculate the mass within
Rimass,p = 4.7" for each pair in the MCMC sample. From this distribution of enclosed masses,
we take the central 68 % as the error interval and get an enclosed mass of M (< Rmassp) =
7.34+0.6 x 1011M@ at the fixed enclosed mass radius of Riassp = 4.7". These 68% upper and
lower confidence values are plotted as dashed lines in Fig. [Z4.

Thus we conclude that our lens model is indeed not only sensitive to the total mass asso-
ciated with galaxies but also to the size of the galaxy dark matter halos. There remains a
degeneracy between halo velocity dispersion and truncation radius at a level of a factor of 2
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for the truncation radius. For the reference halo within radius Ruyassp = 4.7"=26.6 kpc the
enclosed mass is M(< Ruass,p) = 7.3 £ 0.6 x 10 M,

For galaxies with different luminosity and thus velocity dispersion and truncation radius the
radius where the mass is best known and the mass within this radius scales like Ryassp o<
ry/recr and M(< Rupass,p) o 0214/ (CARTtGR)-

To constrain the truncation scaling even further, we need to trace the lensing signal at various
galaxy distances more densely. This is achieved with the pixel by pixel image reconstruction of
the giant arc since every pixel has a different distance to the several centers of the surrounding
galaxies.

7.7 Strong lensing modeling of the full surface brightness of
the giant arc and its counterimage

We aim to further constrain the scaling relation for the truncation radius in this section. For
that, we take a different approach, reproducing the full surface brightness of the giant arc
and its counterimage. The full surface brightness not only contains information about the
deflection angle, but also about its derivative, making it a good tool to explore galactic halo
truncation in this system.

We use data from the F435W, F606W and F814W bands for the extended image reconstruc-
tion. We take different filters to minimize effects of light pollution of the surrounding galaxies.
The cluster galaxies are significantly dimmer in the F435W filter, therefore minimizing possi-
bility of galaxy light disturbing the arc light. Since the arc is already faint in this filter (The
average signal-to—noise ratio in the used cluster area is ~ 0.5), we do not consider even bluer
bands. We also include a redder filter (F606W) in which the arc but also the surrounding
galaxies become brighter. We add the F814W filter with an even brighter arc. In this filter
the systematic uncertainty from the subtraction of the surrounding galaxies’ light gets com-
parable to the noise in the arc region, hence we refrain from investigating even redder bands.
We apply GALFIT from Peng et al] (2010) to subtract the light of the surrounding galaxies
G1 to G5, see Fig. Y. For the F435W and F606 W-filter data, we fit a de Vaucouleurs profile
(de"Vaucoulenrs, [94R) as a light model to the data and subtract it. For these 2 filters, the
subtracted fluxes at the position of the arc are small compared to the intrinsic noise of the
images for these pixels, so the impact of the exact details of the subtracted galaxy’s light
model are small. This is not the case for the F814W filter, therefore we create a best-fit
de Vaucouleurs, a best-fit Sérsic (Sérsid, 1963) and a best-fit King profile for galaxies G1 to
G5. From these 3 light models, we create a mean model and subtract that from the observed
image. To account for the systematic error introduced by the light subtraction in this filter,
we add the difference of the maximum and minimum value in each pixel for this 3 models to
the error image derived before. We limit the analysis to a small region around the arc and
its counterimage for computational reasons. This masked region is shown in Fig. [9.

The region is chosen by eye based on the arc visible in the F814W filter and used in all 3
bands.

As a systematic test, we choose the region to be reconstructed also by a signal-to—noise larger
than 2 cut on the F814W frame. Before the modeled area is selected, the signal-to—noise map
is block—smoothed with a length of 7 pixels. This leads to a slightly different selection of the
modeled region. The changes introduced on the truncation law by changing the mask however
are small, as described below.
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Figure 7.9: This frame shows the used region around the giant arc and its counterimage [/.9(Bb] in this galaxy
cluster. The mask is outlined in black. The underlying image is the F814W observed image for this cluster. The
galaxies marked with G1 to G5 in Fig. have been subtracted to minimize possible contamination of the arc
light from the galaxies. One pixel corresponds to 0.05. North is up and east is left.

For the source reconstruction, we use a 9 x 9 pixel grid with a free pixel scale and source plane
position, therefore the physical size of the reconstructed source is unrestricted by the number
of source pixels. We compare different numbers of source pixels later on. For details of the
extended surface brightness reconstruction, see Suyu et all (2006); Suyu & Halkola (2010).
It uses a linear inversion method (Warren & Dyé, 2003) with curvature regularized source in
a Bayesian framework (Suyu et all, 2006). We search for the most probable solution of the
nonlinear lens mass parameters by maximizing the posterior in reconstructing the source (see,
Eq. 11 of Suyu & Halkola 2010). The lens parameter space is sampled by MCMC methods.
We tried both the curvature and gradient forms of regularization, and find that the resulting
lens parameters are insensitive to the choice of regularization.

We now concentrate on the galaxies G1 to G5 around the arc which are already subtracted
in Fig. 3. We fix all parameters (shear, cluster halo, source redshifts, galaxy parameters)
to its best-fit values from Sec. B2, and now only model galaxies G1 to G5. For the galaxies
G1, G2, G4, and G5, we allow each galaxy its own orientation and Einstein radius, keeping a
joint truncation scaling law following Eq. I3 for these galaxies. The values derived in Secs.
[(61 and [CB32, used as starting values, are stated in Table [Z4.

We do not enforce the scaling law on G3, since it is doubtable whether it is a cluster member
or not (it has a different photometric redshift and is formally not in our cluster member
catalog). Therefore G3 is modeled with 3 free parameters: its orientation, Einstein radius
and truncation radius. We obtain a best fit model using this 12 free parameters, optimizing
the F435W, F606W and F814W filter data simultaneously.

The best-fit data, model and residuals for each of the 3 filters are shown in Figs. [0, [T
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Table 7.4: Galaxies G1 to G5; results from the point-like model in Sec. B2

z LIk % qa  Op Opt rept Mg
() (") (°)  (kms™!) (kpc)
Gl 044492 21592 5996 0.79 185 12178 137> -19.46
G2 0.46+0.06° 17.846 4.499 0.68 -47.3 190135 247 -21.06
G3  0.534+0.04 20.365 1.021 0.91 -68.9 143130 1673 -
G4 043807  19.473 -3.083 0.80 255 13971 1671 -19.94
G5 0.4446%  20.862 -6.007 0.71 -74.9 104%;; 1173 -18.94
The errors give 95%c.l., derived from the respective errors in Sec. T62. Mp is measured
independently from the HST photometry, assuming a galaxy redshift of z=0.44 'relative to
the center of the BCG at 12:06:12.134 RA (J2000) -08:48:03.35 DEC (J2000)
2spectroscopic redshift 3photometric redshift estimate, 95% confidence

Table 7.5: most likely values and errors for the full surface brightness model of the arc and its counterimage

o1 C) o et
(kpc) ) (kms™')  (kpc)
Gl 4*34.2713 —15732 1307) 217
G2 —49.9708 16573 2913
2.3 1.2 1.5
G4 —1475%  143.1%77 24172
G5 —41.273% 114.973%  17.9772

Given are the 95% c.l. errors. The best fit cluster model from Sec. 62 is used as the
cluster model. !calculated for the galaxies from the scaling law

and [12.

The statistical error is estimated again using a MCMC sampling of the parameter space. The
most likely values and the errors for 7 ;» and the truncation radius for each of the galaxies
can be seen in Table [33.

The truncation for the individual galaxies is still following Eq. I3 with o* = 186kms~".
For every galaxy we give its most likely values and the 95% c.l. errors. The truncation
uncertainties for each of the galaxies are derived from the uncertainties on the Einstein radii
and the truncation scaling law. Especially by comparing Tables [ and [, we note that the
truncation scaling amplitude and the Einstein radii for the galaxies agree within the errors,
but giving tighter constraints from the extended image reconstruction. The orientations of
the galaxies in Tables [[4 and [ZA change by ~ 20 to 30°, meaning that there is a misalignment
between light and total mass for these galaxies. This misalignment value is slightly higher
than the ~ 18° found by Bolfon ef all (2008H) on isolated early type strong lensing galaxies.
Suyu & Halkola (2010) quote a misalignment of their satellite light and dark matter major
axis of about 50°. Knehe ef all (2008) show from N-body simulations that satellite halos as
a whole prefer to be radially aligned with respect to the centers of their host halos, but not
the satellites’ inner parts (which predominantly trace the light distribution). This leads to a
misalignment between light and dark matter of satellite galaxies. Our misalignment is not as
high, but nevertheless it would be worth to study how tidal effects can alter the major axis
of dark matter halos.

In Fig. I3 the observed arc (Fig. [(.13(a]) and its counterimage (Fig. [.I3(b]) are shown
in the left column and the top row of the middle column; alongside with this, the same is
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Figure 7.10: The arc and its counterimage reconstruction in the F435W filter, from left to right are shown the
data, the model and the residuals. The top row shows the counterimage, the bottom row shows the giant arc. The
levels of gray are the same in each image. For this figure, a source size of 20 x 20 pixels is used.

shown for a replacement of the arc and its counterimages with its full surface brightness
reconstruction from its best-fit models in the left column (Fig. [.I3(T)) and the bottom
row of the middle column (Fig. [.I3(e]). The angular scales are given in the figures. The
reconstructed source can also be seen in this Figure as the two panels in the middle column
(Figs. [[.I3(c)] and [I.I3(d]). It is fully lensed into the counterimage and only partly lensed into
the arc itself. There are 2 versions of the source, one with 50 x 50 pixels, giving a resolution
superior to HST/ACS and a 25 x 25 pixels source, giving the same source as it would be
observed at approximate HST/ACS resolution. Both sources show the same field of view of
0.94” in x and 1.42” in y direction, respectively.

To estimate the magnification of the counterimage, we map the masked area in Fig. [[.9(b]
(A1 = 6.3arcsec?) back into the source plane and get an area of Ay, = 1.1arcsec?. Therefore,
the magnification of the counterimage is ficounterimage = 9.8. We repeat this with the signal-
to-noise based mask mentioned above (Acy = 5.2arcsec?, Agy = O.9arcse02) and get the same
value for the magnification. Also, a direct calculation of the Jacobian matrix at the position
of the counterimage gives a similar value.

While the above statements are made for the best fit cluster model we now marginalize
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Figure 7.11: same as Figure 10, this time for the F606W filter.

over the variety of cluster distributions compatible with the observations. To estimate the
uncertainty related with the cluster model, we repeat the extended model analysis for 30
random cluster representations. These representations are taken from the MCMC sampling
calculated in Sec. 62 to estimate the error. The results are presented in Table [[3.

We see that the errors on the parameter estimates are increased compared to Table [C3 by
taking the uncertainties from the cluster model into account. For the truncation, we still get
tighter constrains than the point-like model described in Eq. I3 in Sec. 64. We get:

g 3
— 35+ 8k (7)
" P\ 186kms—1
The velocity dispersions and truncation radii for galaxies G1, G2, G4 and G5 for the different
clusters are plotted in Fig. [T4.

Tests for systematic errors

The statistical error for the truncation scaling scale in this galaxy cluster is on the order of
25%, making this method in principle a good tool to study truncation of galaxies.
We now investigate the robustness of the truncation and Einstein radii results derived in
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Figure 7.12: same as Figure 1M, this time for the F814W filter.

Sec. [70 against possible sources of systematic errors. Possible systematic effects might stem
from the treatment of the data of the filters or the frames itself, the analyzed arc region, the
number of source pixels or the forced scaling law. First, we repeat the analysis in each of
the filters individually. The results for the different filters are summarized in Table [—7: All
values agree with each other within the 95% c.l. intervals, implying that the surface brightness
distribution in different filters gives consistent results regarding the halo truncation. Since
the F435W band data have lower signal to noise for the arc than the data in the two redder
filters considered in this work, the best fit parameters for the the model using all 3 filter data
simultaneously are driven by the two redder bands.

Next, we change the investigated region around the arc based on a 20 cut of a smoothed
signal to noise map in the F814W filter. We again use the data of all three filters at the same
time. For the mask based on the signal to noise level we get slightly different but consistent
values for the truncation scale and the individual Einstein radii, see Table Za(“mask2”).
Next we use different numbers of source pixels. For the analysis, we use only the F814W
filter and the standard mask. Starting from a 8 x 8 pixel grid and going up to a 13 x 13
grid, we calculate the best fit for each model. The results are again given in Table [Za(“sr
pix”). We get a systematic uncertainty from the source pixel size comparable to the statistic
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Figure 7.13: This figure shows, from left to right: The observed arc on the left. In the middle, from top to bottom: The
observed counterimage, the reconstructed source with different resolutions and the model counterimage. On the right: The
model arc. All images are combinations of the F435W, F606W and F814W bands, respectively. On the left, the numbers
mark the multiple image input positions on the arc for the point-like model. We overplot the critical line structure in cyan
on the left for the point-like model, on the right for full surface brightness reconstruction, respectively. The critical lines are
calculated from a pixelated magnification map, the lines define regions above a absolute magnification value of 100, not taking
parity into account. For the sources, the left source ([[_I3[c]) shows the source galaxy at a 50 pixel grid, giving a better than
HST resolution, the right hand source ([/-I3{d]) shows the same source at approximate HST resolution.
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Table 7.6: most likely values and errors for the full surface brightness model of the arc and its counterimage, taking
different cluster models into account

Ty S} o Ty

(kpc) ©) (kms™")  (kpc)
Gl 4*%35+8 1.2+£206 128+£18 2247
G2 —470+£6.1 1656 30+£6
G4 9.3£17.6 1406 24+6
G5 —453+£19.1 124+13 20+4

From the MCMChain used to calculate the errors in Sec. 652, 30 random cluster
representations are drawn. The analysis outlined for the best-fit cluster model is repeated
for each of the random cluster models. The errors give the r.m.s errors on the parameters

from this different cluster models.

uncertainties for the best fit cluster model when we fix the cluster potential. We verify that
this is also true for much different numbers of source pixels. Using a 25 x 25 and 30 x 30 pixel
grid and get values consistent with the ones stated in Table [Z8. Recent spectroscopic results
indicate that G3 could be a member of the galaxy cluster. Hence we repeat the above outlined
analysis including G3 as a cluster member allowing for a free central velocity dispersion and
orientation. Doing this, there is no change in the truncation scaling or a decrease of the
errorbars.

Finally we investigate how the truncation results depend on the assumed Faber-Jackson index
6. We use § = 0.25 instead of § = 0.3, still keeping ¢ = 0. We restart the modeling
for the point-like images, fixing the global parameters and then turn again to the extended
image modeling. The corresponding truncation radii are shown in the last column of Table
[CA(“FJ,0 = 0.25”). Here, the truncation law gets:

o 2
re = 41.8kpe x (m)
The individual velocity dispersions and derived truncation radii, however agree with the ones
derived before within the errors, see Tables I8 and [Zd. This means, there is no indication for
the preferred exponent of the scaling law in this work since both scaling laws give similarly
good fits.
Our tests show that the systematic errors are smaller than the ones from the uncertainty of
the cluster potential, making our estimates robust with respect to systematic effects. Sum-
marizing we conclude that if we vary the weighting of the extended image input data (SFB in
different filters), the masking regions or modeling details as the assumed Faber Jackson index
then these changes the estimated halo sizes less than our “statistical errors” due to different
global halo models from the MCMC sample.

7.8 Discussion & conclusion

7.8.1 Lens modeling and cluster mass distribution

Using positions of multiply imaged galaxies we measured the mass distribution in the cen-
ter of MACSJ1206.2-0847 based on a parameterized model, where the smooth dark matter
was described with an elliptical NF'W-profile and the matter traced by cluster galaxies was
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Figure 7.14: The velocity dispersions and calculated truncation radii for the galaxies G1, G2, G4 and G5 for the
different cluster realizations. Each cluster representation has one entry for each galaxy. The color coding is the
following: red: G1, black: G2, green: G4, blue: G5.

described with elliptical truncated isothermal spheres. Using scaling relations between lumi-
nosity and velocity dispersion and between luminosity and truncation radius, the essential
halo parameters (velocity dispersions and truncation radii) of all dark matter halos are mod-
eled with just 2 free parameters. The best fit model reproduces the observed multiple image
positions with a mean accuracy of 0.86”. The level of the positional mismatch is in agree-
ment with expectations from unaccounted substructure or LOS contamination. For the same
cluster Zifrin_efall (2012h) get a slightly higher value of ~ 1.3” for the average imageplane
reproduction uncertainty per image.

In general the match of multiple image position seems to depend on the number of multiple
images that have been identified (Zifrin“ef all, 20T1; Richard ef all, POTOH; Limousin_ef all,
DO0R; Halkola et all, 2006). Given the number of multiple image systems a mean image plane
distance below 1” is a rather good value.

Finally we found out that the model becomes better and requires a more reasonable value for
the external shear if we account for the intra-cluster light which has an almost rectangular
shape and a major axis in the direction of the major cluster axis, indicating stripped stars.
This offers prospects to constrain the properties (e.g.. mass) of the intra cluster light compo-
nent, which is however beyond the scope of this work.

Our total mass profile agrees with that from the previous work of Zifrin et all (2012H) and
Umetsuefall (20012). Regarding values for concentration and scale radius for the total cluster
mass distribution we refer the reader to the work of Umefsu ef all (2017) since in this work
the mass profile has been constrained on much larger scale (using strong- and weak-lensing
shear and magnification information).

In addition to previous work we pay special attention to match the extended surface brightness
distribution of the giant arc and its counterimage as observed in the F435W-, the F606W-
and the F814W-filters. This helps us to constrain the velocity dispersion and truncation
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Table 7.7: Parameter estimates, systematic tests of the full surface reconstruction

F435W!  F606W' F814W!' mask2 ST pix? FJ,6 = 0.25

rear (kpe) 351753 36.0735  36.9732 356  34.9+09 41.8
a 4 47 4 4 4 2.00
0 3 3 4 3 1.3 3 3 ’
og1 (kms™!) 11572 1264717 1291703 124 12448 133
ree1 (kpe) 18.2 22.6 21.6 20.1  202+1.6 21.5
ogz (kms™!) 16175 16113 16615 164 162+ 3 165
rege  (kpe) 28.4 31.1 30.1 29.3  29.0+£0.8 32.5
ocs (kms™')  132%%F  140.7723 1419712 139 140.7+1.8 143
reca (kpe) 21.9 25.9 24.6 23.7 241406 24.7
ogs (kms™1) 117.97{% 117.9712 113472 119 1179435 116
reas  (kpe) 19.3 20.8 18.0 193 19.0+0.8 16.2

IThe errors given are the 95 % c.l. on the input parameters
2given are the r.m.s. errors We omit errors for the truncation radii of the individual galaxies
since these can be derived from the truncation law for the individual filters. We omit all
errors for the mask2 and FJ,§ = 0.25 models since these are similar to the ones stated in
Table (3.

parameters of cluster galaxy halos considerably beyond the result obtained from our point
source modeling alone. We ensured that the results are robust regarding modeling details
and regarding the exact information used from the extended light distribution of the arc.

7.8.2 Halo velocity dispersion versus Faber-Jackson relation

The amplitudes for the luminosity vs velocity dispersion scaling law (and the luminosity
vs truncation radius scaling law) were constrained without any reference to optical galaxy
properties. We obtain for the relation between the apparent AB-magnitude in the F160W/ -
filter and the halo velocity dispersion

migo.ap = —8.333log(c[kms™1]) 4+ 37.39 . (7.17)

In the above relation the value for the slope was assumed and the zeropoint determined. On
the other hand it is known from field elliptical strong lenses that multiple image systems can
be well reproduced assuming an isothermal total mass profile with an amplitude given by the
central stellar velocity dispersion. This isothermality is measured out to two Einstein radii
(Koopmans et all (2008); Grillo_ef-all (2010); Eichneref all (2017)). However, since Einstein
radii of elliptical galaxies are typically of the order of the effective radius, the mass distribu-
tion is only measured out to one effective radius with strong lensing of field elliptical galaxies.
This is the scale where the stellar mass is still dominating or at most the dark matter and
luminous matter are of the same order. The lensing derived velocity dispersion in this work
agrees also with measured stellar velocity dispersion for the BCG. Recent measurements also
indicates an agreement of the lensing derived and measured velocity dispersion for GR.

We have shown in Sec. G2 that we constrain the mass profile of our cluster galaxies most
strongly at a scale of ~ 5 effective radii. This is where dark matter dominates and thus we
now can compare the halo velocity dispersion derived from lensing with the stellar velocity
dispersion amplitude. An estimate for the stellar velocity dispersion amplitude can be ob-
tained from the Faber-Jackson relation (Faber & Jackson, [976) or the Fundamental Plane
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(Bender_ef-all, 1997).

Using the FJ-relation we proceed as follows: For all galaxies in our cluster member catalog
we fit the spectral energy distribution (SED) using their full 16-filter photometry (see Fig.
10 of Postman_ef all 2012) and assuming that they are at z = 0.44. We in this way obtain for
each cluster member the SED-type and an estimate for the restframe absolute magnitude in
the Bessel B-band, Mp (in the Vega system). We then use redshift evolution of the ellipticals
fundamental planes mass to light ratio, which we then assume to be due to aging of stellar
population (luminosity evolution). Saglia et all (2000) measured this in the EDISC sample
with cluster (and field) ellipticals and obtained an evolution of the mass to light ratio of
cluster ellipticals of Alog M/LB = —1.6 % (1 + z) which gives a flux dimming by a factor of
1.8 from z = 0.44 to z = 0. We plot the luminosity evolved absolute B-band magnitudes of
red cluster members versus their halo velocity dispersion in Fig. [ZT3.
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Figure 7.15: This Figure shows with a green line the local Faber-Jackson relation in absolute Vega B-Magnitudes
vs the central stellar velocity dispersion from Kormendy & Bender (2012). The red triangles show the absolute
B-magnitude of MACSJ1206.2 red cluster members corrected for the luminosity evolution to redshift zero by a
factor of 1.8 versus the halo velocity dispersion obtained from the lens modeling. Note that we do not model
each galaxy separately but only the amplitude of the relation for the assumed scaling law (in this case § = 0.25).
The filled yellow circles show the same galaxies for the assumed scaling law of § = 0.30. The scatter around the
& = 0.25-slope is due to the fact that the luminosity-o scaling was applied using the NIR F160W-data and not the
restframe B-magnitude obtained from the SED-fitting. The small scatter demonstrates that the SEDs of the red
galaxies are fairly uniform.

(The velocity dispersion results for the 6 = 0.3 case are shown in yellow, and those for the
0 = 0.25 case in red). We do not change the halo velocity dispersion when evolving the
cluster ellipticals to redshift zero, since at fixed stellar mass there is hardly any evolution of
the stellar velocity dispersion from redshift 0.44 to zero according to the Fig. 22 of Saglia
ef_all (20010) and we assume the same to hold also for the halo velocity dispersion. We also
draw errors of 10 % for the velocity dispersion to guide the eye, since this is the accuracy at
which we can determine the amplitude of the luminosity versus velocity dispersion scaling. In
the same Figure we added the local Faber-Jackson relation from Kormendy & Bender (201%)
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as a green line. Its slope (in our notation) is dpy = 0.273 and thus in between our assumed
0 = 0.25 (red triangles) and § = 0.3 (yellow circles) cases. Both results agree within their
errors with the Faber-Jackson relation, although the § = 0.3 case is shifted to lower velocity
dispersions at the faint end. Stars in elliptical galaxies are dynamically colder than their dark
matter halo (see Gerhard et all (2001))) and their velocity dispersion is linked to the maximum
circular halo velocity as ogtars = 0.66v5%° (at least for the sample of ellipticals investigated
in Gerhard et all (2001), see their Eq. (2)). Therefore we would expect the halo velocity
dispersion to be opalo = 1.070gtars. Our best fit halo velocity dispersions are slightly smaller
than those of the stars according to the FJ relation, but the approximate 10 percent error in
measuring the velocity dispersion amplitude makes it also compatible that the halo velocity
dispersion is a few percent larger than the stellar velocity dispersion. We would need a more
precise global cluster (to decrease the error on the halo velocity dispersions) and spectroscopic
stellar velocity dispersions for the red cluster members to measure the relation between halo
and stellar velocity dispersion more precisely.

7.8.3 Halo truncation and stripped mass fraction

The truncation radius vs velocity dispersion relation for the halo of cluster members is

re = (35 + 8kpc (7.18)

2 3

) ( 186kms—1 ) ’
from the full surface brightness reconstruction of the extended arc and its counterimage,
based on 4 nearby cluster galaxies. We get a very similar relation for the point-like modeling,
which includes all cluster members statistically. We have shown in Fig. 8 that the galaxies
contributing most strongly to our point-like halo truncation measurement have velocity dis-
persions between 100kms™! and 200kms™!. In the Eq. [ZI8 the exponent % is assumed to be
known and the amplitude is determined. As can be seen in Fig. [1G the errorbars on this
relation in the range of 100kms™' and 200kms™! are quite large, hence different exponents
for the truncation vs velocity dispersion law fit the multiple image positions equally well, as
long similar values for the actual truncation radii of the most relevant individual galaxies are
predicted. If the exponent was changed to 2 the results are still very similar for the majority
of galaxies and we get a similar fit quality. Our velocity dispersion vs truncation radius re-
lation is shown in Fig. 18 where the error intervals obtained from the point like modeling
are in red and the smaller errors for the extended SFB modeling are in blue.

Since the halo velocity dispersion is not a direct observable a more practical relation than Eq.
[[18 is to rephrase the upper equation as a function of apparent m4p 160 magnitude,

log ¢ = log(35 £ 8) — 0.16map 160 + 2.96 (7.19)

such that it gives a recipe to model the galaxy halos also for other clusters at the same
redshift. To obtain a redshift independent relation we transform Eq. [T9 to relate the
truncation radius of each galaxy directly to its absolute B-band magnitude (in Vega). We
obtain:

logry = log(35+8) —0.16Mp — 3.372 (7.20)

This equation holds for the red galaxies in Fig. [ll. We now compare our results with previous
work on the truncation of galaxies halos in clusters of galaxies: Halkola ef all (2007) do a
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Figure 7.16: This figure shows our results for the halo truncation radius vs velocity dispersion for the point source
modeling (red region marks the 68% confidence interval) and the SFB-modeling of the arc (best fit is the black line,
and the 1 sigma confidence region is shown in blue). The triangles mark constraints (and their 1 sigma errors) for
individual galaxies obtained by Donnarimma et all (2011), the star marks the result for one galaxy from Richard
st_all (PUI0A), the point is taken from Suyu & Halkola (2010). The light green and light orange marks the 1o

confidence intervals obtained from halkola for two different scaling relations, 7 ~ o and r; ~ o2, analyzed in their
work.

statistical analysis of all galaxies in the strong lensing regime of the cluster A1689. Although
they include galaxies in the modeling with (Fundamental plane and Faber-Jackson) velocity
dispersion estimates from about 300kms~! down to about 20kms™ (see Fig. 5 Halkola ef al
2006) in their sample it seems that their sensitivity for halo truncation is mostly due to
massive galaxies with a velocity dispersion of 220kms~!. This can be seen in Fig. I8 which
shows that the halo truncation size for the two parameterizations (s o o and and s o< o)
agrees for o = 220km/s galaxies where the halo size then is equal to about 65kpc with a one
sigma error of about 15kpc —20kpc. Besides this their Fig. 1 shows that their x? starts to rise
steeply only for halo sizes smaller than 30kpc. This implies that their result is in agreement
with ours.

The work of Richard ef all (010a) and Donnarnmma_ef_all (2001) allows a more direct
comparison to our results since they analyze a situation more similar to ours. Their cluster
galaxies have mostly low velocity dispersion (triangle and stars in Fig. [18) and they typically
have a projected distance to the cluster center of the order of ~ 10”.

Our median “lensing-weighted” cluster galaxy distance to the cluster center is ~ 26" (the 4
cluster members close to the arc have a distance of ~ 20” which is 6% of the virial radius of
this cluster by Umetsn et all (2012)). This means that our galaxy sample and that of Richard
et all (2010a) and Donnarumma et all (2007) is likely to have undergone a similar amount
of stripping (assuming that the central cluster density and the collapse state of their clusters
is similar to ours). The results of Richard ef all (2010a) and Donnarumma_ef all (2011) are
inserted into Fig. I8 and are in agreement with ours.

Suyu & Halkold (2010) measure the individual truncation of a satellite halo embedded in a
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group (for which we estimate a velocity dispersion of about 400kms~! to 500kms~! based on
their lensing model) where the satellite is only ~ 26kpc away in projection from the group
center. They estimate the velocity dispersion of the satellite galaxy to be around 120km/s
and have a truncation radius of only 4 — 9kpc at 95% c.l.. Their result shows that indeed
halo truncation can be severe close to centers of groups (and thus even more for clusters).
With a different method, Limousin_ef all (P2007a) measure the truncation of cluster galaxies
with weak lensing for 5 different clusters and get similar results within the errors. Pu et all
(2010) investigate 3 nearby group members using dynamical modeling. They use a common
cutoff-radius for all three galaxies with velocity dispersions between o ~ 200kms~! and o ~
300kms~!, somewhat higher than our sample. Their best-fit value is R. = 60kpc which would
agree with our measurement if we extrapolate to higher velocity dispersions.

We compare our value for the truncation radius with the half mass radius derived in Limonsin
ef-all (2009) from simulations of halo stripping in 2 numerically simulated clusters, one with
a similar virial mass as MACSJ1206.2-0847. Our galaxy G4 in Table [C@ has a truncation
radius of 24 & 6kpc and a R-band rest-frame luminosity of Lg,t ~ 3 * 1011LR,@. At this
luminosity, Limonsin-ef-all (2009) get a half mass radius of r; /5 & 20kpc for a galaxy close to
cluster center in projection, which agrees well with our result.

We can infer the amount of stripped dark matter for cluster galaxies if we compare their
truncation radii with the truncation radii of the corresponding galaxies in the field. Brimioulle
ef_all (POI3) measure a truncation radius of s = 245fgghf01(]kpc for a reference galaxy with o =
144kms~!, with red SED and in underdense environments. For the same velocity dispersion
our cluster galaxies have a truncation radius of ry = 25+ 6 kpc. Consequently the ratio for the
total halo mass in the field and in the cluster for this kind of galaxy are Mot field /Mot cluster =
13.9f3:2. In the last step we have assumed that “the velocity dispersion” (i.e. kinematics of
stars and central dark matter particles) of a halo does not change when it is stripped during
cluster infall. Models of massive galaxies Puef all (2010) indeed suggest that a change in the
halo truncation radius (as long as it happens beyond ~ 5R.g) has no detectable influence on
the stellar kinematics inside ~ 5Reg. (J. Thomas, private communication). The truncation
radius for GR is ~ 5 times higher than the effective radius of this galaxy. Romanishinl (I986)
give a relation for the absolute B-band magnitude My ~ —2.06 log Reg. This means that Reg
drops faster with fainter Mp than ry in Eq. 20, implying that the 7/ Reg rises for smaller
fluxes and hence stripping of the galaxies does also not affect the kinematics of the lower
luminosity galaxies.

The large mass loss of the cluster galaxies (close in projection to the cluster center) agrees with
results from numerical modeling of the stripping (see also introduction), which shows that
mass losses up to 90% are common for cluster galaxies close to the cluster center (Warnick
ef all (2008) ).

If we assume that all cluster galaxies considered in our model have halo masses of only 10%
of their infall mass then the total stripped mass amounts Mgripped = 5.1ﬂ:§ x 1013 Mg out
to a projected radius of ~ 100kpc. The total mass estimate at the same radius is 7.11f8:8§ X
10¥M. Within a projected radius of ~ 400kpc, the ratio of stripped to total cluster mass
gives values of 25 to 50%. This will be an upper value, since the fractional stripped galaxy
halo masses will be smaller in the outskirts. Nevertheless it implies that a significant fraction
of the smooth dark matter component in the cluster core originates from cluster members
stripped during the formation and relaxation of the cluster.
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Table 7.8: apparent magnitudes of the counterimage (Cl) and modeled source (SR)in AB

Filter| F435WF475WF606WF625WFEF775WEF814WFS850LE105WEF110WF125WF140WE160W
CI 22.20 22.14 21.73 21.52 20.92 20.76 20.39 20.25 20.06 19.93 19.81 19.72
SR 24.11 24.05 23.64 23.43 22.83 22.67 2230 2216 21.97 21.84 21.72 21.63

7.8.4 The SFB-distribution of the source of the giant arc

Since not all of the arc source is lensed into the giant arc — basically, all parts above image
1c.1 on the counterimage are outside of the caustic and therefore only imaged one time in the
counterimage and not in the arc — only the observed counterimage can be used to obtain the
source properties. The observed counterimage and the best-fit source model can be seen in
Fig. [13, both at HST resolution and better than HST resolution. Comparing the observed
counterimage and the source at HST resolution, the increase in the level of detail due to
lensing in this case can be seen. The observed counterimage (Fig. [.I3(b)) and the high
resolution delensed counterimage (Fig. [.I3(c)) reveal the magnification of the source due
to lensing. The magnification is approximately equal to ~ 5.8, this corresponds to a flux
brightening by about 2 magnitudes.

A three color representation of the counterimage in the F775W, F125W and F160W filters
and an approximately delensed version of it is shown in Fig. [TA. The filters are chosen to be
equal to the restframe B, R and I band filters. The color image suggests that the source is a
fairly inclined, spiral star-forming galaxy with a core hosting more evolved stars. Comparing
with CANDLES results (Fig.2 of Wuyts et all 2012) we conclude that the lensed galaxy is
a fairly normal redshift one galaxy. Results of the 3D-HST project indicate that about half
of the 1 < z < 1.5 galaxies have H, emission lines width with rest-frame equivalent widths
for the detected galaxies within a 104 to 1304 (kan Dokkum ef all (2017)) and that star
formation occurs inside out with H,-emission lines in the outskirts of galaxies and continuum
emission from their centers, Nelson ef all (2012). Thus it is likely that our source has emission
lines, too. This makes the galaxy an ideal target for measuring the 2D kinematics with the
ground based NIR IFUs of KMOS at the VLT.

In Table [CR, the magnitudes of the counterimage and the source are stated. The increase in
brightness due to the lensing effect makes this galaxy at z = 1.036 much easier to observe
than the unlensed source would be.
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Figure 7.17: Color images using the F775W, F125W and F160W frames, corresponding to approximate BRI
restframe colors, left is the HST observation of the counterimage; right is the unlensed source at a pixel size
observed by HST for the unlensed source. The unlensed source is convolved with a Gaussian function in each filter
representing the approximate PSF. In the source plane 1" corresponds to 8.13kpc, we gain an increase in spatial
resolution by the gravitational telescope of ~ 1/5.8. The images are false color images from the F775W, F125W

and F160W frames, respectively

Baden Wiirttemberg Stiftung. The Dark Cosmology Centre is funded by the DNRF

7.9 Galaxy lenses list

In this appendix, we present the list of derived galaxy lenses used for the strong lensing model
in Table 4. We show the position relative to the BCG, the ellipticity and orientation and
the best fit Einstein and truncation radius from the best-fit model presented in Sec. [G2.
The positions are again given relative to the BCG.

Table 7.9: Derived galaxy lenses

1

T

X y q Oq o T

G ) (kms™) (kpo)
0.000 0.000 0.59 14.6 296.3 57.8
-51.961 -18.520 0.85 28.2 235.7 42.6
52.028 -23.567 0.87 -47.1 196.6 33.4
70.454 -24.260 0.42 -78.3  191.3 32.2
79.369 -16.726 0.49 624 188.9 31.7
-75.133 -19.806 0.56 36.5 185.7 31.0
17.846  4.499 0.68 -47.3  182.3 30.2
16.918 -18.981 0.37 36.7 182.3 30.2
-19.523 -12.957 0.92 89.3 181.9 30.2
-568.427 -2.920 0.66 8.6 180.5 29.8
36.181 44.994 0.83 57.2 179.8 29.7
-27.249 52149 0.53 58.0 174.4 28.5
-25.792 57.782 0.75 56.9 167.0 26.9
60.244 -20.431 0.77 284 165.9 26.7
65.420 45.366 0.24 -70.9  159.9 25.4

Continued on next page
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x! y! q Oq o Tt
-8.492  75.149 0.76 31.2 154.6 24.3
56.269  39.858 0.67 -88.2 147.2 22.7
-78.600 -29.236 0.81 62.5 146.7 22.6
-5.413  26.620 0.86 59.3 144.0 22.1

9.396 8.386 0.69 -10.1 135.6 20.4
19473  -3.083 0.80 25.5 133.9 20.0
93.544 -8.950 0.61 -29.5 133.3 19.9
-8.863 -49.294 0.82 39.6 133.0 19.9
17.747  51.281 0.31 -6.5 130.1 19.3
-23.885 17.186 0.84 -8.0 128.2 18.9
-6.973 -48.796 0.55 -13.6  128.1 18.9
-1.892  7.503 0.67 34.0 124.3 18.2
10.517 -52.862 0.91 44.5 121.7 17.6
22.649 -53.029 094 -74 120.6 17.4

9.135 -16.001 0.56 67.1 117.3 16.8
-8.101  -1.448 0.77 -419 1164 16.6

6.194  14.554 0.75 -37.1 116.4 16.6
21.592 5996 0.79 185 115.7 16.5
59.033 14.592 0.76 54.0 114.5 16.3
-29.284 9.803 0.63 61.5 111.5 15.7
-9.271  -10.396 0.81 -52.7  111.5 15.7
67.743 5471 048 -81.6  111.2 15.6
46.041 -9.524 0.75 83.3 110.8 15.6
-13.786  79.453 0.95 13.8 109.3 15.3
-52.979 -8.875 0.83 60.4 106.9 14.8
-66.483 -38.795 0.87 38.7 105.6 14.6
52.678 -9.056 0.82 -35.2 105.4 14.6
-9.375  -2.275 0.82 -17.6  105.2 14.5
-10.290 -55.387 0.57 -2.6 104.3 14.4
-72.341 -21.512 0.71 13.0 104.0 14.3
-27.184  9.263 0.46 39.5 102.2 14.0
-1.316 22373 0.92 4.4 102.2 14.0
33.113 -24.055 0.78 27.2 100.8 13.7
-56.983 -13.861 0.79 19.6 100.5 13.7
20.862 -6.007 0.71 -74.9 98.9 13.4
77.397 -10.026 0.74 -76.1 97.9 13.2
-64.503 18.440 0.74 -66.3 97.6 13.1
-20.902 16.033 0.3 -34.5 96.0 12.9
-21.888 -34.820 0.86 16.5 93.7 12.4
-29.310 -23.851 0.82 -68.7 92.7 12.3
3.169  25.294 0.68 -1.7 92.3 12.2
-19.579  16.272 0.44 77.8 91.7 12.1
34.186 -5.002 0.54 -82.8 91.2 12.0
84.412 -3.159 0.90 67.9 89.5 11.7
-10.054 -32.007 0.92 76.0 85.3 11.0

Continued on next page
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X y q Oq g Tt
-51.558 -28.504 0.63 -35.0 85.1 10.9
-11.110 -10.114 0.56 28.8 85.0 10.9
-56.052 -46.963 0.82 -29.5 84.0 10.8
-58.147 16.382 0.91 89.8 83.3 10.6
19.309 18.352 0.54 -55.4 82.6 10.5
-62.885 19.793 0.59 59.2 81.9 10.4
44.739  40.229 0.71 -82.0 78.1 9.8
-6.185  23.563 0.69 -4.0 7.7 9.7
-47.318 20.110 0.42 5.7 77.3 9.6
-42.827 -33.806 0.61 21.9 7.2 9.6
18.023 -83.677 0.58 65.9 76.0 9.4
44.578 -39.135 0.80 -89.8 75.7 9.4
45.326  -39.482 0.76 -40.3 75.7 9.4
-54.643 12.139 0.70 -40.9 75.7 9.4
-68.528 12.943 095 38.1 75.3 9.3
-8.039 -23.346 0.70 11.6 4.7 9.2
-63.008 9.546 0.18 -374 74.0 9.1
-20.924 34.030 0.37 415 71.6 8.7
-54.231 -35.225 0.82 -35.1 70.5 8.5
-25.998 7123 0.54 33.7 68.1 8.1
-34.878 -43.036 0.49 71.2 67.7 8.1
55.964 -49.356 0.58 -83.0 64.8 7.6
28.577 28.456 0.82 0.9 64.7 7.6
26.103 -30.477 097 5.7 64.4 7.5
41.714  41.585 0.67 40.0 62.5 7.3
43.372  -11.300 0.70 -73.7 58.1 6.6
20.281 19.628 0.77 -9.3 57.2 6.5

0.946  32.097 0.77 11.2 53.1 5.8
-58.728 33.022 0.61 80.6 51.4 5.6
44.865 52.272 0.60 -11.5 45.3 4.7
55.581 -41.990 0.60 -87.2 42.8 4.4

Lrelative to the center of the BCG at 12:06:12.134 RA (J2000) -08:48:03.35 DEC (J2000)
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Chapter

Summary & outlook

Summary

I used gravitational lensing to measure properties of the studied elliptical galaxies — especially
regarding their dark matter properties.

For the inner mass profile, we study two exceptional gravitational lenses, SDSS J1538+5817
and SDSS J143044105. In both cases, the lensed background sources span a large radial
range in the lens plane, allowing us to trace the total mass distribution over 3 and 6 kpc,
respectively. For the inner mass profiles of SDSS J1538+5817 and SDSS J1430+4105 we
adopt one component singular isothermal and power—law elliptical mass profiles and calculate
best—fitting parameters and error intervals. We compare these one component mass profiles
with other reconstructed mass profiles. For SDSS J1538+-5817 we employ a non—parametric
reconstruction of the inner mass profile, showing good agreement with the parametric profile.
We reconstruct the inner mass profile of SDSS J1430+4105 using the full surface brightness
of the lensed image, again giving consistent results. Furthermore, both galaxies allow us to
disentangle luminous and dark matter from gravitational lensing alone, since the two matter
components follow different, well-motivated radial profiles. For SDSS J1538+5817 we do this
based on the observed total mass profile, and for SDSS J1430+4105 by a direct decomposition
of the observed lensing signal. Specifically, we find the following:

e In both cases the observed multiple images can be reproduced well by simple parametric
mass models for the lensing galaxy. The distance of the image positions predicted by
the model and the input image positions is on the order of the pixel scale of the input
frames, 0.05”.

e For SDSS J1538+-5817 well-constrained values are achieved for the Einstein radius of
REgin ~ 2.5kpc and an enclosed total mass within this radius of Mg, ~ 8.2 x 10101\/1@.
For SDSS J1430+4105 the values are: Rgi, ~ 6.5kpc and Mg, ~ 5.4 x 101 M.

e We derive for SDSS J1430+4105 a total stellar mass of Mgey = 8.8'3:3 x 101 M.
From Bruzual & Charlot composite stellar population models with Salpeter initial mass
function and stellar metalicity, we get a stellar mass of M, = 5.64_'(1):2 x 10 M), meaning
that the de Vaucouleurs mass agrees with a Salpeter IMF at solar metalicity. Using
the same assumption as before we get for SDSS J1538+5817 a photometric mass of
M, gin = 7.6f(1):§ X 10101\/[@ within the Einstein radius. This agrees with the lensing
derived total mass within the same radius.
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e The projected dark matter fractions within the Einstein radius are W =0.1102

and Meet Maev — (407018 for SDSS J1538+5817 and SDSS J1430+4105, respectively.

tot -

e The 3D densities for the dark matter have similar values of pgak ~ 4 X 1071\/[@kpc_3
in the center for both galaxies at radii of ~ 3kpc. At the same radius, however, the
luminous matter densities are pygm ~ 1.5 X 1081\/[@kpc_3 and prym ~ 3.5 X 108M@kpc_3
for SDSS J1538+4-5817 and SDSS J14304-4105. These values agree with values measured
for member galaxies of the local Coma cluster with dynamical methods by [Thomasef all

e The stellar mass to light ratios of both SDSS J1538+4-5117 and SDSS J1430+4105 are
determined by composite stellar population fits to the SDSS photometry. The com-
parison with lensing observed masses, combined with the observed luminosities, shows
agreement with Salpeter IMF in both cases, disfavoring a Chabrier or Kroupa IMF.

In conclusion, systems such as the ones studied in this work are ideal candidates for the study
of lensing derived enclosed masses and mass profiles. These mass profiles can be split into
approximate luminous and dark matter components, using well-motivated models for both
components. The direct decomposition of the lensing signal allows these components to be
measured for distant galaxies. A comparison of the mass of the luminous component with the
mass derived from stellar population fits to the observed photometry allows some constraints
on the IMF.

Measurements of the dark matter halo sizes of distant galaxies are rare, since dynamical
methods are not yet sensitive enough to achieve this. Hence, we rely on the gravitational
lensing signal to study truncation of elliptical galaxies in a galaxy cluster. To measure the
galaxy halo truncation in MACSJ1206.2-0847, we first build a model for the cluster mass
distribution based on the observed multiple image systems using 12 image systems with 52
multiple images recently found in this cluster. We model the sizes of the cluster galaxies
employing scaling laws based on the NIR fluxes. We can then derive the average truncation
of the galaxy halos by optimization of these scaling laws. Based on that, we reconstruct the
full surface brightness distribution of the giant arc and its counterimage in this cluster. We
model the truncation of the cluster galaxies surrounding the arc separately, giving agreeing
results for both approaches. In detail, we find:

e We get a mean distance of the model predicted multiple image positions from its input
positions of ~ 0.85”. Considering the number of multiple images, this is a good value.

e The central, projected mass profile of MACSJ1206.2-0847 can be determined using
strong gravitational lensing. We derive a mass of Mt ~ 7 x 1013M, within a radius of
100kpc, which is in good agreement with other studies of this cluster.

e We reconstruct mass profiles for the individual galaxies assuming scaling relations with
the F160W band flux of each galaxy, and keeping the normalizations of these scaling
laws as free parameters. We refer these normalizations to one reference galaxy and
calculate values of 7y gr = 41f?§kpc and ogr = 236f§gkms_1. We constrain the mass
distribution of cluster galaxies best at ~ 5 effective radii. Assuming passive luminosity
evolution for the absolute B-band luminosity of the cluster galaxies, we show that our
lensing derived velocity dispersions agree well with values given in [Kormendy & Benderl
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(2012) for local elliptical galaxies.

e We reconstruct the full surface brightness of the giant arc and its counterimage by indi-
vidually modeling the 4 cluster galaxies closest to it. For these 4 galaxies, we calculated
values for the individual velocity dispersions that agree with those previously derived
from the scaling relation. The truncation law also has a similar normalization with
slightly smaller errorbars. We derive the following truncation law for cluster members
when reconstructing the full surface brightness distribution of the arc:

4
o 3
re = (35 % 8kpo) (1o )
0= P { T36kms 1
This truncation law agrees with predictions from simulations and with other measure-
ments carried out in dense environments. Testing different exponents of the truncation
law gives agreeing results for the sizes of the individual galaxies within the error ranges,
meaning that we cannot distinguish between different exponents.

e The above stated truncation law means that large fractions of the dark matter halos of
the cluster galaxies in this cluster have been stripped from their galaxies when compared
to field galaxies of the same velocity dispersion. Again, this agrees with expectations
from simulations.

In summary, the investigated galaxies in MACSJ1206.2-0847 have shrunk significantly and
consistently, derived from both point-like modeling of all multiple image systems as well as
from the full surface brightness of the arc and its counterimage. This truncation mostly affects
the dark matter halos, since it occurs several effective radii away from the galaxies’ centers.
In particular, the results for the sizes of the galaxies in the center of this cluster at z = 0.44
agree with results derived for other clusters at lower redshifts, e.g. Abell 1689 or the Coma
cluster, indicating that truncation of cluster galaxies is already present at this redshift.

Outlook

The analyses carried out in this thesis are only performed on selected individual objects, thus
giving only limited statistical significance. Applying the performed analyses on other galaxies
and galaxy clusters with similar properties to increase the number of objects studied will be
the natural next step for this work.

For the investigation of the central matter profile, three candidates have already been detected
and preliminarily analyzed by Weidingey (?010). These candidates are: SDSS J0728+-3835,
SDSS J12504-0523 and SDSS J1630+4520. The multiple images span ranges of 0.6” to 1.6”,
and in the case of SDSS J1630+4520 up to 2.5”, meaning that physical ranges of ~ 2kpc to
~ 6kpc are covered, and in the case of SDSS J1630+4520 even up to =~ 10kpc. Hence, an
analysis similar to the one carried out in Chapter B can be performed with these galaxies,
estimating the dark and luminous matter distributions in the centers of these galaxies.

For the examination of the truncation of galaxies in galaxy clusters, again further candidates
have to be found. Ideal candidates would be well-known, well-studied clusters with tight con-
straints on the cluster potential. These constraints could stem from an abundance of multiple
image systems with known redshifts. We can expect the CLASH survey to fulfill these require-
ments due to its many photometric bands and large spectroscopic follow-up. Hence, systems
similar to MACSJ1206.2-0847 can be searched for in other clusters observed by CLASH.
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Figure 8.1: Abell 383 and MACSJ1149.6+2223: two candidates for truncation studies. On Abell 383, B-I(a], two
arcs are adjacent to cluster galaxies(marked with arrows) and can be investigated for their truncation similar to the
work shown in this thesis. For MACSJ1149.6+2223 B-I(b] the situation appears even more promising, since two of
the cluster galaxies(marked with arrows) are completely surrounded by the multiple imaged background galaxy.

Indeed two candidates emerge when inspecting the observed clusters: MACSJ1149.6+2223
and Abell 383, see Fig. B. In MACSJ1149.6+2223, a background face on spiral galaxy at
z=1.491 is lensed multiple times (Smith ef all, P009; Zitrin & Broadhnursfi, 2009), enclosing
some cluster galaxies. These enclosed cluster galaxies are ideal candidates for studies similar
to that of Chapter @. The other candidate is Abell 383, a well-studied cluster (e.g. Zifrin
ef_all (PO11)) with a similar situation to the cluster studied here, but with a less pronounced
arc.
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