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ABSTRACT

One of the most intriguing recent results in physics is the growing evidence that an unknown
energy field and an unknown kind of matter are the major components of the Universe (70%
and 30%, respectively; see e.g. Riess et al. 1998, Spergel et al. 2007). Understanding and
estimating the precise value of the energy density of the two above components, together with
measuring the Hubble constant that determines the age of the Universe, is a major goal of
modern astrophysics.

An interesting method for estimating these parameters is strong gravitational lensing of
quasars (QSOs). As shown by Refsdal (1964), Hy, €2, and 25 can be measured based on the
time delay (At) between multiply lensed images of QSOs, because At depends on Hy and on
the distances to lens and source, hence §2,,, and €25. Determination of cosmological parameters
using gravitational lensing suffers from some degeneracies, but it is based on well understood
physics and unlike distance ladder methods there are no calibration issues. Moreover, it has
an advantage over some of the leading methods (such as Type Ia SNe) in that it is a purely
cosmological approach.

In this thesis, the property of strong gravitational lensing — time delay — is extensively ex-
plored. Strong gravitational lensing, and in particular time delays, are investigated here both
theoretically and observationally. The focus is on the time delay as a cosmological and astro-
physical tool to constrain Hy, Q,,, 2a, and to measure the masses of lensing galaxies.

The first Chapter presents a historical background of gravitational lensing. It explains the
process involved in creating the theory of gravitational lenses. It shows how Newton and then
Einstein developed the concept and how Refsdal and others made it a cosmological tool. We
present in more detail how gravitational lensing influenced the history of physics by being the
first proof of Einstein’s theory of gravity. The Chapter ends by discussing the first observational
discovery of a strong gravitational lens.

The second Chapter is a theoretical introduction to the thesis divided in three Sections: grav-
itational lensing, cosmology and elliptical galaxies. In the first Section it is briefly presented how
gravitational light deflection can be derived from General Relativity. We discuss the lens poten-
tial and introduce the the basic lensing equations necessary to understand the rest of the thesis.
We also introduce the time delay effect, showing its origin and briefly describing its possible
applications. In the second Section we present some basic concepts and discoveries in Cosmol-
ogy, showing how gravitational lensing stands in this respect. The third Section is dedicated to
a specific kind of lensing galaxies. Eighty percent of gravitational lenses are elliptical galaxies,
hence this Section is a theoretical introduction to those galaxies and to their stellar dynamics.

The third Chapter is about lens modeling. All the parameters in the time-delay calculations
can be measured directly or indirectly from observations, except for the mass surface density
distribution of the lens. Therefore, some assumptions need to be introduced to model this pa-
rameter. Lens modeling is the most challenging part of the gravitational lensing analysis. In
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Abstract

this Chapter we present the two standard ways of handling lens models, parametric and non-
parametric.

In the fourth Chapter we describe observations and image deconvolution. The Chapter con-
sists of 2 Sections. In the first one we try to describe all the nuances and logistic problems arising
in long-term, frequent-sampling, optical monitoring. In the second one we focus on image de-
convolution of the obtained observations. Gravitationally lensed quasars are mostly systems
with image separation smaller than the resolution of most present-day telescopes. Hence, in
order to separate quasar images, mathematical methods are needed.

In the fifth Chapter we present optical R-band light curves of five SDSS doubly-lensed QSOs
(SDSS J0903+5028, SDSS J1001+5027, SDSS J1206+4332, SDSS J1353+1138, SDSS J1335+0118) ob-
tained from monitoring at the Nordic Optical Telescope (NOT) between 2005 September and
2077 September. We also present analytical and pixelated modeling of the observed systems.
For SDSS J1206+4332, we measured the time delay to be AT = 11612 days, which, for a singular
isothermal ellipsoid model, corresponds to a Hubble constant of 7373 km s~ Mpc~!. Simul-
taneous pixelated modeling of five other systems, for which a time delay has been previously
measured at the NOT leads to Hy = 61.57% km s~ Mpc~'. Finally, by comparing the light
curves of the two images of each system, suitably shifted by the predicted or observed time
delays, we found no evidence of microlensing variability over the course of the monitoring
period.

In the sixth Chapter we present the simultaneous analysis of 18 galaxy lenses with time delay
measurements. For each lens we derive mass maps using pixelated simultaneous modeling
with shared Hubble constant. We estimate the Hubble constant to be 65.7152 km s~ Mpc™" (for
a flat Universe with §2,,, = 0.3, 2, = 0.7). We have also selected a subsample of five relatively
isolated early type galaxies, and by simultaneous modeling with an additional constraint on
isothermality of their mass profiles we get Hy = 75.8733 km s~ 'Mpc ™.

In the seventh Chapter we show that a cosmic standard ruler can be constructed from the
joint measurement of the time delay, A7, between gravitationally lensed quasar images and
the velocity dispersion, o, of the lensing galaxy. Specifically, for a singular isothermal sphere
lens, Doy, o At/0?, where Dgy, is the angular diameter distance to the lens. Using MCMC
simulations we illustrate the constraints set in the 2,,,—Q plane from future observations.

The eight Chapter contains a summary of the achievements, and a discussion about the
meaning of the obtained results and future studies.

10



1

A BRIEF HISTORY OF GRAVITATIONAL
LENSES

ABSTRACT —

This Chapter presents a historical background of gravitational lensing. It explains the process involved
in creating the theory of gravitational lenses. It shows how Newton and then Einstein developed
the concept and how Refsdal and others made it a cosmological tool. We present in more detail how
gravitational lensing influenced the history of physics by being the first proof of Einstein’s theory of
gravity. The Chapter ends by discussing the first observational discovery of a strong gravitational lens.
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CHAPTER 1. A BRIEF HISTORY OF GRAVITATIONAL LENSES

1.1 GRAVITATIONAL LENSING BEGINNINGS

1.1.1 PHILOSOPHIAE NATURALIS PRINCIPIA MATHEMATICA

The history of gravitational lensing starts with the Philosophiae Naturalis Principia Mathematica
of Sir Isaac Newton. The Principia, a foundation of modern science, were published in 1687 and
they are a very first theory of gravity were mathematics is used to explain all kinds of motion
in the Universe, from apples falling from trees to planets orbiting around the Sun. Newton, un-
doubtedly a revolutionist in science, as a first discovered the power of abstract mathematics to
explain the physical systems that we see in experiments and observations. He understood that
by testing mathematical constructions, based on observed systems, one can draw conclusions
about the physical world. This simple but great concept had been never applied before.

Newton described in the Principia the famous three laws of motion, the law of gravitation,
various ideas on hydrostatics, sound waves, and, what is most important for this Thesis, gravi-
tational lensing.

Newton’s idea was that if light consists of particles that possess mass, then it should be
attracted by gravitational force. According to that, when a light ray is passing at a distance b
from an object with a mass M then its path is bended by the gravitation (see Fig. 1.1). The
bending angle « can be easily derived from Newton’s law of gravitation, and is given by the
formula G

a=—5 (1.1

For over 200 years, scientists saw physics through Newton’s eyes. His ideas dominated

science, until Albert Einstein challenged them.
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1.1. GRAVITATIONAL LENSING BEGINNINGS

Figure 1.1: Light deflection diagram

13



CHAPTER 1. A BRIEF HISTORY OF GRAVITATIONAL LENSES

1.1.2 EINSTEIN’S THEORY AND THE ECLIPSE

In 1916, Einstein changed the view of physics by publishing the theory of General Relativity
(GR). GR describes a completely new Universe where gravity is changing the shape of the space-
time. This theory brought new light also on gravitational lensing, since the bending of light
paths in a gravitational potential became not just a possibility but a requirement in the theory. In
the GR point of view, light does not have to possess mass for the gravity to act on it, but simply
moves on geodesic lines, which are curved in the gravitational field. Despite that newtonian
and relativistic concepts of gravitational lensing are very different, the bending angle of the
light in GR is only factor of two bigger than in Newton’s theory.

Sir Arthur Stanley Eddington, a British astrophysicist, realized that Einstein’s theory could
be tested by observing the gravitational lensing effect next to the Sun. One needs to measure
whether the bending angle of the light due to gravitational lensing is as predicted by Newton
or twice bigger, as predicted by Einstein.

When the Sun is passing in the field of view of stars, their apparent positions should be
slightly changed due to gravitational potential of the Sun, but we can not see that, simply be-
cause the Sun is too bright, the only possibility to observe this effect is during a Sun eclipse. Sun
eclipses allow us to see stars in the sky, even those close to eclipsed Sun. So, to check whether
Einstein was right, one has to measure the positions of stars close to Sun, and compare those to
where they are seen in the night sky at another time of the year when the Sun is far away from
them.

The next upcoming Sun eclipse was predicted to be in 1919 and nicely enough the Sun
during that eclipse was in front of a group of very bright stars, the Hyades. The major problem
was that the observation needed to be extremely accurate. The deflection angle predicted by
Einstein was small, 1”75.

The 1919 eclipse was visible from northern Brazil, across the Atlantic Ocean to West Africa.
Two expeditions were organized by Eddington, to prevent unexpected circumstances and as-
sure that the experiment will be performed. One was led by Eddington to the island of Principe,
and the other led by Andrew Crommelin from the Royal Observatory at Greenwich to Sobral,
in Brazil. Both expeditions encountered problems. On the day of the eclipse, 29 May 1919, Ed-
dington had bad weather but he managed to take some data, while Crommelin on the other
hand had good weather but made focusing errors of his main telescope.

After the eclipse, Eddington measured the positions of the stars that were near the eclipsed
Sun (see Fig. 1.2), and compared them with reference positions taken previously when the
Hyades were visible in the night sky. The measurements had to be incredibly accurate, not
only because the expected deflections were small but also because the images of the stars were
blurred, due to problems with the telescopes and disturbance from the solar corona.

14



1.1. GRAVITATIONAL LENSING BEGINNINGS

Figure 1.2: Principe Island, 29 May 1919. Marked on a negative photo of the 1919 solar eclipse are the positions of
stars examined in the historic test of Einstein’s theory of gravity.
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CHAPTER 1. A BRIEF HISTORY OF GRAVITATIONAL LENSES

Many contemporaneous physicists were skeptical about that measurements. According to
them, because of all the problems encountered during observations, the measurements were not
accurate enough and the measurement errors were big enough to allow for the twice smaller
newtonian result. Despite that, Eddington announced that the measurements agreed with the
predictions of Einstein’s new theory and did not support Newton’s one. Einstein became fa-
mous. However, a convincing proof of his theory came much later, after half century, when the
theory was already well known and developed.

The precision tests of various predictions of general relativity started in 1959, remarkably
succeeding in 1974 by Hulse & Taylor (1974). Hulse & Taylor (1974) using the behaviour of
binary pulsars tested predictions of general relativity and showed that GR is with a great agree-
ment with the observations.

1.2 ORIGINS OF STRONG LENSING

Currently gravitational lensing is divided into three major research subclasses, which differ
between them just with the scale. There are micro, strong and weak lensing. We call micro-
lensing the type of lensing where the lens is a compact object, a star or a planet; strong and
weak lensing, on the other hand, are kinds of lensing where the lens is a galaxy or a cluster
of galaxies. In the regime of strong lensing, the lensed object is seen as multiple image, while
in weak lensing the source objects are just magnified or demagnified. This Thesis is mostly
dedicated to strong lensing.

The concept of strong lensing comes from Zwicky (1937). He first pointed out that galaxies
are massive enough to bend the light from background sources so strong that they can be seen
as multiple images. The most acknowledged pioneer of strong lensing was Sjur Refsdal, a
Norwegian scientist, who published a remarkable series of theoretical papers discussing all
kinds of aspects of strong gravitational lensing. Refsdal (1964) as first pointed out that multiple
images of strongly lensed quasars can measure precisely the mass of the inner regions of galaxy
and they can be used to constrain the Hubble constant.

He was one of the first to describe and explore the phenomenon of the so-called time delay,
which this Thesis is focused on. This effect is based on the fact that the travel times for the light
from various images of the lensing system are unequal and if the source has some intrinsic vari-
ability it can be observed at different times in the images. Refsdal (1964) noticed that the time
delay allow measuring the Hubble constant, because the time delay is inversely proportional to
Hy.

The theory of strong lensing was studied for many decades but scientists had to wait until
1979 for observational evidence. In that year the first strongly lensed quasar, QSO 0957+561,
was discovered by Walsh et al. (1979). Today we know around 200 multiply-imaged quasars
and the list is still growing. Meanwhile gravitational lensing became one of the leading tools
in astrophysics and cosmology. GL provides one of the most accurate mass determinations of
distant objects and due to the statistics of gravitational lenses and the properties of the sys-
tems like image separation or time delays it is a competitive way of constraining cosmological
parameters.

16
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2

THEORETICAL INTRODUCTION

ABSTRACT -

This Chapter is a theoretical introduction to the thesis divided in three Sections: gravitational lensing,
cosmology and elliptical galaxies. In the first Section it is briefly presented how gravitational light
deflection can be derived from General Relativity. We discuss the lens potential and introduce the the
basic lensing equations necessary to understand the rest of the thesis. We also introduce the time delay
effect, showing its origin and briefly describing its possible applications. In the second Section we
present some basic concepts and discoveries in Cosmology, showing how gravitational lensing stands
in this respect. The third Section is dedicated to a specific kind of lensing galaxies. Eighty percent
of gravitational lenses are elliptical galaxies, hence this Section is a theoretical introduction to those
galaxies and to their stellar dynamics.

18



2.1. GRAVITATIONAL LENSING

2.1 GRAVITATIONAL LENSING

2.1.1 GRAVITATIONAL LENSING IN GENERAL RELATIVITY !

The best description of gravitational lensing we have up to now is through Einstein’s General
Relativity. According Einstein’s concept of gravitation, the presence of mass changes the shape
of the space-time. Gravitational lensing effects can be derived from Einstein’s field equations

(EFEs):
8rG

1
R/JV - iguuR + g,uuA = CTT,LLV7 (21)

where T),,, is the stress-energy tensor, R,,, is the Ricci curvature tensor, R is the scalar curvature,
guv is the metric tensor, A is the cosmological constant and G is the gravitational constant. The
cosmological term g,,, A was introduced later by Einstein to allow for a static Universe.

The EFEs describe the gravitation in terms of curvature of the space-time. The equations
determine the space-time geometry depending on the presence of mass. The solutions of these
equations are the components of the metric tensor, which can be used to calculate the trajectories
of particles or light, the geodesics lines, in the resulting geometry.

An interesting solution of Einstein’s equations for gravitational lensing is in the time depen-
dent spherically symmetric metric, this metric is the most convenient to describe the propaga-
tion of light in the vicinity of the massive object. If we consider the case where space is empty,
except for a mass M situated at r = 0, then the solution of Einstein’s field equations is:

2MG dr?

0=(1-"——)c%dt? — —————— —r*(df* + sin”® fda?). 2.2

( rc? )C 1—-2MG/re? r(d0 + sin” fda’) @2)

This is the so-called Schwarzschild solution where 6, o and r are the three spherical coordinates,
and ¢ is the time.

To calculate the bending angle we need to find the function «(r). Using the approximation

that light comes from infinity, passes next to a mass M at a distance ¢, and then goes into infinity,

we find that the bending angle is:
AMG
Einstein’s equations can be reduced to Newton’s law of gravity by using both the weak-field
approximation and the slow-motion approximation.

IThe material presented in this Section is in part based on Olesen & Ambjern (2003).
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CHAPTER 2. THEORETICAL INTRODUCTION

Figure 2.1: Schematic view of a lensed quasar.
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2.1. GRAVITATIONAL LENSING

2.1.2 BASIC LENSING EQUATIONS 2

Form the previous Section we know that the deflection angle is given by Eq. (2.3). From the
geometry of a gravitational lens system, presented in Fig. 2.1, still assuming that the lens is a
point and by applying the rule of sines and in the approximation of small angles, we can write
the lens equation:
f=0—(DLs/Ds)a(h).

As illustrated in Fig. 2.1, § gives the angular position of the images, 3 is the angular position
of the source, & is the deflection angle and Dg and Dy g are the angular diameter distances from
the observer to the source and from the lens to the source, respectively.

If we put Eq. (2.4) into Eq. (2.3) and use the geometrical relation: £ = D16, where Dy, is the
angular diameter distance from the observer to the lens, we obtain:

(2.4)

Drs AGM

B) =0 - D.Ds 20

(2.5)

This equation is showing the relation between source and images position. For the special case
where a point source is directly behind a point lens (5 = 0), due to symmetry, the image of a
source seen by an observer is a ring which angular radius given by:

[ Dis 4MQ
oEﬂ/DsDL R (2.6)

From the lens equation (2.4) we see that in the non-symmetric case of point like lens there
are always two images. The positions of the images are given by:

0, = % (,Bﬁ: \/ 32 +49§> . 2.7)

We see that the point lens produces two images, which are on the two sides of the source, one
inside the Einstein ring, the other outside.

The last relation also implies that at least one image will be magnified. Gravitational light de-
flection preserves surface brightness (Liouville’s theorem), but gravitational lensing also changes
the apparent solid angle of a source. The total flux received from a gravitationally lensed image
of a source is therefore changed in proportion to the ratio between the solid angle of the image
and the source (see Fig. 2.2). In other words, the lens is focusing the light. Magnification of the
lensed images can be described by equation:

0 56
p= |B%' (2.8)

Using Eq. (2.7) we can obtain the magnification of the two images focused by a point mass
lens:

e = [ (ﬁiﬂ | 29

2The material presented in this Section is in part based on the following sources: Schneider (2003), Meylan et al.
(2006), Wambsganss (1998).
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CHAPTER 2. THEORETICAL INTRODUCTION

Figure 2.2: Schematic view of a lensed quasar magnification.
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2.1. GRAVITATIONAL LENSING

2.1.3 LENS POTENTIAL3

In case of strong lensing, the lens is a galaxy or a group of galaxies, hence it has a three dimen-
sional distributions of matter. Even in the case of lensing by galaxy clusters, the physical size of
the lens is much smaller than the distances between observer, lens and source. The deflection
therefore is only on a very short part of the light path. This is why we use the 2D plane approx-
imation, and assume that the lens is on the so-called, lens plane. Within this approximation, the
lensing matter distribution is described by its surface density, ¥(£):

%(€) = / p(&, 2)dz, 2.10)

where ¢ is a two-dimensional vector on the lens plane and p is the three-dimensional density.
We can then calculate the dimensionless surface density or convergence:

=

K(€) = 2(E) /Ser, @.11)
where the critical surface density is

Yo = 02 DS
o 4G DLDLS.

2.12)

A useful quantity is also the effective lensing potential which is the projected potential of
the lens, that can be written in terms of the convergence as:

3
£=¢|
Using the 2D approximation one can express the deflection angle, as in Eq. (2.3), at a distance &
from the center of the lens, by summing the contribution of all the mass elements X(£)d?¢:

ag) = f/(g'i);gﬂmd%’- (2.14)

o

— (2.13)

Wé) = [ #en@)

I

2.1.4 GRAVITATIONAL LENS TIME DELAY*

If the source behind a gravitational lens is variable, then those variations will be visible in the
images. However, the images will not necessarily vary at the same time, there will be a time
delay between the two events. There are two reasons why the images do not vary at the same
time.

e Geometrical component of the time delay.
The distance to each image of the source is different. One can derive the equation of the
geometrical time delay from basic trigonometry.

o Gravitational component of the time delay.

This component of the time delay is due to the fact that the light paths of the images are
passing through different parts of lens gravitational potential. It is the so-called Shapiro

3The material presented in this Section is in part based on the following sources: Schneider (2003), Meylan et al.
(2006), Wambsganss (1998).

4The material presented in this Section is in part based on the following sources: Meylan et al. (2006), Wambsganss
(1998).
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CHAPTER 2. THEORETICAL INTRODUCTION

time delay. The gravitational part of the time-delay depends on the 2D mass density
profile in the lens, which is the main source of uncertainty on the gravitational part of the
time-delay.

The total time delay can be written as:

(1+2z1) DsDy 1(0—’7 6’)2 _ \I,(g_’) ) (2.15)

ot =
C DLS 2

It is important to notice that the distances Dy, Dg, and Dy g are complicated functions of z,
Hy, Q) and Q4 (see Eq. 2.22). Moreover lenses are not point sources, in the simplest case lenses
are elliptical galaxies, but these galaxies are located inside clusters. So real lenses include the
effects of both the galaxy and the cluster.

Time-delays can be measured from photometric monitoring of lensing images. If the source
is variable then the variability is visible in the light curves of both images at different times. The
time delay can be found from the cross correlation of the two light curves.

In principle it is also possible to compute the time-delay using parameters measured from
observations (see Eq. 2.15), although obtaining value of some parameters is often problematic.
The easiest to obtain are the positions of the lensed images d. Both the redshifts of the source
and of the lens are also needed in the calculation of the time-delay. The lens redshift comes
explicitly into the equation in the factor (1 + z1,) and the source redshift is implicitly in Dg, the
angular diameter distance to the source. Given the small separation between the lensed images
and the high luminosity contrast between the source and lens, measuring a redshift of the lens
is often observationally challenging. But, the most problematic aspect in calculating the time
delay is the lens potential (see a more detailed discussion in the Chapter 3). Finally, also the
cosmological parameters Q4, Q25; and Hj enter in the calculation of the time-delay, through the
angular diameter distances (see Eq. 2.22).

2.2 COSMOLOGY®

Cosmological parameters introduced in the previous Section are basic parameters describing
physical properties of the Universe, e.g. shape, mass, age and evolution. Modern cosmology is
manly focused on deriving their values. Knowledge of main cosmological concepts and obser-
vational facts presented in this Chapter are needed to understand their importance.

2.2.1 THEORY

e Friedmann equation.
All basic equations used in modern cosmology can be derived form Einstein’s Field Equa-
tions (see Eq. 2.1). Assuming that energy in the Universe is homogenous, perfect fluid
with density p(t) and pressure p(t), then from EFEs we can derive the equation describing
an expansion rate, known as Friedmann equation:

L\ 2 2
02— (a> _ 8rG ke (2.16)

a 32 P~ R2a?’
where H is the expansion rate of the Universe, a is a scale factor, R, the radius of curva-
ture, k is a constant which takes the values: +1, 0, -1, depending on whether the Universe

5The material presented in this Section is in part based on the following source: Olesen & Ambjern (2003).
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is closed, flat or open, respectively and p is energy density with three components, density
of matter p,,, density of A and density of radiation p,. Hence p can be written as:

p = pm + pr + pr- (2.17)

The expansion rate of the Universe includes A. We notice that Einstein’s Field Equations
originally did not have the A component. EFEs initially were describing contracting Uni-
verse, but Einstein’s preferred point of view was dynamically stable Universe, thus he
added A component just to allow for a stationary Universe. With present knowledge,
base on observational evidence, we know that A might have physical meaning. A can be
interpreted as a vacuum-energy with the equation of state:

p=—pc (2.18)

where p is the negative pressure and p is the density. Because of the negative pressure, A,
acts as an accelerator. Hence, A contributes to the expansion rate of the Universe as shown
in Friedmann equation (see Eq. 2.16). If we take second derivative of the scale factor we
see also that A accelerates the expansion:
. a e
H+H?=—-=———(p+3p). (2.19)
a 3c
e The shape of the Universe.

Other important parameter describing the Universe is curvature. The curvature of the
Universe is conventionally described by the dimensionless density parameter, given by:

o= (2.20)

Pecrit

where p is the density of the Universe and p..i; is the critical density given by:

3H?
87G’
This way of describing the Universe curvature gives three possibilities. Positive curvature,
2 > 1, corresponds to a closed Universe, negative curvature 2 < 1, corresponds to an
open Universe and ) = 1 corresponds to a flat Universe where density of a Universe is
equal to the critical density given by Eq. 2.21.

.21)

Pecrit =

As we see from Eq. 2.20 €2 is not only describing curvature but also density. This density
similarly like p from Eq. 2.17 has three components, the density of matter 2, the density
of radiation 2, and density of mentioned before vacuum-energy 25, known also as dark
energy. According to the modern knowledge, dark energy also contributes to the total
Universe density.

A present value of H is Hy and it is a present expansion rate of the Universe called Hub-
ble constant. All distances in the Universe scale with 1/Hj, thus the Hubble constant at
present time is a measure for the size of the Universe. In this thesis all distances are calcu-
lated as angular diameter distances, defined in terms of the object actual size. The angular
diameter distance is given in terms of Universe geometry €2y, 25 and Hy by the following
equation:

(2.22)

z
D= < sinn/E(z)dz,
Hoy/|1 — Qar — Q| J
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Moao ol
1= s — d (2.23)

VOt 2201 z) 22t o0

where sinn(z) is defined as sinh(x) for open, x for flat and sin(z) for closed Universe.

E(z) =

The Universe’s age is calculated using the expansion rate, and it is corrected based on
whether the Universe is accelerating or decelerating. A rapid expansion rate indicates
the Universe did not require as much time to reach its present size, and so it is younger
than if it were expanding more slowly. If the Universe is flat and composed mostly of
matter, then the age of the Universe is 2/3H and if the Universe is flat with accelerating
expansion, then the inferred age is larger than 1/ Hy.

2.2.2 OBSERVATIONAL COSMOLOGY

The simplest known model that is in general agreement with all until now observed phenom-
ena is A-cold dark matter (ACDM) model. Nowadays, this is the most popular model of the
Universe. This model is supported by the following observational facts:

e Universe is expanding — as inferred from spectral observations of galaxies by Hubble in
1929.

e The Universe is approximately flat = 1 — as inferred from cosmic microwave back-
ground (CMB) observations by Komatsu et al. (2009).

e The Universe is (most probably) accelerating — as inferred from spectral observations of
Type Ia SNe by Riess et al. (1998) and Perlmutter et al. (1999).

As we have learnt from Section 2.2.1 the three quantities (257, 2 and Hj are essential for the
description of the Universe. Here is a brief summary of recent observations setting constraints
on present values of those parameters (see also Fig. 2.3):

e The density of matter is 23 = 0.3 £ 0.1 — as inferred from large scale structure (LSS)
studies by (Peacock et al. 2001).

o The density of dark energy is 25 ~ 0.7 — as measured from Type la SNe by Riess et al.
(1998).

e The Hubble constant is Hy = 72 £ 8 km s™! Mpc~! - as measured using Cepheids by
Freedman et al. (2001).
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Figure 2.3: Constraints on Qur, Q4 from other major cosmological surveys: the cosmic microwave background
(WMAP), supernova In and cluster surveys. Credit: the Supernova Cosmology Project (http://supernova.lbl.gov/).
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Those three cosmological parameters can be also derived from GL studies because, both
lenses and sources in strong lensing systems are in cosmological distances. Various studies of
gravitationally lensed multiple imaged quasars have used the measured time delay between
the arrival times of the different images to estimate the Hubble constant Hy (e.g. Burud et al.
2000, Hjorth et al. 2002, Jakobsson et al. 20054) in it our paper Paraficz et al. (2009) included in
this thesis as Chapter 5. In that paper we have used the doubly lensed quasar SDSS J1206+4332.
We measured its time delay to be AT = 116'3 days, which, for a singular isothermal ellipsoid
model, corresponds to a Hubble constant of 7374 km s~ Mpc~!.

Due to degeneracy of H, with the mass of the lens the Hy derived from a lensed system is
not reliable. Hence, there have been also attempts to measure H using ensembles of time delay
lenses (e.g. Kochanek & Schechter 2004, Oguri 2007, Schechter 2005, Magain 2005, Saha et al.
2006, Coles 2008), again including our paper Paraficz & Hjorth (20090) enclosed in the thesis in
Chapter 6. In that paper we present a simultaneous analysis of 18 galaxy lenses with time delay
measurements. For each lens we derive mass maps using pixelated simultaneous modeling
with shared Hubble constant. We estimate the Hubble constant to be 65.7752 km s~ Mpc—!
(for a flat Universe with Q,; = 0.3, 2 = 0.7).

The total matter density, {257, and dark energy content, (2, may also be determined using
gravitational lensed quasars (see Fig. 2.4 and Fig. 2.5 ). The number statistics of lenses, as the
redshift distribution of the lensed sources, were used by Wambsganss et al. (2004) to constrain
cosmology. Simultaneous fitting for both the cosmology and the mass distribution in the lens
equation has been used by Golse & Kneib (2002). Moreover Dobke et al. (2009) showed that us-
ing parameters (time delay and image separation) measured from future surveys will constrain
tightly 2, and Q4. Figure 2.4 presents how time delays can constrain the parameter space Q2,;,
Q4 using the MCMC simulations of 125 lensing systems.

Finally, in our paper (Paraficz & Hjorth 20094), included in this thesis in Chapter 7, we show
how to efficiently constrain cosmology using strong lenses. In the paper we show that a cosmic
standard ruler can be constructed from the joint measurement of the time delay, A7, between
gravitationally lensed quasar images and the velocity dispersion, o, of the lensing galaxy. Fig-
ure 2.5 presents how combination of time delays and velocity dispersions can constrain the
parameter space €257, 24 and H, using the MCMC simulations of 20 lensing systems.
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Figure 2.4: MCMC simulations showing constraints on Qur, Q4 set by time delays of multiply lensed quasars.
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Figure 2.5: MCMC simulations showing how combination of time delay and velocity dispersion constrain Qnr,
Qa and Hy.
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2.3 ELLIPTICAL GALAXIES®

2.3.1 ELLIPTICAL GALAXIES BASICS

Elliptical galaxies are smooth, featureless galaxies with an ellipsoidal shape. Most of them are
composed of older, low-mass stars, with little interstellar medium and minimal star formation
activity. For long time it was believed that elliptical galaxies have their flattened shape due to
rotation. This theory was revised by Davies et al. (1983), who noticed that elliptical galaxies
rotate far too slowly given their apparent shapes, hence the shape must be due to anisotropy in
the velocity distribution of the stars.

Moreover, a significant fraction of ellipticals show kinematic peculiarities which point to a
violent formation process and all elliptical galaxies seem to contain a supermassive black hole.
Elliptical galaxies most likely form through the merger of smaller spiral or elliptical galaxies
(Toomre 1977). When galaxies collide, dynamical friction combined with tidal forces allowing
the galaxies to merge into an amorphous, triaxial system, an elliptical galaxy (Barnes 1988). V-
body simulations (see Fig. 2.6) of galaxy pair mergers show that merger remnants have light
profiles and kinematics similar to observed ellipticals, although the match is not perfect.

Elliptical galaxies only make up about 10% of all galaxies, but they are much more abundant
in regions of high galaxy density, especially in the centers of galaxy clusters where they make
up most of the galaxy population (Dressler 1980).

2.3.2 X-RAYS MASS ESTIMATION

The elliptical galaxies mass (but also every other galaxies and galaxies cluster mass) can be ex-
tracted from X-ray observation Humphrey & Buote (2009). Considering that a hot intra-galaxy
(or intra-cluster) gas supported against gravitation by pressure is described by the hydrostatic
equilibrium and combining this assumptions with the fact that gas at high temperatures and
low densities follows the ideal gas law then we can get the total mass inside a given radius.
Comparison between X-ray observations, simulations and GL mass estimation shows that X-
rays gives a good first order description of the average mass distribution.

The comparison between mass estimated for X-ray observations and gravitational lensing
has been done in the paper included in this Thesis in Apendix A. We have been investigating
possible discrepancy between galaxy cluster masses determined from X-ray and gravitational
lensing observations using Abell 1689. The work was based on Chandra X-ray observations and
a new weak and strong gravitational study based on a Hubble Space Telescope. Comparing
X-ray and lensing mass profiles of the regular main part only, shows no significant discrepancy
between the two methods and the obtained mass profiles are consistent over the full range
where the mass can be reconstructed from X-rays (out to ~ 1Mpc).

2.3.3 PROPERTIES OF ELLIPTICAL GALAXIES

It is possible to determine the mass profiles of ellipticals using a variety of methods, with the
analysis of stellar kinematics, from the equilibrium of their X-ray halos, and using statistics of
gravitational lenses. The results agree (within relatively large errors) and indicate that ellipticals
are surrounded by dark matter halos.

Essential for lensing is that elliptical galaxies seem to be very uniform class of galaxies that
follow strictly relations between their physical quantities. We have selected five the most inter-

The material presented in this Section is in part based on Dubinski (1998).
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esting for this thesis properties.

o Isothermality.

Several studies have shown that elliptical galaxies may be considered as approximately
isothermal (see Fig 2.7) p o r~2 (Koopmans et al. 20064, Oguri 2007, Koopmans et al.
2009, Gerhard et al. 2001). This property of elliptical galaxies is probably the most impor-
tant property for this thesis. As it is explained in Chapter 3, the strongest degeneracy in
lens modeling is degeneracy between time delays and the steepness of the mass profile.
This degeneracy causes that without change in the images position, we can change the
steepness of the mass profile, hence, the resulting Hy. Thus, if the A7 and steepness are
known (as it is in case of elliptical galaxies p o< r=2), Hy is well constrained. Although the
time delays are also influenced by other more complicated degeneracies involving details
of the shape of the lens but these effects are secondary (Saha & Williams 2006).

e De Vaucouleurs law.

The stellar density profiles of elliptical galaxies follow the de Vaucouleurs profile, which
is the most common empirical profile describing surface brightness of elliptical galaxies.
It is given by:

InI(R) = InI(0) — kR4, (2.24)

where R is the distance from the galaxy center and I is the surface brightness.

e Faber-Jackson relation.

The luminosities of elliptical galaxies are highly correlated with their velocity dispersions.
The Faber-Jackson relation is generally expressed as a power law:

L~o", (2.25)

where L is the galaxy luminosity, ¢ is the central line-of-sight velocity dispersion, and the
index n is measured to be ~ 4, but shows significant variations.

e Hansen-Moore relation.

This is a universal relation between the radial density slope a(r) defined as:

dlnp
alr) = -, (2.26)
and the velocity anisotropy 5(r) given by:
2
g
B(r)=1- U—; (2.27)

2
where p(r) is the density, and o7 and o2 are the one dimensional tangential and radial
velocity dispersions.

This relation holds for a variety of simulated systems, including elliptical galaxies.

e The fundamental plane of elliptical galaxies.

The fundamental plane (FP) was discovered independently and simultaneously by Djor-
govski & Davis (1987) and Dressler et al. (1987).

They found the plane to be given by:
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logre = 1.325log o — 0.825log (1), + constant. (2.28)

Since L = 27(I).r.>, the FP can also be expressed as a relation between L, o, and (I),, or
between r., o, and L.

This plane is well defined with low dispersion perpendicular to the plane, and a small but
significant tilt (implying small changes in the structure of ellipticals as a function of their
luminosity or mass). Djorgovski & Davis (1987) found that the thickness of the FP is given
by the size of measurement errors, and that the intrinsic scatter has therefore to be very
small. The fundamental plane is an important distance indicator for elliptical galaxies,
like the Tully-Fisher relation for spirals.
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Figure 2.6: Snapshots of the evolution of the cluster and of the bright central galaxy (BCG). Each tile is 1 Mpc
wide. The top strip shows the view perpendicular to the chain of 3 galaxies, which fall together to make the BCG.
The bottom strip shows the view looking approximately down the filament. The figure illustrate the evolution and
structure of the forming giant elliptical galaxy Dubinski (1998).
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Figure 2.7: The logarithmic density slopes of 58 SLACS early-type galaxies (thin solid curves). The filled red curve
is the joint likelihood of the ensemble average density slope (Koopmans et al. 2009).
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3

LENS MODELING

ABSTRACT -

All the parameters in the time-delay calculations can be measured directly or indirectly from observa-
tions, except for the mass surface density distribution 2(6) of the lens. Therefore, some assumptions
need to be introduced to model this parameter. Lens modeling is the most challenging part of the grav-
itational lensing analysis. In this Chapter we present the two standard ways of handling lens models,

parametric and non-parametric.
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3.1 PARAMETRIC MODELING!

The idea of parametric modeling is to create a model with a set of parameters which values
are fitted in a way to reproduce all available observables. In principle, the lens model can be
constrained from the analysis of galaxy morphology. However, lenses are mostly faint, high-
redshift galaxies that are merely, if at all, visible in observations. Hence, modeling lenses needs
to rely on indirect measurements.

Since the lenses potential bends the light path of the source, the most basic (and often the
only) observables constraining the lens model are the positions of the source images. In some
cases we may also know the time delay, and also the positions and properties (steepness of
the potential, ellipticity, position angle, velocity dispersion) of one or more lensing galaxies.
Those parameters, due to the above mentioned problem, have often the biggest uncertainties.
The flux ratios of the lensed images can in principle also constrain the lens model but they are
often affected by systematic uncertainties due to extinction within the lens galaxy, microlensing
and the effects of substructure. Flux ratios may therefore vary with time and wavelength, and
should therefore not be added as a constraint to the model.

Below, we present the two lens models that have been used in this thesis, namely singular
isothermal sphere (SIS) and ellipse (SIE). We have used in our work singular isothermal profiles,
firstly because these models have simple analytical solutions and secondly because many lenses
are actually isothermal. 80% of lenses are massive ellipticals, which have isothermal profiles.
Isothermality of elliptical galaxies has been proven by: lens statistics, stellar dynamics, and X-
ray galaxies (e.g. Fabbiano et al. 1989, Maoz & Rix 1993, Koopmans et al. 2006a, Oguri 2007,
Koopmans et al. 2009, Gerhard et al. 2001).

3.1.1 SINGULAR ISOTHERMAL SPHERE (SIS)

The simplest model for galaxy lenses is the singular isothermal sphere, which have the surface
2

mass density given by ;—é’&,where o, is the one-dimensional velocity dispersion and ¢ is the

distance from the sphere center.

3.1.2 SINGULAR ISOTHERMAL ELLIPSOID (SIE)

A circularly symmetric lens model is too much idealized to describe the properties of real lenses
like galaxies or galaxy clusters. Less unrealistic model (SIE) can be obtained by adding two more
parameters: the ellipticity and the position angle describing the orientation of the lens.

1The material presented in this section is in part based on the following sources: Meylan et al. (2006), Jullo et al.
(2007).
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3.1.3 PARAMETRIC MODELING IMPLEMENTATION

In this thesis we have used parametric modeling in the implementation of LENSTOOL created
by Jullo et al. (2007)>. LENSTOOL is software created for modeling strong lensing systems with
parametric methods which chooses models using Bayesian evidence. As an example of how
parametric modeling works we model the lensing system SDSS J1001+5027 with LENSTOOL.

In Figure 3.1 a deconvolved image (see Section 4.2) of the SDSS J1001+5027 system and the
two different models that fit to the observables are presented. We have used three observables to
constrain our models: the positions of the images and lens that are visible on the deconvolved
image, and the position angle of the lens. The position angle can also be roughly estimated
from analysis of the deconvolved image, as the mass profile of a lens tends to align to its visible
component (Keeton et al. 1998). We allow this constraint to vary within 45°. We have not used
flux ratios because of the discussed above issue.

As free parameters in our modeling we have: the lens velocity dispersion, o and the ellip-
ticity, e defined as € = (a*® — b?)/(a® + b*), where a and b are the major and minor axis.

# Type x Y 00 € 0 AT
(arcsec) (arcsec) (kms™!) (days)

Gl SIE 1.749 0.861 258 023 11° 52

Gl SIS 1.749 0.861 223 0 e 34

G2 SIS 1.629 —0.588 159 0 e 34

Table 3.1: Lens model of SDSS J1001+5027. The parameters are galaxy position, x,vy, lens velocity dispersion, oo,
ellipticity, €, position angle, 6. and time delay, At.

We have created two possible models of the lens environment of SDSS J1001+5027, both
models can reproduce the observables. In the first one, the system has only one galaxy with
elongated SIE mass profile. From Figure 3.1 we also see that the position angle, P.A., of the
model is consistent with the light distribution of the main galaxy but it is also in the direction
of the other galaxy. This leads to the conclusion that the quadruple moment might come from
the second galaxy rather then from the elongation of the main one.

In the second version of the lens model we set the main lens to be a SIS, and we add as a
constraint the position of second lens with SIS mass profile. This model also reproduces the
position of the quasar images. The results from both models are presented in Figure 3.1 and
summarized in Table 3.1. The predicted time delay of the system is 34 days based on the SIE
model and 52 days based on the double SIS model.

2http: / /www.oamp.fr/cosmology/lenstool .
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Figure 3.1: Lens model of SDSS J1001+5027. The figure shows an image of the system with over-plotted results of
lens modeling. Blue and red lines represent critical and caustic lines, respectively. The left plot present the single
SIE lens model and the right plot presents the double SIS lens model.
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3.2 DEGENERACIES

A good lens model should perfectly reproduce the observables with as little free parameters as
possible. When modeling the gravitational potential of the lensing galaxy, as constraints one
has usually only two to four quasar images and as we have shown in the previous Section, this
is obviously not enough to find a unique solution. In other words, lens models are degenerate.

Degeneracies in lens modeling have been studied in details by Saha (2000), Wucknitz (2002).
No matter the precision of the measured astrometry, photometry and time-delays, several mass
models will ray-trace the same observables. One must use techniques to break the degeneracies.

The strongest degeneracy is the so-called mass-sheet degeneracy (Gorenstein et al. 1988,
Saha 2000, Falco et al. 1985). The projected surface mass density x can be determined only up
to a degeneracy transformation £ — £ = Ax’ + (1 — X), where X is an arbitrary constant.

This means that constant mass density added to the lens model does not have to change the
position of the images because one can re-scale it and locally change its slope at the position
of the images. The observable, which is affected, is the time-delay between images, hence the
mass-sheet degeneracy is a serious problem for the determination of the Hubble constant.

Moreover we never know whether the additional constant mass density is due to elliptic-
ity of the lens itself or to intervening objects along the line of sight. Figure 3.2 illustrates this
problem. The shear can be produced by ellipticity of the main lensing galaxy, or by the nearby
galaxy cluster, however in both cases the image configuration remains unchanged. The logical
solution for this problem would be to use only isolated lenses, unluckily most lensing systems
are influenced by other galaxies. This comes from the fact that lenses are manly in the dense
regions of the cluster (see Chapter 2). A good example of that is our sample of five lensing sys-
tems from Chapter 5, three of those systems are strongly affected by clusters (see Fig 3.3). Due
to the mass-sheet degeneracy it is important to always include in the modeling all the possible
shear coming from intervening objects (Keeton et al. 2000).

The mass-sheet degeneracies can be broken in two ways. First, by measuring the mass
profile of the main lens, and the total mass of any intervening cluster along the line of sight.
This work can be done with detailed imaging, spectroscopy of all objects along the line of sight,
and/or by choosing lenses with known profile e.g. elliptical galaxies are known to be isothermal
(see Chapter 2). The second method to break the mass-sheet degeneracy is to find systems
where more than one source is at different redshifts behind the lens.
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Figure 3.2: Two ways of obtaining a given image configuration. The left panel displays a system with four images,
with an elliptical lens that introduces convergence and shear at the position of the images. On the right panel,
is shown the same image geometry and flux ratios, but the lens is now circular. The mass density of the cluster
is represented through its convergence k. The mass of the main lens is scaled with 1/(1 — k) so that the image
configuration remains the same as in the left panel: the masses in the main lens and in the cluster are degenerate.
Figure taken from Courbin (2003).
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Figure 3.3: The deconvolved images of the three systems, from left to right, B1608+656, SDSS J1004+4112 and RX
J1131-1231. These examples show lenses belonging to rich clusters.

43



CHAPTER 3. LENS MODELING

3.3 NON-PARAMETRIC MODELING?

3.3.1 NON-PARAMETRIC MODELING THEORY

The idea behind non-parametric modeling is that the effective lens potential and the deflection
equations are linear functions of the surface density. The surface density can be split into any
form in which the surface density is represented as a linear combination of density functionals
multiplied by unknown coefficients e.g. into multipoles (e.g. Trotter et al. 2000) or pixels (Saha
& Williams 2004).

The big advantage of non-parametric modeling is that it does not have all the restrictions of
parametric models. This method can find a broad range of different models all reproducing the
observables (see Fig. 3.4), thus it can evaluate systematic uncertainties of the mass reconstruc-
tion and as a consequence also the systematics in estimating the Hubble constant. Parametric
models or sets of parametric models could not provide this to such extent.

The problem is, that good model should reproduce observables with the minimum number
of parameters. Unluckily, non-parametric modeling does not always satisfy this requirement.
It is often difficult to see whether non-parametric models have a physical interpretation. Also,
it can happen that non-parametric models create extra images not seen in the observations.
Despite those concerns, pixelated modeling has been successfully used to model lenses also in
this thesis.

3.3.2 NON-PARAMETRIC MODELING IMPLEMENTATION

We have modeled various of lensing galaxies in Chapters 5 and 7 using PixeLens, created by
Saha & Williams (2004). PixeLens generates large ensembles of models which solves non-
uniqueness problem of the parametric modeling and it is designed to model several lenses
simultaneously, enforcing consistency of Hj across different time-delay lenses.

PixeLens has three main observational constraints: image positions, time-delay and images
parities. It also imposes secondary constraints based on general knowledge of galaxy mass
profiles, here are some of them:

e k> 0(see Eq. 2.11);

o if the galaxy does not appear very asymmetric, the mass profile is required to have inver-
sion symmetry;

e the density gradient anywhere must point within 45° of the lens center;

e the radial mass profile must be steeper than p oc r=0-5.

In Chapter 5, we apply PixeLens to all observed systems and compare the results to the
parametric modeling obtained with LENSTOOL. Part of such a comparison is presented in the
Fig. 3.5. We see that the potentials of the PixeLens correspond quite well to the analytical
models giving very similar, not enforced, position angle and ellipticity of modeled lenses.

3The material presented in this section is in part based on the following sources: Meylan et al. (2006), Saha &
Williams (2004).
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1

Figure 3.4: Pixelated mass models of three particularly complicated lensing systems: B1608+656, SDSS

J1004+4112 and RX J1131-1231.
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Figure 3.5: The modeling results of the three lensed quasars. Potential contours modeled by PixeLens which are
overplotted on the mass map created in analytical modeling. We see that the potentials of the PixeLens correspond
quite well to the analytical models. Form left to right we have: SDSS J1353+1138, SDSS J0903+5028 and SDSSS
J1335+0118.
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OBSERVATIONS & IMAGE
DECONVOLUTION

ABSTRACT —

In this Chapter we describe observations and image deconvolution. The Chapter consists of 2 Sections.
In the first one we try to describe all the nuances and logistic problems arising in long-term, frequent-
sampling, optical monitoring. In the second one we focus on image deconvolution of the obtained
observations. Gravitationally lensed quasars are mostly systems with image separation smaller than
the resolution of most present-day telescopes. Hence, in order to separate quasar images, mathematical
methods are needed.

48



4.1. OBSERVATIONS

4.1 OBSERVATIONS

Our main goal in the first publication of this thesis (see Chapter 5) was to estimate the time
delay for 5 lensed quasars. To do that we have carried out a series of monitoring programs,
targeting the systems listed in Table 4.1.

Name Exposure time R.A Dec. Separation (")
SDSS J1001+5027 4 min 10:01:28.61  +50:27:56.9 2.86
SDSS J1206+433 5 min 12:06:29.65  +43:32:17.6 29
SDSS J0903+502 10 min 09:03:34.19  +50:28:19.20 2.8
SDSS J1335+0118 5 min 13:35:34.79  +01:18:05.05 1.6
SDSS J1353+1138 3 min 13:53:06.33  +11:38:03.4 14

Table 4.1: Targets properties

The targets have been selected from the SDSS catalog, we have followed three criteria for
selecting the sample: at least half year visibility on the NOT night sky, image separation over
1”0 and known redshifts of both the source and the lens.

4.1.1 NOT

The observations for the paper presented in Chapter 5 were gathered from three monitoring
programs carried out at the Nordic Optical Telescope (NOT) during two years of my work as a
support astronomer.

The NOT is a 2.5-m optical telescope located at the Roque de los Muchachos in La Palma,
Spain. Five major observational techniques can be used at the NOT with 9 available instru-
ments:

e optical imaging (ALFOSC, MOSCA, StanCam and LuckyCam);

near-IR imaging (NOTCam);

optical and near-IR low-resolution spectroscopy (ALFOSC, NOTCam);

high-resolution optical spectroscopy (SOFIN, FIES);

optical polarimetry (ALFOSC, PolCor, and TurPol).

For the monitoring programs optical imaging in R-band with ALFOSC and StanCam was cho-
sen.

From a monitoring point of view, the important advantage of the NOT is its flexibility.
Thanks to the flexible scheduling, such a long and frequent monitoring program is possible,
however it did not make it easy. NOT has all sorts of possible observing modes: apart from
the standard observations, there are also service mode, technical nights, shared nights (between
two or more observers), Spanish and International guaranteed time, schools, and frequently
interruptions for target of opportunity (ToO) observations. Such a big set of observing possi-
bilities makes the telescope very attractive but also monitoring difficult to execute. Reminding
observers to execute the program, deciding when and who will execute the script, and finally
monitoring the quality and correctness of the images is in these conditions quite challenging.
We have run monitoring program with all the modes listed above, except for the Spanish and
International guaranteed time.

49



CHAPTER 4. OBSERVATIONS & IMAGE DECONVOLUTION

4.1.2 MONITORING

Since a monitoring program, compared to usual observations, lasts longer and needs to be con-
sistent and uniform throughout the monitoring period, it meets substantially more difficulties.

o Consistent and uniform sample.

When choosing targets and instruments for a long period and frequent sampling monitor-
ing one needs to plan the target visibility and availability of the instruments. Especially
for our targets, the constant usage of one (maximum two) instruments is a requirement.
As it is explained in the next Section, the time delay measurements require deconvolution
of the quasar images. For the best efficiency of the presented deconvolution algorithm
the uniform and long series of data is needed. Choosing a camera with a bigger field of
view (such as MOSCA) in principle would be better for this monitoring (more PSF and
reference stars) unfortunately, ALFOSC is chosen more frequently by the observers, hence
we used ALFOSC as the primary instrument for this program.

e Frequent sampling.

Another difficulty with gravitationally lensed quasar observations is microlensing by stars
in the lensing galaxy. Microlensing can change the results by about 0.5 — 1.0 magnitudes
and it is completely unpredictable. The disturbing effects of microlensing on sparsely
sampled light curves might interfere with the underlying long-term variations and falsify
the true time delay. Our programs were designed so that they cope with this issue by
sampling the light curves every night. Unluckily nightly sampling was not possible in the
end, and we have obtained at most a ~ 2 times per week sampling. The reason for the lost
time was ~65% bad weather, ~35% Spanish and International guaranteed time and ~5%
technical problems or observer mistakes.

e Good S/N vs short exposure time.

In three out of five studied quasars we did not detect any variability, this might be due
to actual lack of variability, however it could be also due to poor S/N ratio (min ~10
S/N of the fainter component). A compromise had to be set between achieving a good
S/N and coping with the time limits set by the NOT Observing Programmes Committee
(OPC). Including overheads, the execution time for the monitoring was 15 min. A short
exposure time may be also one of the factors why no microlensing was detected in any of
the systems.

e Long-term monitoring.
One of the major challenges in monitoring gravitationally lensed quasars is the lack of
prior knowledge of the time delay. Because the time delay is not known, one has to cal-
culate a theoretical time delay before planning the observations. Assuming that the the-
oretical prediction of the time delay for a given system is a good approximation (which
is not always the case) there is still a question as to whether the quasar will vary during
the period of monitoring and what will be the timescale and amplitude of the variations.
Quasar brightness might vary from a day up to years independently of the mass of the
black hole (Wold et al. 2007). We know that the rapid variability implies a light source at
very small distance from the black hole (Webb & Malkan 2000), while variations on long
time-scales are related to morphological changes of the jets on parsec scales or to accretion-
disk instabilities (de Vries et al. 2006). However, it is impossible to predict whether a
quasar will vary or not within a given period and timescale, which is why the success of
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each quasar monitoring is uncertain. Concluding, time-delay measurements require well-
sampled light curves with accurate photometry over a period of time substantially longer
than the predicted time delay.

The monitoring programs were built upon previous successful time delay programs (1998-2001)
which led to 5 time delays measured at the NOT.

The monitoring programs were run in three periods. During the first period (September
2005 — March 2006) the principal investigator (PI) was Andreas Jaunsen and during periods 2
(October 2006 — March 2007) and 3 (April-September 2007) I was the PI. The detectors used in
the monitoring were chosen in order to obtain the most frequent sampling and the best image
quality. Thus, we used ALFOSC (the Andalucia Faint Object Spectrograph and Camera; pixel
scale 0”189) whenever it was mounted on the telescope and StanCam (the Stand-by CCD Cam-
era, which is permanently mounted at the NOT; pixel scale 0/176), otherwise. The seeing varied
from 0”4 to 3”0 with 1”0 being the most frequent value.

o The first monitoring program in Period 33 (September 2005 — March 2006), the pilot phase,
involved monitoring of the gravitationally lensed system SDSS J0903+5028 at z = 3.6
(Johnston et al. 2003) for 10 minutes every night. This system contains two quasar images
separated by 2”8 and aligned on opposite sides of the lensing galaxy at the redshift z =
0.388 (Johnston et al. 2003).

e The second program in Period 34 (October 2006 — March 2007) involved monitoring the
three selected QSOs with NOT for 15 minutes every night. SDSS J1001+5027 and SDSS J1206+4332
together in one night for 5 minutes each, and SDSS J0903+5028 every second night for 10
minutes.

o After the first two observing seasons we decided to observe four lensed systems alter-
nately. The third observing season Period 35 (April-September 2007), was again divided
in two groups. We continued observing SDSS J1001+5027 and SDSS J1206+4332 for 5 min-
utes each every second night, alternately with two new targets, SDSS J1335+0118 (5 min)
and SDSS J1353+1138 (3 min).
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4.2 DECONVOLUTION

4.2.1 THEORETICAL DESCRIPTION

The finite size of a point source observed through a telescope has two basic origins. First, the
size of an observed image is inversely proportional to the diameter of the primary mirror of a
telescope. Second, each observed image from ground is blurred by the turbulent motion of the
Earth’s atmosphere. There is a way for improving the resolution of an image without increasing
the size of the telescope or sending it to space, namely image processing (Magain et al. 1998).

Mathematically speaking, the observed image d; is the convolution of the real light distribu-
tion f; with the so-called total blurring function or point spread function (PSF), t;;. Thus, the
image equation has the form:

N
di = tifj+m, (4.1)
j=1
where N is number of pixels on the CCD camera and n is the noise, i.e. the measured error
affecting the data.

The goal of the deconvolution is to obtain the original light f; using an image, d;, and a
PSF, t;;. Deconvolution is an inverse problem with noise, which means that it does not have
a unique solution, it is degenerate. By finding a minimum in the difference between the real
image and the mathematical model, one can choose the most probable solution. This method
can be additionally improved by putting constraints on the result, e.g. the positivity of the
signal, so that solutions with negative intensities can be rejected.

The described general deconvolution theory can have few realizations, and most of them
suffer from two basic problems: they produce artifacts in the vicinity of the objects and the
ratios of star intensities are not constant.
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5DSS |100145027

Figure 4.1: Deconvolution results of the images of three systems. Left: data image; middle: mathematical model
(deconvolved image); right: residual image, showing the difference between the real image and the mathematical
model.
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4.2.2 APPLICATION

All astronomical images obtained for this thesis (see Chapter 5) were deconvolved by use of the
"PSF controlled deconvolution" software created by Magain et al. (1998). The analysis used in
the software is based on the theory explained in the previous Section.

This algorithm optimally combines numerous data frames and produces high resolution
images. The photometry and astrometry of the point sources in the field are direct by-products
of deconvolution. Simultaneous deconvolution of several data frames with the same target
keeps point sources at the same positions but permits intensities to vary freely from one image
to another. This feature allows constructing precise light curves of strongly blurred, variable
and convolved point sources that are superimposed on a bright and complicated background,
such as lensed images.

In order to successfully deconvolve an image, a correct PFS has to be derived. The PSF
describes the shape of a star in the image, i.e. the two-dimensional profile of the intensity of a
star image. The object that is used for extracting PSF has to satisfy the following criteria: it has
to be a single point source not far from the target and must have a comparable brightness.

To check whether the final result of the deconvolution is correct one needs to inspect the
residuals. Residuals are created from subtraction of the model from the data. They visually
show the correctness of the deconvolution process, so that smaller residuals mean a better de-
convolution. In practice the resulting residual image should be flat and on average equal to 0.
The results from the deconvolution are presented in Fig. 4.1.
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RESULTS OF OPTICAL MONITORING OF 5
SDSS DOUBLE QSOS WITH THE NORDIC
OPTICAL TELESCOPE

Danuta Paraficz, Jens Hjorth and Ardis Eliasdéttir
2009, A&A, 499, 395

ABSTRACT —

We present optical R-band light curves of five SDSS double QSOs (SDSS J0903+5028, SDSS J1001+5027,
SDSS J1206+4332, SDSS [1353+1138, SDSS J1335+0118) obtained from monitoring at the Nordic
Optical Telescope (NOT) between September 2005 and September 2007. We also present analytical and
pixelated modeling of the observed systems. For SDSS J1206+4332, we measured the time delay to be
AT = 116713 days, which, for a singular isothermal ellipsoid model, corresponds to a Hubble constant
of 7373 km s ™! Mpc ™. Simultaneous pixelated modeling of five other systems for which a time delay
has now been previously measured at the NOT leads to Ho = 61.5%5 km s™' Mpc™'. Finally, by
comparing light curves of the two images of each system, suitably shifted by the predicted or observed
time-delays, we found no evidence of microlensing variability over the course of the monitoring period.
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5.1 INTRODUCTION

A gravitationally lensed quasar is a quasar (QSO) that is lensed by a massive foreground object
such as a galaxy or a group of galaxies. If the lens is close enough to the line of sight then the
quasar is strongly lensed and will be multiply imaged. Due to the different travel times for each
light path, any intrinsic variation in the quasar is observed in the images at different times. This
time difference, referred to as the time delay, can be measured by comparing the light curves
of the images. As first shown by Refsdal (1964), the Hubble constant can be determined from
the time delay provided that the mass distribution is known. Conversely, for a fixed Hubble
constant, the mass distribution of the lensing galaxy can be constrained.

Determining the Hubble constant from the time delays between light variations in multi-
ple images of gravitationally lensed QSOs is a classical application of lensing in cosmology,
but despite 25 years of effort, results remain inconclusive. This partly stems from incomplete
knowledge of the mass distribution along the light path to the QSO and partly from the per-
turbing effects of microlensing on sparsely sampled light curves of the underlying long-term
variations.

To address these issues, we have conducted a monitoring program at the Nordic Optical
Telescope (NOT) with the aim of obtaining densely sampled light curves of five lensing systems
(SDSS J0903+5028, SDSS J1001+5027, SDSS J1206+4332, SDSS J1353+1138, SDSS J1335+0118).
Dense sampling is required to quantify the effects of microlensing (Paczynski 1986, Schild 1996,
Paraficz et al. 2006) and to maximize chances of determining a time delay from a relatively short
monitoring campaign.

Estimating the Hubble constant using time delay measurements is strongly dependent on
the underlying mass distribution and hence the choice of lens model (Oguri 2007). Two dif-
ferent approaches to modeling lenses are commonly used. The first one, the non-parametric
method (Saha & Williams 1997), generates many models that perfectly fit the data, each of them
giving a different time delay which can be then averaged. For the second method, the analyti-
cal method(Keeton 2001), one assumes physical properties of the mass distribution of the lens.
Comparison of the two approaches gives a useful indication of the systematic errors in e.g. the
Hubble constant determined this way.

Luckily, it seems that simple lens models are very good first approximations of the real
mass distributions of lenses (Koopmans et al. 2006a). Therefore we chose to use the singular
isothermal potential to analytically model all the lenses we observe.

In this paper we present the results of a monitoring campaign at the NOT of 5 doubly lensed
quasars. We measured the time delay of one of the lensing systems, SDSS J1206+4332, by ana-
lyzing light curves of the two quasar images obtained from six months of monitoring, thereby
demonstrating the feasibility of short-term monitoring for time-delay measurement. Based on
our measurement of the time delay and 5 other time-delay measurements previously obtained
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at the NOT, we estimated the Hubble constant.

Section 2 describes the details of our monitoring campaign and Sect. 3 introduces the ob-
served targets. The photometric technique based on image deconvolution is described in Sect.
4 and the light curves of all 5 targets are presented in Sect. 5. In Sect. 6 the time delay of SDSS
J1206+4332 is determined. In Sect. 7 we perform a microlensing search in the 5 quasar light
curves and estimate upper limits to the microlensing signal. In Sect. 8 we perform analytical
and pixeleted modeling. Section 9 is devoted to simultaneous modeling of 5 NOT-determined
time delay systems with the aim of a joint Hubble constant estimate. In Sect. 10 we discuss the
results.

In the paper we use a flat ACDM Universe, Q,, = 0.3 and Q4 = 0.7.

5.2 OBSERVATION

The observations were gathered from monitoring programs carried out in the periods September—
March 2005/2006, October-March 2006/2007 and April-September 2007 at the Nordic Optical
Telescope (NOT); a 2.5-m telescope located at Roque de los Muchachos in La Palma, Spain. The
advantage of this telescope is its fairly flexible scheduling, which made almost nightly moni-
toring possible. Our targets were observed every night under all three operative modes at the
NOT: observer, service and technical. However there were severe obstacles preventing frequent
sampling: bad weather, Guaranteed Time programs at the NOT and sensitivity of the deconvo-
lution software to imperfectness of the data.

The detectors used in the monitoring were chosen in order to obtain the most frequent sam-
pling and the best image quality. Thus, we used ALFOSC (The Andalucia Faint Object Spectro-
graph and Camera; pixel scale 0”189) whenever it was mounted on the telescope and StanCam
(the Stand-by CCD Camera, which is permanently mounted at the NOT; pixel scale 0”176),
otherwise. The seeing varied from 0”4 to 3”0 with 1”70 being the most frequent value.

We observed the objects in the R band, only. The pilot phase of the program involved mon-
itoring of a gravitationally lensed system SDSS J0903+5028 at z = 3.6 (Johnston et al. 2003) for
10 minutes every night. This system contains two quasar images (see Table 5.3.1) separated by
2’8 and aligned on opposite sides of the lensing galaxy at the redshift z = 0.388 (Johnston et al.
2003).

After the first observing season we decided to observe three lensed systems alternately,
SDSS J1001+5027 and SDSS J1206+4332 together in one night for 5 minutes each, and SDSS J0903+5028
every second night for 10 minutes. The third observing season was again divided in two groups.
We continued observing SDSS J1001+5027 and SDSS J1206+4332 for 5 minutes each every sec-
ond night, alternately with two new targets, SDSS J1335+0118 (5 min) and SDSS J1353+1138 (3
min). The exposure times were chosen so that the signal-to-noise ratio of the fainter component
of each system would be above 10. Finding charts of all the targets are presented in Figures 5.1
to 5.5.

One of the major challenges in monitoring gravitationally lensed quasars is the lack of prior
knowledge of time delay. Thus, time-delay measurements require well-sampled light curves
with accurate photometry over a period of time substantially longer than the time delay. Be-
cause the time delay is not known, one has to calculate a theoretical time delay before planning
the observations.

Assuming that the theoretical prediction of the time delay for a given system is a good
approximation (which is not always the case) there is still a question as to whether the quasar
will vary during the period of monitoring and what will be the timescale and amplitude of the

58



5.3. TARGETS

variations. Quasar brightness might vary from a day up to years independently of the mass of
the black hole (Wold et al. 2007). We know that the rapid variability implies a light source at very
small distance from the black hole (Webb & Malkan 2000), while variations on long time-scales
are related to morphological changes of jets on parsec scales or to accretion-disk instabilities (de
Vries et al. 2006). However, it is impossible to predict whether a quasar will vary or not within
a given period and timescale, which is why the success of each quasar monitoring is uncertain.

Another difficulty with gravitationally lensed quasar observations is microlensing by stars
in the lensing galaxy. Microlensing can change the results by about 0.5 — 1.0 magnitudes and it
is completely unpredictable (Chang & Refsdal 1979).

Thus, in order to get a time delay one has to monitor quasars with high sampling, so that
events like microlensing can be extracted from the quasar variability in further analysis. Our
monitoring program was designed to minimize this problem.

Observation planning, monitoring supervision and image reduction was made by the first
author during her stay at the NOT. Data reduction was performed using IRAF reduction utili-
ties.

5.3 TARGETS

The individual targets observed are introduced below. The astrometry and redshifts of the
quasars images and the lenses are summarized in Table 5.3.1.

5.3.1 SDSSJ0903+5028

SDSS J0903+5028, a doubly lensed quasar system, was discovered from the Sloan Digital Sky
Survey by Johnston et al. (2003). Using the ARC 3.5 meter telescope it was found that the system
has two quasar images separated by 2”8 with the lens, a red galaxy (z = 0.388), in between.
Spectroscopic follow up observation at the Keck 1II telescope proved that the two objects are
the images of one quasar at = = 3.6. Johnston et al. (2003) concluded that other galaxies in
the vicinity of the lensing galaxy might be gravitationally bound with the lens, adding external
shear to the lensed system.
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Figure 5.1: Finding chart of the system SDSS J0903+5028. The reference star (S1) and the star used to model the
PSF are indicated.
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Figure 5.2: Finding chart of the system SDSS J1001+5027. The reference star (S1) and the star used to model the
PSF are indicated.
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Figure 5.3: Finding chart of the system SDSS J1206+4332. The reference star (S1) and the star used to model the
PSF are indicated.

62



5.3. TARGETS

SDSS J0903+5028
Object R.A. (J2000.0) Dec. (J2000.0) z
(h:m:s) (d:m:s)
A 09 03 35.13 +50 28 20.21 3.6
B 09 03 34.88 +50 28 18.75 3.6
G 09 03 34.93 +50 28 19.53 0.388
SDSS J1001+5027
Object R.A. (J2000.0) Dec. (J2000.0) z
(h:m:s) (d:m:s)
A 1001 28.61 +50 27 56.9 1.838
B 10 01 28.35 +50 27 58.5 1.838
X y z
(arcsec) (arcsec)
Gl 1.779 + 0.049 0.857+0.123 0.2<2z<0.5
G2 1.795 + 0.088 —0.700 £ 0.053 0.2<z<0.5
SDSS J1206+4332
Object R.A. (J2000.0) Dec. (J2000.0) z
(h:m:s) (d:m:s)
A 12 06 29.65 +43 32 17.6 1.789
B 12 06 29.65 +43 32 20.6 1.789
X y z
(arcsec) (arcsec)
Gl —0.664 £ 0.137 1.748 £ 0.028 0.748
G2 1.320 £ 0.147 5.999 £ 0.148 >0.7
G3 +2.052 £ 0.200 2.397 £ 0.152 blue
SDSS J1335+0118
X y z
(arcsec) (arcsec)
A 0.000 £ 0.001 0.000 £ 0.001 1.57
B —1.038 £0.002  —1.165+0.002 1.57
G —0.769 £0.011  —0.757 £ 0.011 0.44
SDSS J1353+1138
R.A. (J2000.0) Decl. (J2000.0) z
(h:m:s) (d:m:s)
A 13 53 06.35 +11 38 04.81 1.63
B 13 53 06.08 +11 38 01.43 1.63
G 13 35 06.10 +11 38 00.39 ~0.3

Table 5.1: Astrometric properties and redshifts. All x,y positions are relative to the A component and their errors
do not include the error of the image scale. The positive direction of the those coordinates are to the west and north,
respectively.
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5.3.2 SDSS J1001+5027 & SDSS J1206+4332

SDSS J1001+5027 and SDSS J1206+4332 were recognized as lensing candidates in a strong lens-
ing survey using the Sloan Digital Sky Survey. Oguri et al. (2005) photometrically and spectro-
scopically confirmed using the ARC 3.5 meter and University of Hawaii 2.2-meter telescopes,
that those two targets are indeed lensing systems. They reported that SDSS J1001+5027 and
SDSS J1206+4332 have image separation of 286 and 2790 respectively with the source objects
being quasars at z = 1.838 and z = 1.789.

Oguri et al. (2005) noted that the two lensing galaxies of SDSS J1001+5027 have colors con-
sistent with those of early-type galaxies at 0.2 < z < 0.5. SDSS J1206+4332 appears to have
three lensing galaxies where the main lens, G1, has an associated absorber at redshift z = 0.748,
the second galaxy, G2, is identifed as a high redshift galaxy z < 0.7 and, the third galaxy, G3,
is a blue galaxy. Oguri et al. (2005) using the lensmodel software (Keeton 2001) modeled the two
systems showing that they are both strongly affected by the potential of more than one galaxy.

5.3.3 SDSS J1335+0118

SDSS J1353+1138 is a doubly lensed system, discovered in the Sloan Digital Survey by Oguri
et al. (2004). The photometric follow up made at the Subaru 8.2-m and Keck I telescopes
confirmed that the system consists of two gravitationally lensed images separated by 1756 with
a single lensing galaxy in the centre. Spectroscopic observations made at the ESO New Technol-
ogy Telescope (NTT) showed that the A and B components of the system are images of a quasar
at redshift z = 1.57. Eigenbrod et al. (2006a) reported that the lensing galaxy is a low-redshift
galaxy with z = 0.44.
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Figure 5.4: Finding chart of the system: SDSS J1335+0118. The reference star and the star used to model the PSE
are indicated
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Figure 5.5: Finding chart of the two system SDSS J1353+1138. The reference star and the star used to model the
PSF are indicated
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5.3.4 SDSS J1353+1138

Inada et al. (2006) discovered the SDSS J1353+1138 lensed quasar system from SDSS lensed
quasar survey. For imaging and spectroscopy Inada et al. (2006) used the University of Hawaii
2.2-m telescope, the Keck I and II telescopes and the Magellan Consortium’s Landon Clay 6.5-m
telescope. The observations showed that the two quasar components separated by 1741 have
redshift z = 1.629 and the lensing galaxy in between the images is at z ~ 0.3.

5.4 PHOTOMERY AND IMAGE DECONVOLUTION

5.4.1 IMAGE DECONVOLUTION

Time delay estimation requires high precision photometry separately for each lensing image.
Since our targets are small angular separation systems we need to use a mathematical method,
deconvolution, to separate the images.

An observed image is a convolution of a real light distribution with the so-called total blur-
ring function or point spread function (PSF). The goal of the deconvolution is to extract the
brightness of a source using knowledge about the PSE. Deconvolution is an inverse problem
without a unique solution. The method used for choosing the best solution is minimization of
the difference between a model and a real image.

All data used in this paper were deconvolved using the PSF Controled Deconvolution soft-
ware created by Magain et al. (1998). In this software the input are the position and intensities
of the images, which need to be well defined to succeed. We take the image positions from
previous studies because these were better resolved and the quasar postions well determined
(see Table 5.3.1).

In Figure 5.6 we present the deconvolution results for the observed targets. On the left are
shown the deconvolved images (mathematical models of lensing systems) and on the right the
data images. We can see that the deconvolution reveals not only the quasars images but also
the lensing galaxies which are not visible in the raw data.

5.4.2 PHOTOMETRY

Photometry of all objects presented in this paper was made using the PSF Controled Decon-
volution software (Magain et al. 1998). The software deconvolves all frames of a given object
simultaneously, it constrains the position of the images and lensing galaxies and allows the
magnitude of the quasar images to vary freely. The algorithm has been implemented in various
analysis of quasars (Burud et al. 2000, Burud, Courbin, Magain, Lidman, Hutsemékers, Kneib,
Hjorth, Brewer, Pompei, Germany, Pritchard, Jaunsen, Letawe & Meylan 2002, Burud, Hjorth,
Courbin, Cohen, Magain, Jaunsen, Kaas, Faure & Letawe 20024, Hjorth et al. 2002, Jakobsson
et al. 2005b, Vuissoz et al. 2007, Eigenbrod et al. 2006D).
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Figure 5.6: Results of the deconvolution of the 5 systems. On the left are deconvolved images and on the right
original images. The deconvolution reveals not only quasar images but also the lensing galaxy which is otherwise
not visible.
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The light curves of SDSS J0903+5028, SDSS J1335+0118, SDSS J1353+1138, SDSS J1001+5027,
SDSS J1206+4332 consist of 34, 31, 31, 24, 34 R-band data points, respectively, as presented in
Figures 4-8. Data were taken from two optical cameras, ALFOSC (marked in black) and Stan-
Cam (marked in blue). The magnitudes are calculated relative to the PSF magnitude marked on
the finding charts (Figures 5.1, 5.2, 5.3, 5.4 and 5.5). Due to the small field of view and compara-
tively small sensitivity of StanCam and lack of bright stars next to our targets the reference stars
presented in the plots are only from ALFOSC. The reference star images were also deconvolved
to look for systematic errors in the deconvolution and to estimate the photometric uncertain-
ties. Assuming that reference stars are not intrinsically variable any variability seen in their
light curves must be due to photometric and deconvolution uncertainties. The error bars of
the quasar images and the reference stars coming from ALFOSC are the averaged photon noise
and uncertainties measured from the variations of the reference stars combined in quadrature.
For data points from StanCam we have assumed one standard error bar of 0.02 mag which
should approximately include all uncertainties. In the case of ALOSC data of SDSS J0903+5028
and StanCam data of SDSS J1335+0118 there were no non-variable star in the field except PSF
star, thus the error bars of the quasar magnitude are set to 0.02 mag., which is the approximate
photometric uncertainty of the B image in average atmospheric conditions.

5.5 LIGHT CURVES

5.5.1 QSOS WITH LITTLE VARIABILITY

In 3 of the 5 systems (SDSS J0903+5028, SDSS J1335+0118, SDSS J1353+1138) no significant vari-
ability was observed. In Figures 5.7, 5.8 and 5.9 we plot the light curves of the three systems.
By visual examination we see no variability in the quasar images.

In order to see whether small fluctuations in the light curves say something about the time
delay we fitted polynomials to the light curves of the A counterpart. These were then fitted
to the B light curves with magnitude and time shift. Since there are no visible peaks in either
light curves, the magnitude shift was chosen simply by taking a difference between average
magnitude of image A and image B. The time shift is taken from the theoretical prediction of the
time delay of those systems (see Section 8). The fitted polynomials do not show any preferred
time shift. This means that due to the lack of quasar variability during the time span of the
monitoring we did not manage to measure time delays in these systems.
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Figure 5.7: R-band light curves of SDSS J0903+5028. A polynomial is fitted to the light curve of A counterpart.
This polynomial was also fitted to the B image with magnitude and time shift (see Table 5.2).
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Figure 5.8: R-band light curves of SDSS [1335+0118. A (diamonds) and B (triangles) images of the quasar are
plotted with black and blue colors indicating weather data coming from ALFOSC or StanCam. The reference star is
plotted with red squares. A polynomial is fitted to the A counterpart of the quasars light curve. This polynomial is
also fitted to the B image with magnitude and time shift. The time shift is taken from the theoretical prediction of the
time delay of this system (see Table 5.5).
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Figure 5.9: R-band light curves of SDSS J1353+1138. Shapes and colors of the data point and fitting procedure
identical with previous light curve. The time shift is taken from the theoretical prediction of the time delay of those
systems (see Table 5.6).
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5.5.2 QUASARS WITH VARIABILITY

In 2 out of the 5 monitored gravitationally lensed quasars variability was detected. In Figure
5.10 and 5.11 we show the light curves of SDSS J1001+5027 and SDSS J1206+4332, respectively.

SDSS J1001+5027

Figure 5.10 shows the light curves of SDSS J1001+5027 quasar images. We see that both images
have some small variabilities in the light curve and also that both the A and B images have
steadily decreased their brightness.

We have fitted a 7th order polynomial (see Figure 5.10 - black solid line) to the A data set.
This was then fitted to the B light curve with magnitude shift which is the average magnitude
difference between light curves (0.4 mag) and time shift which is the predicted time delay (52
days).

We also have fitted a straight line to light curves (see Figure 5.10 — red dashed lines). The lin-
ear regression shows that both light curves have very similar evolution. Both images decreased
their brightness by 0.2 magnitude during the first 200 days. This indicates that the brightness
decrease is due to long intrinsic quasar variability de Vries et al. (2003).

Although variability is clearly visible, it is impossible to measure the time delay for this
system just from the slope. The small fluctuations on the slope also do not give any conclusive
results, neither visual shifting nor polynomial fitting help to find the time delay.

SDSS J1206+4332

In Figure 5.11 we show the light curve of SDSS J1206+4332. We see clear long variabilities for
both the A and B light curves. The variabilities are 100-150 days long, so the gaps in the sam-
pling do not strongly influence the precision of the time delay estimation. The observed vari-
abilities, consisting of bumps, allow for measurement of the time delay for SDSS J1206+4332, as
detailed in section 6.
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Figure 5.10: R-band light curves of SDSS J1001+5027. Polynomials (solid, black lines) and linear regressions
(dashed, red lines) are fitted to the A and B counterpart of the quasars separately. Shapes and colors of data point
identical as described on previous plots.
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Figure 5.11: R-band light curves of SDSS J1206+4332. Magnitude variabilities are seen in both light curves A
(diamonds) and B (triangles) as bumps. The reference star is plotted with red squares.
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5.6 TIME DELAY OF SDSS J1206+4332

From the geometry of the system SDSS J1206+4332 (see Figure 5.6) we anticipate that the A im-
age is a leading since it is farther from the center of the main lensing galaxy. Thus, we predict
that any intrinsic quasar variabilities should appear first in the A image. From the mass model-
ing we know also that the time delay for this system is >50 days (see Section 8). We apply these
constraints when measuring the time delay from the light curves.

The simplest form of such a measurement is visual shifting. Knowing that the variability
has to appear first in the image A and then at least 50 days later in the image B we can associate
the bump at the beginning of the A light curve centered at ~50 days with the bump in the B
light curve centered at ~150 days.

A more quantitative measurement of a time delay is obtained by polynomial fitting. We
fitted 7th order polynomials to both light curves using minimum x?. In Figure 5.12 we show the
two polynomials (solid lines). We have marked in red the parts of the polynomials which were
used for calculating the time delay. In order to calculate the time delay we have shifted the A
polynomial in time and magnitude to fit it to the B data points and the B polynomial was shifted
in time and magnitude to fit it to A data points. For each shift of the polynomials the goodness
of fit was calculated. The results of these fits are presented in Figure 5.13. For the magnitude
shift, B — A = 0.31 mag average of the two time delay estimations is 11613 days, where errors
are added in squares uncertainties of the two values of the time delay corresponding to 99%
confidence level. Based on our modeling (G1 — SIE and G3 - SIS) and using the measured time
delay (A7 = 116™$ days) we find a Hubble constant of 73%3 km s~! Mpc~*.
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Figure 5.12: R-band light curves of SDSS J1206+4332. Magnitude variabilities are seen in both light curves A
(diamonds) and B (triangles) as bumps. The A light curve is shifted in time by 116 days. The red line indicates the
intervals used for cross correlation.
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Figure 5.13: Results of two cross correlation between data on one image and fitted polynomial fitted to light curve
of second image. Solid lines represents cross correlation between A data and polynomial fitted to B data, dashed lines
are representing cross correlation between B data and polynomial fitted to A data.
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5.7 MICROLENSING

Chang & Refsdal (1979) predicted that in lensed quasar systems the light path should be affected
by stars in the lensing galaxy. Moving compact objects in the lensing galaxy can cause spectral
changes, brightness variability and, in the case of multiple images, flux-ratio anomalies in the
lensed quasar.

The images of a lensed quasar may vary due to intrinsic quasar brightness changes and/or
microlensing. Microlensing affects the light paths of each image differently (in the simplest
case only one path is affected) whereas the intrinsic variations show up in all the images but
at different times due to the time delay. Therefore, one can isolate the microlensing signal by
simply calculating the difference between two light curves.

If we shift one of the light curves in magnitude (by the magnitude difference between light
curves) and in time (by the time delay) and subtract it from the other quasar counterpart light
curve the remaining variation in the light curve difference should not belong intrinsically to the
quasar but rather to microlensing.

Our previous study Paraficz et al. (2006) showed that microlensing variabiliy can be detected
in this way. The monitoring program presented in this paper was designed to be sensitive to
such microlensing signals. The only limitation are S/N and gaps in the light curve due to bad
weather conditions. In Figures (5.14-5.18) we present the result of a microlensing variability
analysis for our observed targets.

The top plots present the quasar images lightcurves, with one of the images being shifted in
time (by the theoretically predicted or, if available, the measured time delay) and in magnitude
(by average magnitude difference between the images). The lower panels show the light curves
difference. The difference is calculated between a linearly interpolated B light curve and the A
data points. In Figures 5.14-5.18 we see that there is no signal stronger than 0.1 mag which is ~
2 0. We therefore conclude that we did not detect any significant microlensing event in any of
the systems during our monitoring program.
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Figure 5.14: Microlensing of the SDSS J1206+4332. Top: Time-delay shifted light curves, with the A image offset
by 0.32 mag and 116 days. Bottom: Difference between linearly interpolated A image and B image.
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Figure 5.15: Microlensing of the SDSS J1001+5027. Top: Time-delay shifted light curves, with the A image offset
by 0.4 mag and 52 days. Bottom: Difference between linearly interpolated A image and B image.
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Figure 5.16: Microlensing of the SDSS J1335+0118. Top: Time-delay shifted light curves, with the A image offset
by 1.35 mag and 26 days. Bottom: Difference between linearly interpolated A image and B image.
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Figure 5.17: Microlensing of the SDSS J1353+1138. Top: Time-delay shifted light curves, with the A image offset
by 1.1 mag and 17 days. Bottom: Difference between linearly interpolated A image and B image.
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Figure 5.18: Microlensing of the SDSS J0903+5028. Top: Time-delay shifted light curves, with the A image offset
by 0.32 mag and 79 days. Bottom: Difference between linearly interpolated A image and B image.
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5.8 MODELING

5.8.1 ANALYTICAL MODELING

In principle, one can calculate the Hubble constant from the time delay of a gravitationally
lensed system, but there is one major obstacle, namely the mass-sheet degeneracy Falco et al.
(1985). This degeneracy is between the Hubble constant and the radial density profiles of the
lens Wucknitz & Refsdal (2001) and its angular structure Freedman et al. (2001). Summariz-
ing, different mass profiles give different results on the Hubble constant without changing the
lensing configuration. To break this degeneracy we need to have information about the mass
profile, e.g., through the velocity dispersion Romanowsky & Kochanek (1999). For our systems
we do not know which lens model is the correct one, but fortunately in many cases a lens can
be quite well modeled using a fairly simple mass model like SIE (Singular Isothermal Ellipsoid)
Kormann et al. (1994) or NFW (Navarro-Frank-White) Golse & Kneib (2002).

In this paper, for the analytical modeling, we have modeled all our systems using singu-
lar isothermal potentials. We used those models because of their simplicity and because they
agree with physical properties of many observed lenses Kochanek (1993), Rusin et al. (2003),
Koopmans et al. (20064).

In the analytical modeling we have the positions of the two images as constraints and as free
parameters we have the lens velocity dispersion, oy and the ellipticity, e. We also have two fixed
parameters, the position angle, 6. and the position of the lens galaxy. The number of degrees of
freedom is 0, thus we can look for the one model which perfectly fits the data. The positions of
the images and lens are visible on the decovolved images (see Figure 5.6). The position angle of
the lenses can be roughly estimated from analysis of the deconvoled images, as the mass profile
of a lens tends to align to its visible component (Keeton et al. 1998). We allow this constraint to
vary within 45°. We have not used flux ratios as constraints because of the possible influence
of reddening by dust (Elfasdéttir et al. 2006), microlensing (Paraficz et al. 2006) or small-scale
structure in the lens potential (Dalal & Kochanek 2002).

The ellipticity used here is defined as ¢ = (a® — b?)/(a® + b?), where a and b are the major
and minor axis. The position angle corresponds to the direction of the semi-major axis of the
isopotential counted east of north. The modeling has been performed using the LENSTOOL
software package available at http://www.oamp.fr/cosmology /lenstool/ (Jullo et al. 2007).
LENSTOOL is a software created for modelling strong lensing systems with parametric meth-
ods which chooses models using the Bayesian evidence. In all models we set the Hubble con-
stant to be Hy = 73 km s~ Mpc~1.
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Figure 5.19: Lens model of SDSS J0903+5028. The figure shows an image of the system with over-plotted results
of lens modeling. Blue and red lines represent critical and caustic lines, respectively.
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SDSS J0903+5028

We have fitted the two simple models, SIS (Singular Isothermal Sphere) and SIE (Singular
Isothermal Ellipsoid) to the lensing galaxy of SDSS J0903+5028. We have assumed that only
one galaxy, the central one, influences the quasar light, even though other galaxies are visible
to the north and south of the images (see Figure 5.19). The lensing images of the quasar are
not collinear with the central galaxy which indicates that there is a quadruple moment in the
potential. This moment can come from the tidal effect of the nearby galaxies or may be due to
elongation of the central galaxy. Because of the degeneracy we are not able to distinguish which
one of the possibilities is true, thus we use one lens, SIE model which accurately predicts image
positions. In Table 5.2 we summarize the results of the SDSS J0903+5028 modeling where the
central single lens is an SIE. Based on this model, the predicted time delay for the system is 79.4
days. The uncertainty in this value is entirely dominated by systematic modeling uncertainties.

# Type X y o0 € 0 AT
(arcsec) (arcsec) (kms™!) (days)
G SIE 1.99 -0.70 264.6 049 27° 794

Table 5.2: Lens model of SDSS J0903+5028. Modeled parameters are galaxy position, x,y, lens velocity dispersion,
oo, ellipticity, €, position angle, 0. and time delay, AT.

SDSS J1001+5027

The lens of SDSS J1001+5027 consists of two galaxies (see Figure 5.6) which according Oguri
et al. (2005) are at similar redshifts 0.2 < z < 0.5. For our modeling we fix both lensing galaxies
at redshift 0.3.

We have created two possible models of the lens environment of SDSS J1001+5027. In the
first one the system has only one galaxy with elongated SIE mass profile. This model is able
to ray-trace the position of the quasar images. From Figure 5.20 we also see that the position
angle, P.A. of the model is consistent with the light distribution of the main galaxy but it is also
in the direction of the other galaxy. This leads to the conclusion that the quadruple moment
might come from the second galaxy rather then from the elongation of the main one. In the
second version of the lens model we have set both gravitational lenses as Singular Isothermal
Spheres, SIS. This model also reproduces the position of the quasar images and gives a sensible
result of the galaxy velocity dispersions being 223 km s~! for main lens (G1) and 159 km s~!
for G2. The results from both models are presented in Figure 5.20 and summarized in Table 5.3.
The predicted time delay of the system is 34 days based on the SIE model and 52 days based on
the double SIS model.

# Type X y o) € 0 AT
(arcsec) (arcsec) (kms!) (days)

Gl SIE 1.749 0.861 258 0.23 11° 52

Gl SIS 1.749 0.861 223 0 ‘e 34

G2 SIS 1.629 —0.588 159 0 e 34

Table 5.3: Lens model of SDSS J1001+5027. Parameters are as in Table 5.2.
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Figure 5.20: Lens model of SDSS J1001+5027. The figure shows an image of the system with over-plotted results
of lens modeling. Blue and red lines represent critical anf®austic lines, respectively. Top plot present the single SIE
lens model and the bottom plot presents the two SIS lens models.
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SDSS J1206+4332

We have fitted SIS and SIE to the main lensing galaxy of the SDSS J1206+4332. We have assumed
that the only galaxy which influences the quasar light is the central galaxy G1 (see Figure 5.6).
Unfortunately neither of these mass models gives physically realistic results. The system seems
to be more complicated, so presumably the other galaxies seen in vicinity of the system may
play a role. A model of the main galaxy G1 (SIE) and G2 (SIS) does not give any physical
solutions either, which is expected since the redshift of G2 is predicted to be rather small.

It appears that the third galaxy lying ~ 3” north of the system (see Figure 5.6) has a strong
influence on the system geometry. If we assume our model to be two lensing galaxies with one
of them being G1 (SIE) and the other G3 (SIS) it is possible to reproduce the positions of the
images. The results of that final fitting are summarized in Table 5.4. Based on this model, the
predicted time delay of the system is 112.5 days which is in agreement with our measurement
of 116™¢ days (see section 6).

#  Type X y o € 0. AT
(arcsec) (arcsec) (kms!) (days)
Gl SIE —0.66 1.75 347.5 01 -—-2° 1125
G3 SIS 1.32 5.9 279.5 o - 112.5

Table 5.4: Lens model of SDSS J1206+4332. Parameters are as in Table 5.2

SDSS J1335+0118

The system has one lensing galaxy, at redshift = = 0.5, we have modeled as an SIE. The lensing
galaxy is barely visible in our images, hence the position of the galaxy was taken from Oguri
etal. (2004). According to observations made by Oguri et al. (2004) with Keck, the lensing galaxy
is misaligned with the QSO images which indicates the existence of external shear or elongation
of the lensing galaxy. A model with an SIE lens accurately predicts the image position and gives
plausible galaxy parameters. The model details are summarized in Table 5.5. The estimated
time delay of the system is 26.2 days which is in agreement with previous studies.

# Type X y o € 0. AT
(arcsec) (arcsec) (kms™!) (days)
G SIE -0.78 —0.649 218 016 —-5° 262

Table 5.5: Lens model of SDSS J1335+0118. Parameters are as in Table 5.2
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Figure 5.21: Lens model of SDSS J1206+4332. The figure shows an image of the system with over-plotted results
of lens modeling. Blue and red lines represent critical and caustic lines respectively.
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Figure 5.22: Mass model of SDSS J1335+0118. Figure shows an image of the system with over-plotted results of
lens modeling. Blue and red lines represent critical and caustic lines, respectively.
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Figure 5.23: Mass model of SDSS J1353+1138. Figure shows an image of the system with over-plotted results of
lens modeling. Blue and red lines represent critical and caustic lines, respectively.
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SDSS J1353+1138

SDSS J1353+1138 has a centrally aligned lensing galaxy and the B image very close to the galaxy
centre. There are no other close-by galaxies; thus the lens can be modeled with a simple SIE.
The predicted time delay for that system is 17 days (see Table 5.6) which is in agreement with
previous studies.

# Type X y o € 0 AT
(arcsec) (arcsec) (kms~!) (days)
G SIE —0.25 —1.04 177 046 35° 17.2

Table 5.6: Lens model of SDSS J1353+1138. Parameters are as in Table 5.2

5.8.2 NON-PARAMETRIC MODELING

We have also modeled our systems based on a non-parametric method proposed by Saha &
Williams (1997) using the publicly available code PixeLens Saha & Williams (2004).

PixeLens reconstructs a pixelated mass map of the lens by implementing Bayesian statistics,
it generates numerous lens models which fit to the lens system geometry. There are two major
advantages of using this method. First, it allows to explore a wide range of models not restricted
with parameters, which circumvents the non-uniqueness problem of lens modeling. Second, it
gives the systematic error estimation on the modeled time delay which is not possible to get
when using analytical methods. Our purpose of using it is to check the robustness of our time
delay estimations, i.e. we want to know whether the two approaches, analytical and pixeleted,
give consistent results for the time delays.
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Figure 5.24: The modeling results of the five lensed quasars. On the left side we see potential contours modeled by
PixeLens which are over-plotted on the mass map creatéd in analytical modeling. On the right the are time delay
histograms generated for each system by the 300 suitable lens models, arrows indicate the time delays estimated from
analytical modeling. We see that the potentials of the PixeLens correspond quite well to the analytical models



5.9. SIMULTANOUS MODELING

PixeLens generates models which reproduce the exact position of lensing images and aligned
within 45° of the visible lens P.A. All our systems were modeled assuming existence of external
shear and all of them, except SDSS J1206+4332, were modeled as symmetric. For each system
we generated 300 lens models which were used to estimate the average and median time delay
and their model uncertainties. The modeling results of the 5 gravitationally lensed QSOs with
PixeLens are summarized in Table 5.7. Figure 5.24 shows the potentials and time delays of the
5 systems modeled with pixelated method. On the left side we see potential contours modeled
by PixeLens which are over-plotted on the mass map created in analytical modeling. On the
right are histograms of the time delays generated for each system by the 300 lens models.

We see that the lens potentials of the PixeLens correspond to the analytical models and from
the Table 5.7 we see that the estimated time delay values from analytical modeling lie within
error bars of the PixeLens time delays. This is reassuring and gives confidence in our approach.
We note also that the analytically obtained time delays are systematically lower than the average
values obtained using PixeLens by 20-50%.

# Analytical PixeLens (average) PixeLens (median)
(days) (days) (days)
0903+5028 79.4 98+21 10179,
100145027 52 81423 7675
1206+4332 113 173464 152151
1335+0118 26 3248 3512
1353+1138 17 2145 2013

Table 5.7: Modeled time delays of the five lensed quasars.

5.9 SIMULTANOUS MODELING

The Hubble constant estimated from time delay measurements is model dependent, as illus-
trated above. Different models give a different Hubble constant and measuring the time delay
with high precision does not resolve that issue. One way of dealing with this problem is to
generate a large number of models of many lenses and create a distribution of possible values
for the Hubble constant based on these models. Thus, we use the pixelated method for several
gravitationally lensed systems constraining them to have the same shared value of Hy. Simul-
taneous modeling has been done in the past by e.g. Saha et al. (2006) — with 10 lenses and Coles
(2008) — with 11 lenses.

Figure 5.25 shows the result of the simultaneous modeling of 5 systems with time delays
obtained at the NOT, these are RX J0911+055 Hjorth et al. (2002), SBS B1520+530, Burud, Hjorth,
Courbin, Cohen, Magain, Jaunsen, Kaas, Faure & Letawe (20024), B1600+434 Burud et al. (2000)
and J0951+263 Jakobsson et al. (2005b) and the time delay of SDSS J1206+4332 reported in this
paper. On the histogram the results of our simultaneous modeling of the 5 QSOs are presented,
for each object 100 lens models were created. The Hubble constant estimated using this method
is Hy = 61.57% km s~ Mpc~ 1.
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Figure 5.25: The result of the simultaneous modeling, it is a histogram created from the modeling of the 5 QSOs
for each of them 100 lens models were created, the Hubble constant estimated using this method is Ho = 61.57%
kms™! Mpc™t.
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5.10 DISCUSSION

We have estimated the time delay of the SDSS J1206+4332 to be AT = 116™¢ based on a 280-
day long monitoring campaign at the Nordic Optical Telescope. This shows the feasibility of
measuring time delays from campaigns not much longer than the time delay itself. To model
the system, we first assumed a single lensing galaxy modeled with the Singular Isothermal
Ellipsoid (SIE), but were unable to reproduce the image positions. By adding to the lens model
the G2 and G3 galaxies we found that the influence of the G2 galaxy is negligible due to its small
redshift but the G3 galaxy has a major impact on the system’s geometry. A lens model with two
galaxies, where the main one is a SIE and the second is a SIS, predicts the image positions very
well. Thus this model resulted in a Hubble constant of 733 km s~ Mpc~! assuming ,,, = 0.3
and Q4 = 0.7.

Lack of short-term variability in the other monitored systems (SDSSJ 0903, SDSS J1001+5027,
SDSS J1353+1138, SDSS J1335+0118) meant that we did not succeed in measuring their time
delays. From the quasar studies of Fohlmeister et al. (2008), Vuissoz et al. (2007), Koopmans
et al. (2000) and many others we see that during the 200-300 days of a quasar monitoring a
quasar might be at the quiet stage or at the slow increase or decrease. Thus, despite our success
in measuring the time delay of SDSS J1206+4332, it appears that monitoring substantially longer
than the predicted time delay of a given system will be unavoidable in most cases.

We have modeled all five systems using both analytical and pixelated methods. Using the
predicted time delays we have shown that none of the systems exhibited significant microlens-
ing variability for the observing campaign.

We have also performed simultaneous pixelated modeling with a shared Hubble constant of
five lenses which time delays were measured at the NOT. The estimated Hubble constant from
this analysis is Hy = 61.575 km s~! Mpc~'.
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THE HUBBLE CONSTANT INFERRED FROM
18 TIME DELAY LENSES

Danuta Paraficz and Jens Hjorth
2009, Ap] submitted

ABSTRACT -

We present a simultaneous analysis of 18 galaxy lenses with time delay measurements. For each lens we
derive mass maps using pixelated simultaneous modeling with shared Hubble constant. We estimate
the Hubble constant to be 6675 km s™*Mpc ™! (for a flat Universe with Q,, = 0.3, Qa = 0.7).
We have also selected a subsample of five relatively isolated early type galaxies and by simultaneous
modeling with an additional constraint on isothermality of their mass profiles we get Hy = 7673 km
s Mpct.
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6.1. INTRODUCTION

6.1 INTRODUCTION

The Hubble constant is one of the most important parameters in cosmology. It determines the
age of universe, the physical distances to objects, constrains the dark energy equation-of-state
and furthermore, it is used as a prior in many cosmological analysis. Hence, it is essential for
cosmology to know the precise value of H (Riess et al. 2009). The newest measurements give
a quite well defined H, with estimated errors at the 5-10% level but unfortunately H differs
among different cosmological methods and there is only marginal consistency between their 1o
errors (see Table 6.1).

Moreover, those methods are based on different physical principles and more importantly
they measure different consequences of Hy. Both SNe and Cepheids measure luminosity dis-
tance but at different scales (distant and local Universe respectively). Cepheids can provide
a luminosity distance via the period-luminosity relation but only in the local Universe, on the
other hand, the significantly brighter SNe with their characteristic peak luminosity can measure
cosmological distances but need to be calibrated with Cepheids. The SZ effect, which is based
on high energy electrons in a galaxy cluster distorting the CMB through inverse Compton scat-
tering, is proportional to the gas density of the galaxy cluster and that combined with the clus-
ter’s X-ray flux gives an estimate of the angular diameter distance. Finally, the angular power
spectrum of the CMB gives information about many cosmological parameters which have cor-
related effects on the power spectrum, especially strong degeneracies are between Hj and Q,,
and . Furthermore, there are significant differences in the obtained results even within one
method (eg. SNe Branch et al. (1996), Sandage et al. (2006), Riess et al. (2009), see Table 6.1).

Additionally, any astrophysical approach suffers from systematic uncertainties, e.g., super-
novae are not standard but standardized candles with possible redshift evolution, CMB have
various parameter degeneracies and interference with foregrounds, and the SZ method is as-
suming spherical symmetry on often significantly non-spherical clusters of galaxies. It is there-
fore important to explore complementary methods for measuring Hy. Gravitationally lensed
quasars QSOs offer such an attractive alternative.

Table 6.1: Ho comparison
Method Hy, Author
CMB (3years) 73.2757 Spergel et al. (2007)
CMB (5years) 71.9725  Komatsu et al. (2009)

Ta SNa 74.2 4+ 3.6 Riess et al. (2009)
Ia SNa 62.3£1.3 Sandage et al. (2006)
SZ 65138 Jones et al. (2005)
Cepheids 72 +38 Freedman et al. (2001)

As shown by Refsdal (1964) the Hubble constant can be measured based on the time de-
lay At between multiply lensed images of QSOs, because Hy o 1/At, provided that the mass
distribution of the lens is known. Time delays measure DODLiLDSOS, where Do, Dog, Dig are
the angular diameter distances between observer and lens, observer and source, and lens and
source, respectively. Gravitational lensing has its degeneracies but it is based on well under-
stood physics and unlike distance ladder methods there are no calibration issues (Branch et al.
1996, Sandage et al. 2006).

Gravitational lensing has, up to now, not been seen as reliable as other leading cosmological
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methods. Determination of the Hubble constant using lensing is problematic, because the mass
distribution of a lens strongly influences the result of Hy and unfortunately we never have a
complete knowledge of that, hence a choice of a lens model is needed.

Recently, however, time-delay lenses have successfully been used for H estimation. In par-
ticular, Oguri (2007) used a Monte Carlo method to combine lenses and derived Hy = 70 + 6
km s~'Mpc~'. Saha et al. (2006) obtained Hy = 72*%, km s~'Mpc ™' using a combination of 10
lenses, Coles (2008) got Hy = 7115 km s~!Mpc ™' using a combination of 11 lenses, and Suyu
et al. (2009) found Hy = 69.713) km s™*Mpc ™' by detailed analysis of one gravitational lens,
B1608+656.

This paper extends the work of Saha et al. (2006) and Coles (2008), where results on H, were
presented using combined modeling of 10 and 11 lenses, respectively. We have used those sys-
tems with refined properties of lenses as a part of our sample and have added new systems
that have been discovered and monitored during the past 4 years. We therefore now posses an
almost doubled sample of systems with measured time delay, which demonstrates that, gravi-
tational lensing is valuable method for H estimation.

6.2 PIXELATED MODELING

Two different approaches for modeling lenses are commonly used. The first one, the non-
parametric (pixelated) method, generates a large number of models which perfectly fit the data,
each of them giving a different result which can then be averaged. For the second method,
model fitting, one assumes parametrized models of the mass distribution of the lens.

Pixelated modeling has the advantage of allowing the lens shape and profile to vary freely.
It does not presume any parameters and can provide models that would not be possible to
reproduce with parametric modeling. Using this approach to a combined analysis of a large
sample of lenses is a powerful solution to the modeling problem in gravitational lensing.

In this paper we use the non-analytical method created by Saha & Williams (2004) - PixeLens.
PixeLens generates an ensemble of lens models that fit the input data. Each model consists of
a set of discrete mass points, the position of the source and optionally, if the time delays are
known, Hy. The time delay A7 is the combined effect of the difference in length of the optical
path between two images and the gravitational time dilation of two light rays passing through
different parts of the lens potential well,

_ 142, DOSDOL (1(0_' 5)2 o W(§)> )
C DLS

Ar 6.1)

2

Here § and E are the positions of the images and the source respectively, z1, is the lens redshift,
and ¥ is the effective gravitational potential of the lens.
The arrival time at position 6 is defined in PixeLens, as a modeled surface,

—

7(0) =

—
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N |

where « is surface mass density.

The errors of the positions of observed images and redshifts of source and lens are of the
order of a few percent, thus can be ignored. The main source of errors in the data comes from
time delays between images.

We have used PixeLens to generate a set of 100 models for a sample of lensing systems (see
§3). PixeLens produces an ensemble of models with varying Hy, each consisting of sets of mass
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pixels, which exactly reproduce the input data. Moreover, it also models several lenses simulta-
neously enforcing shared H for all lenses. The images positions, the source and lens redshifts,
and the time delay are assumed to be accurate enough for their errors to be ignored (Saha
et al. 2006). PixeLens also imposes secondary constraints on mass maps: non-negative density;
smoothness, where the density of a pixel must be no more than twice the average density of
its neighbors; the mass profile is required to have 180° rotation symmetry (except if it appears
very asymmetric); the shear is allowed within 45° of the chosen direction; circularly averaged
mass profile should nowhere be shallower nor steeper than r~*mi» and r~“me= respectively,
where a;ipn and g, is defined in PixeLens as the minimum and maximum steepness, those
values can be chosen by the user however, the default PixeLens constraint is minimal steepness
amin = 0.5; and finally, additional lenses as point masses can be constrained. PixeLens does not
use flux ratios as constraints because of the possible influence of reddening by dust (Elfasdéttir
et al. 2006), microlensing (Paraficz et al. 2006) or small-scale structure in the lens potential (Dalal
& Kochanek 2002).

6.3 DATA SET

To date, there are 19 gravitational lens systems with published time delays. Table 6.2 summa-
rizes the information about these 19 systems. We have made an attempt to use all the con-
clusions previously drawn about their shape, external shear, profile, etc. We have used the
newest/best measurement of positions and redshifts of images and lens. Apart from the main
lensing galaxies we have also included all the galaxies that might contribute to the lensing. We
added them whenever they are visible in the field. These systems are RX J0911+055, HE 1104-
181, SBS 1520+530, B1600+434 and B1608+656. All the mass maps of the doubly imaged quasars
are required to have 180° rotation symmetry and in case of the quadruply imaged systems we
allow the lens to be asymmetric if it has been reported asymmetric, which is the case for: HE
0435-1223, SDSS J1004+4112, RX J1131-1231, B1608+656. A constant external shear is allowed,
for the lenses where the morphology shows evidence of external shear or the existence of exter-
nal shear has been reported, which is the case for HE 0435-1223, RX J0911+055, FBQ J0957+561,
SDSS J1004+4112, PG 1115+080, RX J1131-1231, SDSS J1206+4332, B1600+434, SDSS J1650+4251,
WEFI J2033-4723.

One lens systems has been excluded from our analysis, B1422+231. Raychaudhury et al.
(2003) indicated that the time-delay measurements made by Patnaik & Narasimha (2001) are
possibly inaccurate. Patnaik & Narasimha (2001) reported AT, = 7.6 2.5 days, whereas Ray-
chaudhury et al. (2003) lens modeling predicts ATj> = 0.4h~! days. According to Raychaud-
hury et al. (2003) this value would not be expected to show up in the Patnaik & Narasimha
(2001) data, which sampled every 4 days. We follow the Raychaudhury et al. (2003) prediction
also because in our analysis the system gives an unreasonably low Hubble constant Hy = 12+3
km s~ 'Mpc !, and we exclude the system in what follows.

Figure 6.4 shows a mosaic of the average mass distributions for the remaining 18 lenses.

6.4 FULL SET RESULTS

Our resulting Hj distribution is shown in Figure 6.2. We have performed the calculation of 18
systems for a flat Universe with Qx = 0.7, 2,,, = 0.3 and we obtain Hy = 66J_r?l km s~ 'Mpc ™!
at 68% confidence and Hy = 6675 km s~'Mpc™' at 90% confidence. We also note that for
(z1) = 0.6, (zg) = 1.8, that are average lens and source redshifts of our sample, the inferred Hy

103



CHAPTER 6. THE HUBBLE CONSTANT INFERRED FROM 18 TIME DELAY LENSES

Figure 6.1: Ensemble of 18 average mass maps of the lenses. The larger tick marks in each panel correspond to 1”0.
Red and cyan dots represent the positions of the images and the sources respectively. The contours are in logarithmic
steps, with critical density corresponding to the third coyfpyir from the outside.



6.4. FULL SET RESULTS

System 2 2s PA. Point mass® xb y? At¢  Reference
“) “) (days)
PG 1115+080 0311 1722 —45° 0 0.381 1.344 1,2,3,4
—0.947  —0.69 13.3799
~1.096  —0.232 0
0722  —0.617 11.745%
HE 2149-275 0495 2030 - 0 0714 —1.150 5,6,7
~0.176 0296 103+ 12
SDSSJ1206+4332 0.748 1.789  50° 0 0.663  —1.749 8,9
0.566 1.146 11673
HE 0435-1223 0454 1.689 —65° 0 ~1.165 0.573 10, 11
1311 —0.03 2.1107%
0.311 1.126 6+1 08
0226  —1.041 8371150
SDSSJ1650+4251 0.577 1.547  80° 0 0.017 0.872 12,13
—-0206 0291  49.5+1.9
QSO J0957+561  0.356 1.410 —30° 0 1.408 5.034 14,15, 16
0182 —1.018 422.6+0.6
2.860 3.470 0
~1.540  —0.050 0
RXJ1131-1231 0295 0.658 —35° 0 ~1.984 0.578 17,3
~1426  —1.73 1.57305
—2016 0610  9.6171%
1.096 0.274 87+8
RX J0911+055 0769 2.800 90° 1 2.226 0.278 18,19, 20, 21
—-0.968  —0.105 146 + 8
0709  —0.507 0
—0.696 0.439 0
SDSSJ1004+4112 0.680 1.734  90° 0 3.943  —8.868 5,22,23,24
8412 —0.86 821.6+2.1
~7.095  —4.389  40.6+1.8
1.303 5.327 0
WFI1J2033-4723  0.661 1.660  0° 0 1439  —0.311 25, 26,27
0.756 0949 355+ 1.4
0.044 1.068 0
0.674 —0.5891 27.115%
PKS 1830-211 0885 2507 - 0 —0.498 0.456 28,29, 30, 31
0.151  —0.268 2677
B1600+434 0410 1590 90° 1 0.610 0.814 5,32, 33, 34
~0.110  —0.369 51+4
B0218+357 0685 0944 - 0 0250 —0.119 35, 36, 37, 38
—0.052 0.007 10.1%7°2
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System 2 2s PA. Point mass® x? y? At¢  Reference
) “) (days)
B1608+656 0630 1.39% - 1 —~1.155 —0.896 39,40, 41, 42
—0419  1.059 31.5+1.5
-1.165  0.610 0
0714 —0.197 41+15
HE 1104-181 0729 2319 - 2 ~1.936 —0.832 43,44, 45
0.965 05 152.2%25
SBS1520+530  0.761 1.855 - 1 1130  0.387 46, 47,48, 49
0296 —0.265 13043
FBQJ09514+263 0.24 1246 - 0 0750  0.459 50, 51
—0.142  —0.169 16 + 2
SBS0909+532  0.830 1.376 - 0 0572  0.494 5,52, 53
—0.415 —0.004 4571
B1422+231 0339 3.62 10° 0 1.014 —0.168 54,55,3

0.291 0900 7.6£2.5
0.680 0580 15+£14
-0.271 -0.222 0

Table 6.2: Properties of time-delay lenses. (a) We have included all the galaxies that might have contribution in
the lensing, we add them whenever one or more galaxies are visible in the field and when their redshift is similar to
the main lens. (b )The positions of the QSO images are calculated with respect to the position of the main galaxy
G1. The images are in arrival-time order. (c) All measured time delays are listed expect those for which error bars
are large and, therefore, the detections are marginal. REFERENCES: (1) Wucknitz et al. (2004); (2) Cohen et al.
(2000); (3) Browne et al. (1993); Carilli et al. (1993); (4) Cohen et al. (2003); (5) Kochanek et al. (2006); (6) Morgan
et al. (2005); (7) CASTLES; (8) Ulldn et al. (2005); (9) Lubin et al. (2000); (10) Burud et al. (1998); (11) Hjorth
et al. (2002); (12) Kneib et al. (2000); (13) Bade et al. (1997); (14) Jakobsson et al. (2005a); (15) White et al. (2000);
(16) Bernstein & Fischer (1999); (17) Oscoz et al. (2001); (18) Falco et al. (1997); (19) Fohlmeister et al. (2008);
(20) Inada et al. (2003); (21) Williams & Saha (2004); (22) Poindexter et al. (2007); (23) Lidman et al. (2000); (24)
Wisotzki et al. (1993); (25) Morgan et al. (2008); (26) Barkana (1997); (27) Tonry (1998); (28) Weymann et al.
(1980); (29) Claeskens et al. (2006); (30) Paraficz et al. (2009); (31) Oguri et al. (2005); (32) Raychaudhury et al.
(2003); (33) Patnaik & Narasimha (2001); (34) Faure et al. (2002); (35) Burud, Hjorth, Courbin, Cohen, Magain,
Jaunsen, Kaas, Faure & Letawe (2002b); (36) Auger et al. (2008); (37) Chavushyan et al. (1997); (38) Burud et al.
(2000); (39) Jaunsen & Hjorth (1997); (40) Jackson et al. (1995); (41) Koopmans et al. (2003); (42) Fassnacht et al.
(2002); (43) Myers et al. (1995); (44) Fassnacht et al. (1996); (45) Morgan et al. (2003); (46) Vuissoz et al. (2007);
(47) Meylan et al. (2005); (48) Lovell et al. (1998); (49) Chengalur et al. (1999); (50) Lidman et al. (1999); (51)
Vuissoz et al. (2008); (52) Eigenbrod et al. (2006b); (53) Morgan et al. (2004); (54) Burud, Courbin, Magain,
Lidman, Hutsemékers, Kneib, Hjorth, Brewer, Pompei, Germany, Pritchard, Jaunsen, Letawe & Meylan (2002);
(55) Wisotzki et al. (1996).
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should increase by 2% for an open Universe with Q5 = 0.0, £, = 0.3 and decrease by 7%
for an Einstein-de Sitter Universe {24 = 0.0, £, = 1.0. Figure 6.3 presents the comparison
between estimation from our sample of lenses and samples from previous lensing studies using
15 lenses! (Oguri 2007) and 10 lenses (Saha et al. 2006). The H, distribution of the samples of
10 and 15 lenses are slightly different than the original results of Oguri (2007) and Saha et al.
(2006). Oguri (2007) used 16 lensed quasar systems (40 image pairs) to constrain the Hubble
constant. For each image pair, he computed the likelihood as a function of the Hubble constant.
He then computed the effective x? by summing up the logarithm of the likelihoods. The first
summation runs over lens systems, whereas the second summation runs over image pairs for
each lens system. He derived the best-fit value and its error of Hubble constant in the standard
way using a goodness-of-fit parameter.

The difference with Oguri (2007) is mainly due to use of different modeling method and a
different statistical and modeling approach to obtain Hy. In the case of Saha et al. (2006) the
method is identical and the difference comes from the use of other/newer data, and the use of
different rules for constraining shear, adding secondary lenses, etc. Using the Saha et al. (2006)
sample of 10 lenses we have obtained Hy = 63fg km s~ 'Mpc™! and using the Oguri (2007)
sample of 16 lenses (minus B1422+231), we got Hy = 6672 km s~'Mpc ™.

1Excluding B1422+231.
20guri (2007) obtained Ho = 70 + 6 km s~ 'Mpc~!, Saha et al. (2006) got Ho = 72f11 km s~ !Mpc~!

107



CHAPTER 6. THE HUBBLE CONSTANT INFERRED FROM 18 TIME DELAY LENSES

40 LA L L N L L L Y L L L N Y L L L L I L L L L L B

30

20

Number of Models

10

40 50 60 70 80 90
Hubble Constant [km/s/Mpc]

Figure 6.2: Histogram of the ensembles of Ho values estimated from 18 lensing systems. We have assumed Qp =
0.7 and ., = 0.3.
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Figure 6.3: Comparison of the three histograms of the ensembles of Ho values. Histogram plotted with the solid line
represents our results for 18 systems; the dashed line represents the results of 10 lenses (Saha et al. 2006) and the
dotted line is a result of 16 lenses (Oguri 2007). All calculations are done for a flat Universe with Qa = 0.7 and
Qm =0.3.
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6.5 ’'ELLIPTICAL’ SAMPLE

The strongest degeneracy in lens modeling is the so-called mass-sheat degeneracy between time
delays and the steepness of the mass profile. This degeneracy causes that without change in the
images position, we can change the steepness of the mass profile, hence, the resulting Hy. Thus,
if the steepness and At are known, Hj is well constrained, although the time delays are also
influenced by other more complicated degeneracies involving details of the shape of the lens
but these effects are secondary (Saha & Williams 2006).

In our sample of 18 systems we have galaxies with a variety of steepness. Without detailed
observations the profile steepness of each lens is not known, except possibly for elliptical galax-
ies.

Several studies have shown that elliptical galaxies may be considered as approximately
isothermal p oc 72 (Koopmans et al. 2006a, Oguri 2007, Koopmans et al. 2009, Gerhard et al.
2001). Hence, by selecting from our 18 system only elliptical galaxies we expect to get a uniform
sample with known slopes of mass profiles.

We have selected five systems that are relatively isolated, elliptical galaxies: PG 1115+080
(Impey et al. 1998), HE 2149-275 (Lopez et al. 1998), SDSS J1206+4332 (Paraficz et al. 2009), HE
0435-1223 (Kochanek et al. 2006) and SDSS J1650+4251 (Vuissoz et al. 2007, Morgan et al. 2003).

Five other lenses were also found to be elliptical but a cluster or group to which they belong
has strong influence on the lensing system, thus it is difficult to model them: QSO 0957+561
(Oscoz et al. 1997, Bernstein & Fischer 1999); RX J1131-1231 (Claeskens et al. 2006); RX J0911+055
(Kneib et al. 2000), SDSS J1004+4112 (Sharon et al. 2005) and WEFI J2033-4723 (Eigenbrod et al.
2006b),

Three of the lenses are most probably spiral galaxies: PKS 1830-211 is a face-on spiral galaxy
(Winn et al. 2002), B1600+434 is a spiral galaxy with a companion (Jaunsen & Hjorth 1997) and
B0218+357 is an isolated spiral galaxy (Koopmans & the CLASS collaboration 2001).

The remaining five systems were not included into the ’elliptical” sample due to various
other issues: B1608+656 has two lensing galaxies inside the Einstein ring; HE 1104+180 has
little starlight, suggesting a dark matter dominated lens (Poindexter et al. 2007, Vuissoz et al.
2008); SBS 15204530 has a steeper than isothermal slope, probably due to mergers (Auger et al.
2008); FBQ 0951+263 is a complicated system which is hard to model (Peng et al. 2006); SBS
0909+532 is probably early-type (Lehdr et al. 2000) but according Motta et al. (2002) is not very
typical due to lots of dust.

Using the sample of five elliptical galaxies and constraining the steepness of their mass pro-
files to be apin, = 1.8 and amqs = 2.2 we have run the PixeLens simultaneous modeling. The
sample of 5 lensing systems gives us a Hubble constant estimation Hy = 7972 km s~'Mpc ™!
at 68% confidence and Hy = 7973 km s~'Mpc ™! at 90% confidence. We have also combined
the 5 constrained systems with the rest of the unconstrained sample to perform simultaneous
modeling and obtained very well determined Hubble constant Hy = 76 + 3 km s~!Mpc ™' at
68% confidence and Hy = 76 + 5 km s~ '"Mpc ™" at 90% confidence. The results are presented in
Figure 6.4.
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Figure 6.4: Histogram of the distribution of Ho values for the selected sample of 5 elliptical galaxies having con-
strained steepness of mass profiles in the range 1.8-2.2 (solid line) and the selected elliptical sample combined with
the rest of the systems (dashed line). All calculations are done for a flat Universe with Qx = 0.7 and ., = 0.3.
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CHAPTER 6. THE HUBBLE CONSTANT INFERRED FROM 18 TIME DELAY LENSES

6.6 CONCLUSIONS

Non-parametric modeling using PixeLens was applied to an ensemble of 18 lenses to determine
a new value for the Hubble constant. We have obtained Hy = 661$ km s™*Mpc ™' for a flat
Universe with 24 = 0.7, §,,, = 0.3. We have also compared our results with the two previous
attempts to estimate Hy from time delays (Saha et al. 2006, Oguri 2007) (Fig. 3).

Our additional result was based on studies of a selected sample of five lensing galaxies that
have mass profiles close to p o 7~2. The Hubble constant recovered using the selected sample
of elliptical galaxies combined with the rest of the systems is Hy = 7613 km s~ *Mpc ™.

The gravitational lensing method that constrains Hj has difficulties due to a couple of de-
generacies between mass and time delay. The major degeneracy, the mass-sheet degeneracy,
as we have shown, can be addressed by a careful choice of galaxies and the others partially by
a combined, pixelated analysis of a large sample of lenses. Pixelated lens modeling provides
insight into the structure of galaxies and the distribution of dark matter which together with
precise measurements of time delays gives a reliable cosmological method.

Lensing can already determine the Hubble constant approaching the accuracy level of other
leading measurements. Nevertheless, still more observation are needed. Future data with pre-
cise time delay measurements and better lens models will give even better constraints on Hy,
perhaps turning lensing into a very competitive method.

The Dark Cosmology Centre is funded by the DNRF. DP thanks Prasenjit Saha for very
extensive and patient help with PixeLens.
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GRAVITATIONAL LENSES AS COSMIC
RULERS: (1, {2y FROM TIME DELAYS AND
VELOCITY DISPERSIONS

Danuta Paraficz and Jens Hjorth
2009, A&A, accepted

ABSTRACT -

We show that a cosmic standard ruler can be constructed from the joint measurement of the time
delay, At, between gravitationally lensed quasar images and the velocity dispersion, o, of the lensing
galaxy. This is specifically, for a singular isothermal sphere lens, Dor, o< At/o?, where Doy, is the
angular diameter distance to the lens. Using MCMC simulations we illustrate the constraints set in
the Qum—Qa plane from future observations.
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7.1. INTRODUCTION

7.1 INTRODUCTION

In the cosmological ACDM model, it is currently estimated that 96% of the total energy density
of the Universe is in the form of dark matter (25%) and dark energy (74%). These propor-
tions have been inferred from a number of completely independent measurements, e.g. cosmic
microwave background (CMB) (Spergel et al. 2003, Komatsu et al. 2009), baryon acoustic oscil-
lations (Eisenstein et al. 2005), supernovae (Riess et al. 1998, Perlmutter et al. 1999), large scale
structure (Peacock et al. 2001), clusters of galaxies (White et al. 1993) and weak gravitational
lensing (Weinberg & Kamionkowski 2003). Unfortunately, any astrophysical approach suffers
from potential systematic uncertainties (e.g. supernovae — not standard but standardized can-
dles with possible redshift evolution, CMB — various parameter degeneracies and interference
with foregrounds; weak lensing — PSF influencing the galaxy shape measurement). It is there-
fore important to explore complementary methods for measuring these quantities. Gravitation-
ally lensed quasars QSOs offer such an attractive alternative.

QSOs that are positioned in a way that a lens, i.e., a massive foreground object such as a
galaxy or a group of galaxies, intersects the line of sight, can be seen as magnified, multiple
images. Gravitationally lensed QSOs have already been used to set constraints on cosmologi-
cal parameters. Notably Refsdal (1964) showed that the Hubble constant Hy can be measured
from a multiple imaged QSO if the time delay between the lensed images and the mass dis-
tribution of the lens are known; attempts to constrain the cosmological constant A have been
based on gravitationally lensed QSO statistics (Fukugita et al. 1990). The importance of strong
gravitational lensing in future constraints on the evolution of the dark energy equation of state
parameter w(z) has also been emphasized (Linder 2004).

In recent years, joint studies of stellar dynamics and gravitational lensing have proven very
fruitful, e.g. the Lenses Structure & Dynamics (LSD) Survey and the Sloan Lens ACS Survey
(SLACS) were used to constrain the density profiles of galaxies (Treu & Koopmans 2004, Koop-
mans et al. 2006b). Methods for using either velocity dispersions (Grillo et al. 2008) or time
delays (Dobke et al. 2009) of lensed systems have been proposed as estimators of 2., and Q4.

We note that a standard cosmic ruler can be constructed from the joint measurement of the
time delay between QSO images and the velocity dispersion of the lensing galaxy, independent
of the redshift of the QSO. We explore its use to constrain {2, and Q5 in view of the large
samples of lenses to be found in forthcoming experiments, such as from the Large Synoptic
Survey Telescope (LSST), Square Kilometre Array (SKA), Joint Dark Energy Mission (JDEM),
Euclid, and the Observatory for Multi-Epoch Gravitational Lens Astrophysics (OMEGA) (Dobke
et al. 2009, Ivezic et al. 2008, Carilli & Rawlings 2004, Marshall et al. 2005, Moustakas et al. 2008).

7.2 LENSES AS STANDARD RULERS

The time delay A7 is the combined effect of the difference in length of the optical path between
two images and the gravitational time dilation of two light rays passing through different parts
of the lens potential well,

N 14 2L DOS DOL

At = — I (;(J_ 5)? — \11(9)> . (7.1)

Here § and 3 are the positions of the images and the source respectively, 2, is the lens redshift,
and V is the effective gravitational potential of the lens. Doy, Dos, Dyg are the angular diameter
distances between observer and lens, observer and source, and lens and source, respectively. If
the lens geometry § — [ and the lens potential ¥ are known, the time delay measures the ratio
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DosDot,/Dys, also known as the effective lensing distance r(z, Qm, Q4 ), which depends on the
cosmological parameters.

The observed velocity dispersion of a galaxy ¢ is the result of the superposition of many
individual stellar spectra, each of which has been Doppler shifted because of the random stellar
motions within the galaxy. Therefore, it can be determined by analyzing the integrated spec-
trum of the galaxy, which has broadened absorption lines due to the motion of the stars. The
velocity dispersion is related to the mass through the virial theorem: 0% x M, /R, where M,
is the mass enclosed inside the radius R. The mass is measured by the Einstein angle 6, of the
lensing system M, = %DODLiLDSOSH%, where R = Do1.0g. Thus, 02 x g—‘ESGE.

Since the time delay is proportional to DosDor,/Dys and the velocity dispersion is propor-
tional to Dogs/Dys, the ratio A7 /o? is dependent only on the lens distance and therefore acts as
a cosmic ruler: Ar/0? o< Doy, !. In Fig. 7.1 we illustrate the dependency on the lens redshift
of the measurables, time delay AT, velocity dispersion squared 02, and the ratio between them,
At /a?. To show the sensitivity of the three functions to 2, we plot them for four cases of a
flat (2 + Q4 = 1) Universe with Q4 = 0.2, 0.5, 0.7 and 0.9, relative to an Einstein—de Sitter
Universe (2, = 1,Q4 = 0).

We can see that A7/0? is more sensitive to the cosmological parameters than At or o2 sep-
arately. We also note that the higher the lens redshift the more pronounced is the dependency
on cosmology, hence it is important for this method to study high redshift lenses. Finally, it has
the advantage of being independent of the source redshift.

1A standard ruler can be used to measure angular diameter distances. Standard candles, on the other hand, measure
luminosity distances, which can be obtained by multiplying angular diameter distances by a factor (1 + 2)2.
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Figure 7.1: Dependence of the three quantities, AT (top panel), o* (middle panel), A7/o* (bottom panel) on the
lens redshift. The source redshift was fixed to z = 3. A flat Universe (Qm + Qa = 1) was assumed with 4 different
values Q: 0.2, 0.5, 0.7 and 0.9. Each curve is plotted relative to a flat Einstein—de Sitter Universe (Om = 1,
Qp =0).

117



CHAPTER 7. GRAVITATIONAL LENSES AS COSMIC RULERS: Qy;, 24 FROM TIME
DELAYS AND VELOCITY DISPERSIONS

Both velocity dispersion and time delay depend on the gravitational potential of the lens
galaxy. For the simple case of a singular isothermal sphere (SIS) both parameters can be easily
expressed analytically. While the SIS model is convenient for its simplicity, it is also a surpris-
ingly useful model for lens galaxies (Koopmans et al. 2006b, Oguri 2007, Guimardes & Sodré
2009, Koopmans et al. 2009).

The time delay is
1+ Z1, DOLDOS 2 2
A — - 7.2
TSIS 2% Dis (63 — 67) (7.2)
and the velocity dispersion is
C2 DOS

For the SIS model the Einstein angle is half the distance between the lensed images, g = (61 +
62)/2 (we define A7 and 6, 2 to be positive, with 62 > ;). Hence

03 ATSIS

Dow(fy — 6y) = = 27815
oL(62 ~61) 4 g (1 + 21)

(7.4)

7.3 MONTE CARLO MARKOV CHAIN SIMULATIONS

To explore the constraints set on cosmological parameters from the joint measurements of im-
age positions, lens redshift, time delay and velocity dispersion, we perform simulations on SIS
lenses using the Metropolis algorithm (Saha & Williams 1994). To simulate the uncertainties of
the measurables we use x? given by:

2
AT I
2 |:U2GE(1+ZL)87 _T(ZanaQA)}
X = 2 2 Y (75)
(03)2“ AT 59E) +<AT 502) +( SAT )}
87 0'29]23 1421, 040 1+2z1, 020k (1+=21)

where, (2, Qy, Q) is a angular diameter distance. For simplicity we have assumed that for
each simulated lens, the lens images are aligned such that §; = 0 and 6, = 20g. Similar expres-
sions are computed for A7 and o2, In all the simulations we let Q,,, Qa vary between 0 to 1
while either fixing or marginalizing over Hy.
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Figure 7.2: MCMC simulations for three different cases: AT (top, panel), o* (middle panel), and At/ (bottom
panel). 125 galaxies were generated with redshifts equally distributed between 0.1 and 1.1, source redshifts between
1.5 and 3.5, and velocity dispersions varying from 100 to 300 km s~*. For each lens we calculate the Einstein
angle for a SIS in a cosmology with Q. = 0.3, Qs = 0.7. Ho was fixed at 70 km s~ Mpc™'. Yellow regions
are 1o, green are 20 confidence levels.
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7.3.1 COMPARISON OF METHODS

We first illustrate the constraints set in the ©,,—2 plane for 125 simulated galaxies. Their red-
shifts are equally distributed between 0.1 and 1.1, the source redshifts between 1.5 and 3.5, and
the velocity dispersions in the range 100 to 300 km s~!. For each lens we calculate the Einstein
angle from Eq. 7.3 assuming Oy, = 0.3, Q4 = 0.7 and Hy = 70 km s~ Mpc~!. We constrain
the sample to easily detectable systems, thus we include in the simulations only lenses with 6
larger than 0’5 (Grillo et al. 2008). We assume simulated 5% uncertainties in the Einstein angle
and run 10000 minimizations of x? for three different observables: At, o2, and At /o? (see Fig.
7.2).

The constraints on the parameter space from the time delay (Fig. 7.2, top panel) have a non-
linear, curved shape (Coe & Moustakas 2009) elongated roughly in the €2, + Qs = 1 direction.
The velocity dispersion (Fig. 7.2, middle panel) gives a good constraint on 25 but a weak one on
y,. Joint observations of time delay and velocity dispersion (Fig. 7.2, bottom panel), give con-
straints approximately perpendicular to the flat Universe line similarly to Type la supernovae.
As expected, the proposed cosmic ruler (Eq. 7.4) gives tighter constraints on both cosmological
parameters than the two other methods.

7.3.2 ONE HIGH-REDSHIFT LENS

To study the constraints on cosmological parameters from a single lens we run 10000 minimiza-
tions on one system with parameters similar to an existing lens, MG 2016+112 (Lawrence et al.
1984). We set the lens redshift to 1.0, the source redshift to 3.27 and the Einstein angle to 177.
The velocity dispersion is calculated from Eq. 7.3 assuming Q,, = 0.3, Qp = 0.7. We perform
simulations for two uncertainty scales (5% and 10%). Because the results do not depend on
the parameter from which the uncertainty comes, the simulated error can be understood as the
uncertainty in either the velocity dispersion squared, the time delay, the Einstein angle, or a
combination of these. We present the results from these simulations in Figure 7.3 (top row). The
probability contours form a wide stripe going across the parameter space in a direction almost
perpendicular to the ,, + Q24 = 1 line. To show the importance of Hj in the simulations we
present two cases, first for marginalized Hy = 70 =5 km s~ Mpc ™ (left column) and second
for fixed Hy = 70 km s~ Mpc™* (right column). The shift in the marginalized case between the
5% and 10% confidence contours is due to the fact that high values of Hy change the distances
calculated from angular diameter distance equation less than the low ones, thus, to compen-
sate, the region with simulated 10% uncertainties is shifted towards lower values of Qy,,
compared to the 5% region.
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Figure 7.3: MCMC simulations for At /o®. Top row: One lens with parameters similar to MG 2016+112 (z1, =
1.0, 2s = 3.27, 0 = 1"7). Middle row: 10 lensing systems with lens redshifts equally distributed between 0.5
and 1.5. Bottom row: 400 lensing systems as for middle row. 10000 MCMC minimizations were performed. All
three simulations were performed for 2 uncertainty scales: 5% (yellow) and 10% (green). Left column: The plots
marginalized over Ho. Right column: Ho is fixed to 70 km s~* Mpc™".
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7.3.3 MANY LENSES

We also simulate 20 and 400 lensing systems with lens redshifts equally distributed between 0.5
and 1.5 (Fig. 7.3). In this case the probability of detecting the correct cosmological parameters
converges faster around the assumed ‘real” values ,,, = 0.3, Qx = 0.7, creating, as a constant
probability contour, an ellipse. The simulations show that by observing 20-400 lenses with
small measurement errors, cosmological parameters can be well constrained. For a 5% error in
the marginalized case we get for 20 lenses: Q5 = 0.657527, Q,, = 0.3070:32 and for 400 lenses:

Qp = 0.7070-0%, O = 0.3070 93 (1 o confidence interval).

7.4 DISCUSSION

In our simulations we have assumed that the lenses have SIS mass distributions. The SIS profile
seems to be a rather good choice, because several studies based on dynamics of stars, globular
clusters, X-ray halos, etc. have shown that elliptical galaxies have approximately flat circular
velocity curves (Koopmans et al. 2006b, Oguri 2007, Schechter & Wambsganss 2004, Guimaréaes
& Sodré 2009, Gerhard et al. 2001). The structure of these systems may be considered as ap-
proximately homologous, with the total density distribution (luminous+dark) close to that of
a singular isothermal sphere. We stress, however, that the proposed cosmic ruler does not rely
on the assumption of a SIS. For any potential characteristic of the lens galaxies it is sufficient
to assume that the potential (on average) does not change with redshift (or that any evolution
can be quantified and corrected for). In other words, At/0? oc Doy, for all lens models. While
we cannot rule out some redshift evolution, it is expected to be weak (Holden et al. 2009), given
that lens galaxies are typically massive and hence fairly relaxed, giving rise to similar structures
as their lower-redshift counterparts.

Nevertheless, like for any cosmic ruler, there is a range of possible systematic uncertainties
which must be addressed before it can be used for precision cosmology. Several factors affect the
lensing configuration, the velocity dispersion, and the time delays to various degrees: velocity
anisotropy, total mass-profile shape (Schwab et al. 2009) and the detailed density structures
(mass profiles of dark and luminous matter, ellipticities) of the lenses (Tonry 1983), mass along
the line of sight to the QSO (Lieu 2008) and in the environment of the lenses, such as groups
and clusters (Metcalf 2005) (the mass-sheet degeneracy (Saha 2000, Falco et al. 1985, Williams
& Saha 2000, Oguri 2007)) and substructure (Dalal & Kochanek 2002, Macciod & Miranda 2006,
Maccio et al. 2006, Xu et al. 2009). These factors are of the order of our assumed measurement
uncertainties.

Fortunately, the velocity anisotropy appears to be small in lens galaxies (Koopmans et al.
2009, van de Ven et al. 2003) and in relaxed galaxies in general (Hansen & Moore 2006, An
& Evans 2006). The density structures of elliptical galaxies appear to be fairly universal (Bak
& Statler 2000, Alam & Ryden 2002). The effects of extrinsic mass are important but usually
limited (Holder & Schechter 2003) and can be spotted from anomalous flux ratios or lensing
configurations.

To date, there are around 200 known strong gravitational lens systems, but only 20 of them
have measured time delays, with typical errors of 5-10%. Similar errors are obtained for mea-
sured velocity dispersions. In other words, applying the method to current data will not provide
sufficiently tight constraints on Q,,,, 24 to be competitive with current cosmological methods.
Ultimately therefore, to address systematic errors and to turn the proposed cosmic ruler into a
useful cosmological tool, a large sample of homogenous systems is needed, e.g. high-redshift
early-type galaxies with o, A7, and the locations of the images measured with high precision.
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From the sample, one may eliminate problematic systems, such as systems with a lot of exter-
nal shear, or non-simple lenses. Moreover, each lens would have to be modeled in detail, i.e.
accounting for systematic uncertainties by measuring them directly and including the effects in
the analysis.

Future facilities will allow such an experiment. LSST, SKA, JDEM, Euclid, and OMEGA
(Dobke et al. 2009, Ivezic et al. 2008, Carilli & Rawlings 2004, Marshall et al. 2005, Moustakas
et al. 2008)A will both find large numbers of new lenses and have the potential to accurately
constrain the time delays. And with the James Webb Space Telescope (JWST) or future 30—
40-m class telescopes (e.g. TMT — Thirty Meter Telescope and E-ELT — European Extremely
Large Telescope), velocity dispersions can be obtained to the precision required and velocity
anisotropy can be effectively constrained through integral field spectroscopy (Barnabé et al.
2009). This must be coupled with high-resolution imaging which can constrain both the density
structures of the lenses and significant mass structures affecting the lensing. Extrinsic mass and
density structures can also be constrained indirectly by modeling the lensing configuration,
including flux ratios and positions of the images.

The Dark Cosmology Centre is funded by the DNRFE.
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8

CONCLUSIONS AND OUTLOOK

8.1 CONCLUSIONS

In this Thesis we have extensively explored one property of strong gravitational lensing: the
time delay. We have investigated strong gravitational lensing systems and in particular the
time delay from both an observational and theoretical approach, focusing on the time delay as
a cosmological and astrophysical tool to constrain Hy, §2,,,, 2, and to measure the masses of
lensing galaxies.

We have started out study by measuring the time delay of one lensed system and based on
that we have measured H,. However, due to degeneracy of H, with the mass of the lens, a
measurement of Hy based on only one case is not very reliable. Hence, we have combined all
lensed systems with know time delays and measured Hj using the statistical ensemble. Using
this sample we have also shown that H, can be better constrained if only those systems where
the lens is an elliptical galaxy are used. Our final result is that €2,,, and Q2 can also be constrained
using strongly lensed quasars. We have shown that combining gravitational lensing and stellar
dynamics studies offers a competitive method for estimating cosmological parameters in the
near future.

8.1.1 TIME DELAYS

We have estimated the time delay of SDSS J1206+4332 to be AT = 11675 based on a 280-day long
monitoring campaign at the Nordic Optical Telescope. This shows the feasibility of measuring
time delays from campaigns not much longer than the time delay itself. To model the system,
we first assumed a single lensing galaxy modeled with a singular isothermal ellipsoid (SIE),
but we were unable to reproduce the image positions. By adding to the lens model two further
galaxies G2 and G3, we found that the influence of G2 is negligible due to its small redshift, but
G3 has a major impact on the system geometry. A lens model with two galaxies, where the main
one is a SIE and the second is a SIS, predicts the image positions very well. Thus this model
resulted in a Hubble constant of 7374 km s~ Mpc~! assuming ,, = 0.3 and Q = 0.7.
Unluckily, lack of short-term variability in the other monitored systems (SDSSJ 0903, SDSS
J1001+5027, SDSS J1353+1138, SDSS J1335+0118) do not allow us to measure their time delays.
From the quasar studies of Fohlmeister et al. (2008), Vuissoz et al. (2007), Koopmans et al. (2000),
and many others, we see that in the time span of 200-300 days of monitoring a quasar might be
in its quiet stage or undergo a slow increase or decrease. Thus, despite our success in measuring
the time delay of SDSS J1206+4332, it appears that monitoring substantially longer than the
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predicted time delay of a given system is necessary in most cases.

We have modeled all five systems using both analytical and pixelated methods. Using the
predicted time delays we have shown that none of the systems exhibited significant microlens-
ing variability during the observing campaign.

We have also performed simultaneous pixelated modeling with a shared Hubble constant of
five lenses which time delays were measured at the NOT. The estimated Hubble constant from
this analysis is Hy = 61.57% kms—! Mpc—1.

8.1.2 STATISTICS

Non-parametric modeling using PixeLens was applied to an ensemble of 18 lenses to obtain a
new determination of the Hubble constant. We have obtained Hy = 65.7752 km s~'Mpc ™" for
a flat Universe with ), = 0.7 and ©,,, = 0.3. We have also compared our results with the two
previous attempts to estimate H, from time delays (Saha et al. 2006, Oguri 2007, Fig. 3).

An additional result was based on studies of a selected sample of five lensing galaxies that
have mass profiles close to p o< r~2. The Hubble constant recovered using the selected sample
of elliptical galaxies, combined with the rest of the systems, is Hy = 75.8§ 5% km s~'Mpc ™.

The gravitational lensing method to constrain Hj faces a difficulty due to a couple of degen-
eracies between mass and time delay. The major degeneracy, the so-called mass-sheet, as we
have shown, can be avoided by a careful choice of galaxies and the others, partially, by a com-
bined, pixelated analysis of a large sample of lenses. Pixelated lens modeling provides insights
into the structure of galaxies and the distribution of dark matter, which, together with precise
measurements of time delays, provides a reliable cosmological method.

8.1.3 THEORY

We have shown that Q,,, and Q) can be constrained from the joint measurement of the time
delay, AT, between gravitationally lensed quasar images and the velocity dispersion, o, of the
lensing galaxy, because Doy, < A7/0?, where Doy, is the angular diameter distance to the lens.

Using Monte Carlo Markov Chain simulations we have illustrated the constraints set in the
Qm—Q plane from future observations. For 20 simulated lenses with cumulative 5% error we
obtain: Q4 = 0.657057, O = 0.3075:05, and for 400 simulated lenses with cumulative 5% error
we get: Q4 = 0.70705%, Q. = 0307502 (10 confidence interval).

In our simulations we have used lenses that have SIS mass distributions. This choice was
made because several studies, based on dynamics of stars, globular clusters, X-ray halos, etc.,
have shown that elliptical galaxies have approximately flat circular velocity curves (Koopmans
et al. 2006b, Oguri 2007, Schechter & Wambsganss 2004, Guimardes & Sodré 2009, Gerhard et al.
2001), i.e., the structure of these systems can be considered as approximately homologous, with
the total density distribution (luminous + dark matter) close to that of a singular isothermal
sphere.

8.2 FUTURE

To date, there are around 200 known strong gravitational lens systems but only 20 of them have
measured time delays, with typical errors of 5-10%. In other words, applying gravitational
lensing methods to the currently available data will not provide sufficiently tight constraints
on Hy, Oy, 24 to be competitive with other cosmological methods. Moreover, up to now most
efforts have focused on studies of individual time delay lenses, which result in very different
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values of Hy, which is due to varying lens properties (mostly mass slope) and environments
(lensing by galaxy groups).

Therefore, to address systematic errors and to turn the gravitational lensing into a useful
cosmological tool, additional stellar dynamics studies of lensing galaxies and a large sample of
homogenous lensed systems is needed, e.g., high-redshift early-type galaxies that are known to
be isothermal (p o r~2; e.g. Koopmans et al. 2009, Gerhard et al. 2001). To make that sample
more homogenous one may additionally eliminate problematic systems, such as systems with
a lot of external shear, or non-simple lenses.

Gravitational lensing combined with stellar dynamics has a range of possible systematic
uncertainties which must be addressed before it can be used for precision cosmology. Velocity
anisotropy, total mass-profile shape (Schwab et al. 2009) and the detailed density structures
(mass profiles of dark and luminous matter, ellipticities) of the lenses (Tonry 1983), mass along
the line of sight to the QSO (Lieu 2008) and in the environment of the lenses, such as groups and
clusters (Metcalf 2005), the mass-sheet degeneracy (Saha 2000, Falco et al. 1985, Williams & Saha
2000, Oguri 2007) and substructures (Dalal & Kochanek 2002, Maccio & Miranda 2006, Maccio
et al. 2006, Xu et al. 2009), all affect the lensing configuration, the velocity dispersion, and the
time delays to various degrees, which are of order of our assumed measurement uncertainties.

Fortunately, the velocity anisotropy appears to be small in lens galaxies (Koopmans et al.
2009, van de Ven et al. 2003) and in relaxed galaxies in general (Hansen & Moore 2006). The
density structures of elliptical galaxies appear to be fairly universal (Bak & Statler 2000, Alam &
Ryden 2002). The effects of extrinsic mass are important but usually limited (Holder & Schechter
2003) and can be spotted from anomalous flux ratios or lensing configurations.

The main objectives of the future research are the following.

e Using spectroscopic and imaging observations of lenses that are early-type galaxies, de-
rive internal properties and distribution of environments of elliptical galaxies, resolve the
source structure, study stellar populations of lensing galaxies, look for evidence of evolu-
tion with redshift and dust properties through absorption.

e Using statistics on available data from e.g. SDSS, SLACS, quantify the effects of systemat-
ics and the scatter in the Hj estimation from individual galaxies due to physical properties
of the lens (ellipticity, density profile slope) and environment (shear).

e Develop the technique to include the velocity dispersion constraint in the simultaneous
pixelated modeling.

e Measure time delays of the newly discovered lenses and use existing and forthcoming
data (e.g. COSMOGRALIL) elliptical lenses to constrain the cosmological parameters.

In recent years there has been an increase in the number of strong lenses discovered by
searches such as CLASS (Myersetal. 2003) and SLACS (Bolton et al. 2006). Future facilities LSST,
SKA, JDEM, Euclid, OMEGA, and Pan-STARRS (already operational Dobke et al. 2009, Ivezic
et al. 2008, Carilli & Rawlings 2004, Marshall et al. 2005, Moustakas et al. 2008, Kaiser 2004) will
both find large numbers of new lenses and have the potential to accurately constrain the time
delays, through repeated observations in these surveys, and/or through lensing specialized
missions (such as OMEGA; Moustakas et al. 2008).

With the James Webb Space Telescope (JWST) or future 30-40-m class telescopes (e.g. TMT,
the Thirty Meter Telescope, and E-ELT — the European Extremely Large Telescope), velocity
dispersions can be obtained to the precision required and velocity anisotropy can be effectively
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constrained through integral field spectroscopy (Barnabe et al. 2009). This must be coupled
with high-resolution imaging which can constrain both the density structures of the lenses and
significant mass structures affecting the lensing.

Lensing can already determine the Hubble constant approaching the accuracy level of other
leading measurements. Nevertheless, still more observations are needed. Future data with
precise time delay measurements and better lens models will give even better constraints on
Hy, perhaps turning lensing into a very competitive method.
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RESOLVING THE DISCREPANCY BETWEEN
LENSING AND X-RAY MASS ESTIMATES OF
THE COMPLEX GALAXY CLUSTER
ABELL 1689

ABSTRACT —

There is a long-standing discrepancy between galaxy cluster masses determined from X-ray and grav-
itational lensing observations of which Abell 1689 is a well-studied example. In this work we take
advantage of 180 ks of Chandra X-ray observations and a new weak gravitational study based on a
Hubble Space Telescope mosaic covering the central 1.8 Mpc x 1.4 Mpc to eliminate the mass dis-
crepancy. In contrast to earlier X-ray analyses where the very circular surface brightness has been
inferred as Abell 1689 being spherically symmetric and in hydrostatic equilibrium, a hardness ratio
map analysis reveals a reqular and symmetric appearing main clump with a cool core plus some sub-
structure in the North Eastern part of the cluster. The gravitational lensing mass model supports the
interpretation of Abell 1689 being composed of a main clump, which is possibly a virialized cluster,
plus some substructure. In order to avoid complications and mis-interpretations due to X-ray emission
from the substructure, we exclude it from the mass reconstruction. Comparing X-ray and lensing mass
profiles of the regular main part only, shows no significant discrepancy between the two methods and
the obtained mass profiles are consistent over the full range where the mass can be reconstructed from
X-rays (out to = 1Mpc). The obtained cluster mass within ~ 875 kpc derived from X-rays alone is
6.442.1 x 10'"* Mg compared to a weak lensing mass of 8.6 +3.0 x 10'* Mg, within the same radius.
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A.1 INTRODUCTION

Gravitational lensing and X-ray observations are two independent methods, which can probe
the mass of the largest virialized structures in the Universe, namely clusters of galaxies. The
cluster mass is dominated by dark matter (= 80%) and hot X-ray emitting gas (=~ 20%). The
baryonic matter in the galaxies only contributes a few percent of the mass. The spectrum of
the X-ray emission from the gas depends on the temperature of the gas, which for a cluster in
hydrostatic equilibrium is related to the total mass of the cluster. Gravitational lensing uses the
distortion of background source images to probe the total mass along the line of sight. It has
been widely debated whether cluster mass determinations from the two methods agree, and
in some cases large discrepancies have been found (e.g. Loeb & Mao 1994, Miralda-Escude &
Babul 1995, Voigt & Fabian 2006, Mahdavi et al. 2007, Zhang et al. 2008). The main motivation
for studying a single cluster, Abell 1689, in large detail with the best available X-ray and lensing
data is to get insight into the mass discrepancy by determining the mass distribution using
both methods. It is checked that the results of a third independent mass determination method
using the velocity dispersion of the galaxies within the cluster are consistent with the X-ray and
lensing results.

Abell 1689 is a massive cluster with a redshift of z = 0.1832 (Teague et al. 1990). It is
mostly known for its amazing gravitational arcs and large number of multiply imaged sys-
tems. Consequently it has been well studied with strong and weak gravitational lensing (Broad-
hurst, Takada, Umetsu, Kong, Arimoto, Chiba & Futamase 2005, Broadhurst, Benitez, Coe,
Sharon, Zekser, White, Ford, Bouwens, Blakeslee, Clampin, Cross, Franx, Frye, Hartig, Illing-
worth, Infante, Menanteau, Meurer, Postman, Ardila, Bartko, Brown, Burrows, Cheng, Feld-
man, Golimowski, Goto, Gronwall, Herranz, Holden, Homeier, Krist, Lesser, Martel, Miley,
Rosati, Sirianni, Sparks, Steindling, Tran, Tsvetanov & Zheng 2005, Halkola et al. 2007, Lemze
et al. 2007, Limousin et al. 2007, Dahle et al. 2008). It has been proposed as a standard example
of a spherical cluster of galaxies in hydrostatic equilibrium (Xue & Wu 2002, Lemze et al. 2007).
However, earlier studies have found large discrepancies between the mass obtained from X-
ray observations and from gravitational lensing (Andersson & Madejski 2004, Andersson et al.
2007, Lemze et al. 2007). Strong gravitational lensing analyses have found the central 300 kpc
to consist of several subclumps (Limousin et al. 2007, Tu et al. 2007) and weak lensing reveals
substructure on a larger scale (500 kpc) (Okura et al. 2008, Dahle et al. 2008). Furthermore an
indication of substructure in the North Eastern (NE) part of Abell 1689 was seen by Andersson
& Madejski (2004) in an XMM-Newton X-ray observation.

Recently new data have become available in the form of a very deep X-ray observation with
Chandra (=~ 150 ks new exposure). In addition, a weak gravitational lensing analysis based
on a mosaic using the Wide Field Planetary Camera 2 (WFPC2) instrument aboard the Hubble
Space Telescope (HST) has recently been carried out (Dahle et al. 2008). This provides a unique
mass map with an unprecedented combination of spatial resolution (50”) and a large spatial
extension. We explore both of these data sets in this work.

The long X-ray exposure allows us to create hardness ratio maps with a resolution of 5”
(Sec. A.2.4), revealing substructure in the X-ray emission from the NE part of the cluster. In con-
trast, the South Western (SW) part seems circular and very regular. Consequently we assume it
to be spherically symmetric and relaxed, and we reconstruct the temperature and mass profiles
from SW part alone (Sec. A.2.5). The mass profile of the SW part is compared to the lensing mass
profile of the same region (Sec. A.3.3). The obtained profiles are in very good agreement and it
is proposed that Abell 1689 consists of a spherically symmetric part plus some substructure in
the NE part (Sec. A.2.9). We conclude that the mass profiles determined from high quality X-ray
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and gravitational lensing data are in agreement.

Throughout the paper we have used a standard ACDM cosmology with Qy4ryon = 0.046,
Qa = 0.72, Qcpy = 0.23, and Hp = 70.1kms~! Mpc~! (Hinshaw et al. 2008). At the redshift
of Abell 1689, 1’ corresponds to 185 kpc for the chosen cosmological model. Unless otherwise
stated, quoted uncertainties are one o.

A.2 X-RAYS

A.2.1 X-RAY OBSERVATIONS

We have analyzed four Chandra X-ray observations from the NASA HEASARC archive! with a
total exposure of approx. 180 ks (see Tab. A.1). It has been claimed that the two newest, and by
far longest, observations cannot be used due to background issues (Lemze et al. 2007), but these
can be overcome, as shown in Sec. A.2.3.

Observation id ‘ Date ‘ Exposure time ‘ Data mode
1663 2001 Jan 7 10.73 ks FAINT
5004 2004 Feb 28 19.86 ks VFAINT
6930 2006 Mar 06 75.79 ks VFAINT
7289 2006 Mar 09 74.61 ks VFAINT

Table A.1: The analysed Chandra observations of Abell 1689.

The four observations in Tab. A.1 have been reprocessed with the calibration CALDB 3.4.1
and analysed with CIAO 3.4 (Fruscione et al. 2006) following standard proceduresz, The CIAO
Data Analysis Page. We found the X-ray peak of Abell 1689 to have the position (R.A., decl.)=(197.87306°,
-1.3413889°). In all observations, the X-ray peak was situated on the ACIS-I3 chip and we per-
formed the analysis with events entirely from this chip.

A.2.2 X-RAY ANALYSIS: IMAGE AND SURFACE BRIGHTNESS

An exposure corrected X-ray image combined from the four observations is shown in Fig. A.1.
The emission is almost circular tempting one to conclude that Abell 1689 is spherical and in
hydrostatic equilibrium. However this is not the case, which is clearly demonstrated by the
surface brightness profiles derived from Fig. A.1 for the NE and SW halves respectively (defined
by the dashed white line). Fig. A.2 shows the ratio between the NE and SW profiles. It is evident
that within ~ 300 kpc the SW half is brighter, where outside ~ 500 kpc the two halves are more
equally bright with a tendency for the NW half to be brighter.

Thttp:/ /heasarc.gsfc.nasa.gov/docs/archive.html
Zhttp:/ /cxc.harvard.edu/ciao3.4/
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Figure A.1: Exposure corrected X-ray image composed from the observations in Tab. A.1 (smoothed with a 10" wide
Gaussian). The dashed white line through the X-ray peak (20° angle) divides the cluster in the NE and SW haluves.
The annuli described in Sec. A.2.5 are shown in solid green and the 3' circle in dashed green.
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Figure A.2: The ratio between the surface brightness profiles in the 0.3 — 12.0 keV of the NE and SW halves with

Poisson errors.
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A.2.3 X-RAY ANALYSIS: BACKGROUND

Chandra has two telemetry modes called FAINT and VFAINT (Very FAINT). They have dif-
ferent event gradings and thereby different background event selections (Chandra X-ray Cen-
tre Proposers’ Observatory Guide, chapter 9 2007, ch. 6.14). Three of the four observations
analysed here have been done in the VFAINT mode. The standard blank sky observations for
background subtraction are produced from observations in the FAINT mode (Markevitch et al.
2003), and hence the shape of the background spectrum from a VFAINT observation deviates
from the spectrum of a blank sky observation. However, instead of using the pipeline processed
VFAINT data, the data can be reprocessed as FAINT observations. In the latter case, the shape
of the background spectra of the two new, long observations 6930 and 7289 are identical to the
corresponding blank sky spectra. We have extracted the blank sky spectra from the same chip
regions as the observed cluster spectra and scaled the blank sky spectrum level to the corre-
sponding observational spectrum in the 9-12 keV interval, where very little cluster emission is
expected.

Instead of using the blank sky background, it is possible to use the local background from
the same observation allowing to take advantage of the improved background reduction in the
VFAINT mode. The background differs from chip to chip (in the CCD), so the local background
has to be extracted from the same chip as the source region (in this case ACIS-I3). We have
compared the two methods of background subtraction and the difference between the final
results (e.g. the temperature) is negligible. In the following we have used the blank sky method
whenever extracting spectra, since it allows us to use more of the chip for the actual analysis
and hence determine the temperature further from the centre of the cluster. For the images we
have used the VFAINT data since the background event grading is better.

A.2.4 X-RAY ANALYSIS AND RESULTS: HARDNESS RATIO

The ratio of low energy photons to high energy photons from the intra cluster medium is a
proxy of the temperature structure of the cluster. If the cluster is isothermal and only radi-
ates thermally, the ratio between soft and hard photons (S/H) will be independent of position
(within the cluster). However, if there is a variation in temperature, we expect to see a difference
in S/H. Even clusters in hydrostatic equilibrium have a radial temperature gradient, which we
expect to see as a circular structure in the soft to hard photon ratio.

From the two longest exposures (observation id 6930 and 7289) we have created two hard-
ness ratio maps with different energy splittings between the soft and hard photons. One has a
splitting energy of 1.0 keV so S/H = E[0.3-1.0 keV]/E[1.0-10.0 keV] and the other of 6.0 keV so
S/H =E[0.3-6.0 keV]/E[6.0-10.0 keV]. We produced a soft and a hard exposure corrected image
with a binning of 5" /pixel. The images were smoothed with a Gaussian of width o = 5”, before
the soft images were divided by the hard images. For visualisation, the hardness ratio maps
were smoothed again with Gaussian of width o = 15", resulting in the two hardness ratio maps
shown in Fig. A.3. Bright colour means excess of low energy photons. In the case of hydrostatic
equilibrium this means colder, but since substructure is rarely in hydrostatic equilibrium, the
temperature that can be derived from spectral fitting is not the actual physical temperature.
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Figure A.3: The obtained hardness ratio maps (bright is soft photon excess). The green contours show the almost
circular total X-ray emission. The white line divides the cluster into the NE (upper) part and the SW (lower) regular
and symmetrically appearing half. The white circle is the region analysed in Sec. A.2.8. Upper: The hardness ratio
map for the energy splitting of 1.0 keV (S/H = E[0.3-1.0 keV]/E[1.0-10.0 keV']) Lower: The hardness ratio map for
the energy splitting of 6.0 keV (S/H = E[0.3-6.0 keV/E[1.0-10.0 keV']).
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In the 1.0 keV hardness ratio map (upper part of Fig. A.3) a substructure in the NE part of
the cluster is clearly visible, where in the 6.0 keV hardness ratio map (lower part of Fig. A.3)
only the (almost) circular symmetric part centered at the X-ray peak is visible. The splitting of
1 keV is commonly used (e.g. Fabian et al. 2000), but we have investigated several splittings
between 0.5 keV and 7.0 keV. For splittings between 1.0 keV and 6.0 keV, the hardness ratio
map shifts gradually between the two extremes shown in Fig. A.3, so increasing the splitting
energy hides the NE structure and enhances the circular cluster structure.

The contours of the total X-ray emission from Abell 1689 (green in Fig. A.3) give the impres-
sion of being circular with only a slight elongation in the North-South direction. This elongation
is more pronounced in the hardness ratio maps with the 1 keV splitting.

In the hardness ratio map with splitting at 6.0 keV there is a relative soft-photon excess
centred at the position of the total X-ray peak, which indicates a cool core in the cluster.

From the hardness ratio maps it is inferred that Abell 1689 consist of a spherically symmetric
part, which to the NE is obscured by come substructure. The cool core indicates that the spheri-
cal part of Abell 1689 is relaxed and in hydrostatic equilibrium (Voigt & Fabian 2006). Therefore
we have split the cluster into two regions and in the following sections, the temperature and
mass profiles have been determined from the symmetrically appearing SW part alone. The di-
vision line shown in Fig. A.1 and Fig. A.3 (white dashed) goes through the X-ray peak and is
tilted by 20° with respect to the East-West direction.

A.2.5 X-RAY ANALYSIS AND RESULTS: TEMPERATURE PROFILE

Assuming the intra cluster medium to be an optically thin and completely ionised gas, we
determined the global properties of Abell 1689 by analysing a 0.5 — 8.0 keV spectrum of the
central 3’. This radius was chosen because it includes most of the cluster emission (the dashed
green circle in Fig. A.1) and the same radius is used in earlier analyses (Andersson & Madejski
2004, Lemze et al. 2007). An isothermal plasma model (MEKAL, Mewe et al. (1985)) including
Galactic absorption was fitted to the spectrum using the spectral fitting package Xspec 12.3
(Arnaud et al. 2007). The absorption in neutral hydrogen along the line of sight was fixed to
1.83 x 102°cm~2 (HeaSoft 2007, ny tool). Leaving ny a free parameter while fitting gave a
consistent value. The redshift was fixed to z = 0.183. The redshift can also be determined from
the spectral fitting, but the result had an uncertainty of ~ 20% and as a consequence we used
the fixed value. Unfortunately this also excludes the idea of determining the distance along the
line of sight to the NE substructure from the spectral fitting.

We obtained a global temperature of 10.5 & 0.1 keV and an abundance of 0.37 =+ 0.02 solar
value for a reduced x? of 1.3 (1725 degrees of freedom). This is consistent with earlier reported
results (Xue & Wu 2002, Andersson & Madejski 2004, Lemze et al. 2007). 8 Clusters are not
isothermal and consequently we made a radial temperature analysis. The X-ray emission of the
NE part of Abell 1689 contains substructure in the low energies (see Sec. A.2.4 and Sec. A.2.9)
indicating that this part of the cluster is complex. Hence, we have restricted the radial temper-
ature analysis to the SW symmetrically appearing half of the cluster.

Using the four data sets and the blank sky background, we have extracted the spectra from
the SW half of Abell 1689 in 17 half-circular bins centered at the X-ray peak and containing at
least 30000 events each (green circles in Fig. A.1). The same model as for the global proper-
ties was fitted to the 0.5 — 8.0 keV spectrum of each radial bin. The obtained (projected, 2D)
temperature profile is shown in Fig. A.4 (black diamonds).
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Figure A.4: The temperature profile reconstructed from the SW symmetric part of Abell 1689. The black diamonds
are the 2D projected profile and the grey crosses are the 3D deprojected profile. For the further analysis the 2D
projected profiles was used.
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Fitting the complete annuli provides similar temperatures except for the annuli affected by
the substructures. In general the reduced x? of the fits are closer to one for the half annuli than
for the complete annuli.

Since the observed X-ray emission is a superposition of gas shells of different temperatures
we proceeded to deproject the temperature profile of Abell 1689 using ten half-circular bins,
each containing at least 45000 counts. Using Xspec, the spectra and response matrices for all
bins were fitted simultaneously to the same plasma model as for the 2D temperature profile, but
now combined with the projct command, which accounts for the projection effects performing a
3D to 2D projection of prolate shell annuli. Each shell are assumed to have its own temperature
and all the temperatures are allowed to vary independently. Spherical symmetry of the SW
part was assumed as supported by the hardness ratio maps. The deprojected (3D) temperature
profile is shown in Fig. A.4 as grey crosses.

The two temperature profiles are quite similar and for that reason, we have reconstructed
the mass profile from the 2D projected temperature profile.

A.2.6 X-RAY ANALYSIS AND RESULTS: MASS PROFILE

Assuming the SW part of Abell 1689 to be one half of a spherical symmetric cluster in hy-
drostatic equilibrium, the 2D projected temperatures can be used to determine a mass profile
following the procedure described in Voigt & Fabian (2006). The method is based on the hydro-
static mass equation (Sarazin 1988):

kT () (dln(Tg(T)) . dlnfp (r))) ’ (A1)

Msp(<r) = Gumy dln(r) d n?r)

where kp is the Boltzmann constant, G is the gravitational constant, i is the mean particle
weight weighted by the proton mass m,,. Ty, is the gas temperature as a function of radius, and
pg is the gas density as function of radius, which can be found from the normalisation of the
fitted plasma model. The resulting 3D mass profile of the SW part is shown in Fig. A.5 (black).
The errors bars are determined by standard error propagation.
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Figure A.5: The 3D X-ray mass profile (grey diamonds). The fitted NFW profile is shown as a grey dashed line, and
the projected 2D NFW profile as a blue solid line. The 2D projected X-ray mass profile i shown as black diamonds.
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A.2.7 X-RAY ANALYSIS AND RESULTS: NFW FIT AND PROJECTION

The mass profile determined from X-rays describes the 3D matter distribution. However the
mass profiles from gravitational lensing (described in Sec. A.3.1) are 2D projected profiles, so in
order to compare the two profiles, we need to project the X-ray profile as well. It is most easily
done by projecting the density along line of sight, and then integrate along the projected radius,
R (Sarazin 1988):
f o [ prot(r)r /
Msp(< R) = /0 21R /. Wdrcﬂ% : (A.2)
If we naively calculate the density profile from the discrete X-ray mass profile, it becomes
unphysical with negative densities because of the fluctuations in the mass (even if the uncer-
tainties are taken into account). Instead we have investigated how large the projection effect
is for different analytical density profiles. The projection mainly affects the inner part of the
mass profile by a factor of up to two, and leave the outer parts effectively unchanged. In the
very central parts of the cluster, the projection depends on the cuspiness of the chosen profile.
However, the X-ray mass profile does not probe the central part in great detail and the chosen
profile is required to reproduce the observed 3D mass profile by fitting, so we have chosen to
use an NFW profile (Navarro et al. 1996). The 3D NFW integrated mass profile was fitted to the
3D X-ray mass profile using reduced x? statistics. The best fit is shown as a dashed grey line in
Fig. A.5 and has the following parameters: r; = 174+ 10 kpc, po = (7.79+0.02) x 10° M /kpc?,
c200 = 5.6 for a reduced x* = 1.6 (13 degrees of freedom) consistent with earlier published
results (Lemze et al. 2007). The NFW profile was projected using Eqn. A.2 and the obtained
2D profile was divided by the 3D profile to achieve a radius-dependent projection factor, which
ranged from approx. two in the centre of the cluster to one in the the outer parts. Each point in
the 3D X-ray mass profile was converted to a 2D mass profile by multiplying with the projection
factor at the corresponding radius. Fig. A.5 shows the 3D profile as grey diamonds, the fitted
NFW profile as a grey dashed line, the projected 2D NFW profile as a blue solid line, and the
corrected 2D X-ray mass profile as black diamonds. The one ¢ error bars were correspondingly
corrected.

A.2.8 X-RAY ANALYSIS AND RESULTS: THE NE REGION

The NE region is dominated by soft photons (see Sec. A.2.4) and for that reason expected to be
colder than the SW region. Fitting a single temperature component plasma model (same model
as above) to the spectrum of the region within the white circle in Fig. A.3 gives a temperature of
9.34+0.9 keV (reduced x? = 0.97 for 129 d.o.f.). This is slightly colder than the corresponding SW
part of the cluster, which has a temperature of 11.1 & 0.6 keV (reduced x? = 1.02 for 707 d.o.f.)
at similar distance to the centre. The emission from the region is assumed to be a combination
of the emission from the SW spherical component plus some softer component.

We have attempted to determine the temperature of the NE component, by fitting a two
temperature model to the spectrum of the NE region. One of the temperatures was fixed to
the temperature of the spherical component at the same distance (11.1 keV) while the other
temperature was a free parameter of the fit. We obtained a cold component temperature of
1.3+ 1.0 keV (reduced x? = 0.92 for 128 d.o.f.) with a normalisation of 9% of the normalisation
of the warm component. Mazzotta et al. (2004) demonstrates that in general it is very hard to
disentangle two temperature components with equal normalisation unless in the case where
one temperature is around 10 keV and the other one well below a few keV. Comparing to
our scenario, the normalisations are not equal. Therefore we have tested the stability of the
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two temperature fit by varying the two temperatures and their fractional normalisation and
then fitting for the overall normalisation. This procedure gives similar reduced x? for a range
of parameters. For a reduced x? < 1.5 the two temperatures can be varied independently
between 4 keV and 14 keV as long as the normalisations stays a free parameter. The conclusion
is that the best fit for the NE region is either a two temperature model with a warm and a
very cold component or a one temperature model with a temperature slightly lower than the
corresponding SW part of the cluster, which is consistent with fitting a one temperature model
to a two temperature plasma (Mazzotta et al. 2004).

A.2.9 DISCUSSION OF X-RAY RESULTS

The hardness ratio maps and spectral analysis reveal that Abell 1689 is not spherically symmet-
ric as indicated by the total X-ray image, but rather consists of a spherical main clump centred
at the X-ray peak and a softer X-ray emitting substructure to the NE.

The NE substructure is not easily visible in the total X-ray emission. It is because the to-
tal cluster X-ray emission is generally dominated by low energy photons almost regardless of
gas temperature, which again is dominated by emission from the main cluster. The absolute
number of photons leading to the relative difference in the soft to hard photon ratio is simply
drowned in the total X-ray emission. However, the substructure is clearly visible in the ratio
between the surface brightness profiles of the two halves shown in Fig. A.2.

The substructure visible in the hardness ratio in the upper part of Abell 1689 is consistent
with the results from XMM-Newton presented by Andersson & Madejski (2004), but it is more
distinct in the work presented here.

The symmetric SW part of Abell 1689 has a cool core indicated by the hardness ratio map
and by the temperature profile. The cool core has earlier been claimed missing in Abell 1689
(Andersson & Madejski 2004). The cool core indicates, that the SW part of Abell 1689 is in
hydrostatic equilibrium (Voigt & Fabian 2006).

The temperature profile obtained from the SW part of the cluster is compared to earlier
published X-ray temperature profiles in Fig. A.6. The error bars are smaller than earlier obtained
profiles from Chandra data (Xue & Wu 2002, Lemze et al. 2007) due to better statistics, and the
measurements extend to larger radii due to the use of blank sky background. Only the analysis
of XMM-Newton data by Andersson & Madejski (2004) has comparable statistics and extension.
However the temperature profile obtained in this work is generally slightly warmer which leads
to an overall larger mass.
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Figure A.6: The obtained temperature profile compared to earlier results: purple (dashed) from Xue & Wu (2002),
orange (dashed dotted) from Andersson & Madejski (2004) (3D deprojected), and red (dotted) from Lemze et al.
(2007).
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The X-ray mass profile as inferred from the SW part of the cluster is well fitted by an NFW
profile with a concentration parameter of cago0 = 5.6. This values is in better agreement with
the value of cz09 = 4.7 £ 1.2 predicted by Neto et al. (2007) from cosmological simulations, than
the value of cg99 = 7.6 £ 1.6 obtained from gravitational lensing (Limousin et al. 2007) or the
value of cy99 = 7.7 from earlier X-ray analyses Andersson & Madejski (2004). This supports our
interpretation of the SW part being spherical and in hydrostatic equilibrium.

A.3 ADDITIONAL OBSERVATIONS OF ABELL 1689

A.3.1 STRONG AND WEAK LENSING ANALYSES

We compare our X-ray analysis to strong and weak gravitational lensing analyses of Abell 1689.
Strong and weak gravitational lensing are two different methods of determining the mass of
the lensing object(s) based on distortions of the images of background sources. Strong lensing
is tracing the mass of the lens within the Einstein radius where arcs and multiple images are
forming. Weak lensing traces the mass outside the Einstein radius where the gravitational force
is weaker, and stretches the images of background objects perpendicular to the direction to the
center of the lens. Thus the two methods are valid in different ranges, overlapping only around
the Einstein radius.

There have been many strong lensing studies of Abell 1689 (Broadhurst, Takada, Umetsu,
Kong, Arimoto, Chiba & Futamase 2005, Broadhurst, Benitez, Coe, Sharon, Zekser, White,
Ford, Bouwens, Blakeslee, Clampin, Cross, Franx, Frye, Hartig, Illingworth, Infante, Menan-
teau, Meurer, Postman, Ardila, Bartko, Brown, Burrows, Cheng, Feldman, Golimowski, Goto,
Gronwall, Herranz, Holden, Homeier, Krist, Lesser, Martel, Miley, Rosati, Sirianni, Sparks,
Steindling, Tran, Tsvetanov & Zheng 2005, Limousin et al. 2007, Lemze et al. 2007). Here we
have used the latest and most detailed by Limousin et al. (2007), which is based on data from
the HST Advanced Camera for Surveys (ACS) with the spectroscopic information of the lensed
objects in the system from the Keck Telescope and the Very Large Telescope (VLT). The mass re-
construction was done using a Bayesian Monte Carlo Markov Chain method with LENSTOOL
(Jullo et al. 2007). The result is an accurate mass mapping of the central parts of Abell 1689,
which demonstrates a clear bimodality as shown in Fig. A.7 (black contours). In the very centre
there is a main clump associated with the peak of the X-ray emission and then a second sig-
nificant clump ~ 180 kpc NE of the centre (A in Fig. A.7) associated with a clump of galaxies
(not to be confused with the X-ray structure to the NE, at a distance from ~ 500 kpc to the
centre). Previous studies (Broadhurst, Benitez, Coe, Sharon, Zekser, White, Ford, Bouwens,
Blakeslee, Clampin, Cross, Franx, Frye, Hartig, Illingworth, Infante, Menanteau, Meurer, Post-
man, Ardila, Bartko, Brown, Burrows, Cheng, Feldman, Golimowski, Goto, Gronwall, Herranz,
Holden, Homeier, Krist, Lesser, Martel, Miley, Rosati, Sirianni, Sparks, Steindling, Tran, Tsve-
tanov & Zheng 2005, Halkola et al. 2006) were using fewer spectroscopically confirmed imaged
background systems but are in good agreement with the results from Limousin et al. (2007).
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Figure A.7: Optical images (HST/ACS) with gravitational lensing contours. The black contours are the mass
contours from strong lensing. The minimum value is 10° M, /"> and the distance between contours is 3.5 x
10% M, //?. The strong lensing has a mass peak at the centre of the cluster and a smaller peak ~ 180 kpc to the
NE (A). The white contours are the k contours from weak gravitational lensing with a resolution of 507 (FWHM).
The minimum value is k = 0.1 and the distance between contours is dx = 0.16. The weak lensing contours clearly
shows a subclump ~ 500 kpc to the NE of centre (B).
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For weak gravitational lensing we compare to a recent analysis by Dahle et al. (2008), which
was based on a mosaic of 16 HST WFPC2 pointings covering the central ~ 1.8 Mpc x 1.4 Mpc
of the cluster, complemented at larger radii by ground-based data using the CFH12K mosaic
CCD camera at the 3.6 m Canada-France-Hawaii Telescope (CFHT), covering a larger field of
7.7 Mpc x 5.2 Mpc. This provides a unique mass map with an unprecedented combination of
spatial resolution (50”) and a large spatial extension. The surface mass density map from weak
gravitational lensing shown in Fig. A.7 (white) was reconstructed by Dahle et al. (2008) using
the Kaiser et al. (1995) method. This method relies on the fact that the convergence and the two
components of the shear are linear combinations of the second derivative of the effective lensing
potential. Using Fourier transformation of the convergence and the shear, one can obtain linear
relations between the transformed components and determine the mass. The mass contours
clearly shows a non-spherical morphology of Abell 1689 at ~ 500 kpc from the centre (B in
Fig. A.8).
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Figure A.8: The hardness ratio maps with energy splitting of 1.0 keV (S/H = E[0.3-1.0 keVI/E[1.0-10.0 keV]).
Bright is soft photon excess. The white line divides the cluster into the NE (upper) part and the SW (lower) sym-
metric part. The contours are identical to Fig. A.7 with white being weak gravitational lensing and black strong
gravitational lensing.
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A.3.2 LENSING ANALYSIS: MASS PROFILES

From weak lensing the one dimensional radial mass profile was obtained using aperture mass
densitometry (Kaiser 1995, Clowe et al. 2000, Fahlman et al. 1994). This method determines
the mean surface mass density within an aperture minus the mean density in a surrounding
annulus. Hence, a lower limit to the projected mass of the lens inside the aperture can be
found. The degree of underestimation of the true enclosed mass depends on the inner and
outer radii and the slope of the projected mass density profile. For realistic projected density
profiles (steeper than 7~ at large radii) the mass results presented here will be underestimated
by less than 30% at all radii.

For strong gravitational lensing the mass map was integrated in radial bins of 17 centered
on the peak of the X-ray emission (which coincides with the strong lensing mass peak).

For both weak and strong lensing we reconstructed two different radial mass profiles: one
by integrating the whole surface density map and the other by integrating the SW half of the
surface density map as in the X-ray analysis (but multiplied by two to get a complete sphere).

A.3.3 LENSING RESULTS AND DISCUSSION

Both strong and weak lensing analyses show that Abell 1689 is not spherical, but has substruc-
ture in the NE direction on both small (= 180 kpc) and large scales (=~ 500 kpc).

The mass profiles of the SW part of Abell 1689 obtained from gravitational lensing are shown
in Fig. A.9. The mass profiles were plotted keeping in mind that the strong lensing mass map
is valid within the Einstein radius, which for Abell 1689 is 45~ 139 kpc. The dashed curves
in Fig. A.9 are the integration of the whole mass map and the solid curves are the integration of
the SW part only, but multiplied by a factor of two to get a full sphere.
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Figure A.9: The 2D projected mass profile reconstructed from X-ray (black), strong gravitational lensing (blue) and
weak gravitational lensing (green). The dashed lensing profile is for integration over the full cluster and the lower
solid curve is for integration over the SW part multiplied by two (in order to get a full sphere). The width of the
shaded regions corresponds to the one sigma errors on the lensing profiles.
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For the strong lensing, the mass profile integrated over the total cluster is very similar to
the mass obtained by integrating the SW part only since the NE substructure at ~ 180 kpc is
negligible compared to the total mass of the cluster. For the weak lensing, the difference is a bit
smaller and the total integration gives a larger value due to the NE substructure also seen in the
X-rays. The total mass within 1200 kpc is ~ 9 x 10'* M.

The mass of the weak lensing substructure is determined to be 1.25 + 0.3 x 10'* M, within
1".56.

In Fig. A.10 the total cluster mass profile is compared to earlier studies of Abell 1689 with
weak gravitational lensing. It is seen that there is good agreement between the strong lensing
mass profiles for radii smaller than 100 kpc. Above 100 kpc, the profile of Dahle et al. (2008) is
slightly lower than the earlier profiles (Broadhurst, Takada, Umetsu, Kong, Arimoto, Chiba &
Futamase 2005, Halkola et al. 2007, Umetsu & Broadhurst 2007).
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Figure A.10: The weak and strong gravitational mass profiles (dashed navy) of the total cluster compared to earlier
results by Broadhurst, Takada, Umetsu, Kong, Arimoto, Chiba & Futamase (2005) (olive green) and Halkola et al.
(2007) (green). Also the X-ray mass profile obtained here is shown (black crosses) together with the one obtained by
Andersson & Madejski (2004) (aquamarine dashed).
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Assuming the strong lensing mass profile to be the actual 2D projected mass profile of the
inner part of Abell 1689 and the X-ray profile to be the actual 3D profile allows us to constrain
the 3D to 2D projection factor as a function of radius, which depends on the cuspiness of the
mass profile. The maximally allowed projection factors are Msp/Msp = (2.8,4.2,3.1,2.6) for
radii of r = (38, 67,92, 188) kpc, which are all larger than the factors determined from the NFW
profile projection in Sec. A.2.7.

A.3.4 REDSHIFT DISTRIBUTION OF CLUSTER GALAXIES

The redshift distribution of the galaxies within Abell 1689 is overall Gaussian (Duc et al. 2002,
Teague et al. 1990, Czoske 2002), but with irregularities (Lokas et al. 2006). The full width at
half maximum of the main structure is Az = 0.02 corresponding to a line of sight velocity
dispersion of ~ 2500 km/s. This is in contrast to other clusters where very few rich clusters
have been found with a velocity dispersion above 1000 — 1200 km/s. It suggests either that
Abell 1689 is not in hydrostatic equilibrium or it is a structure with several clumps along the
line of sight. The latter interpretation is favoured by Girardi et al. (1997) and by Lokas et al.
(2006) who compared the velocity distribution of Abell 1689 to simulations and argued that the
high velocity dispersion is due to several clumps along the line of sight. Removing what they
found to be separate unbound structures, they got a total dynamical mass of 2 x 10*® M, within
3.5 Mpc.

Also Lemze et al. (2008) have studied the dynamics of Abell 1689. They derived the virial
mass of the cluster to be 1.73 £ 0.59 x 10'° M, using the velocity caustics of the cluster galaxies.

A.4 DISCUSSION

Comparing the X-ray hardness ratio maps with the weak and strong gravitational lensing mass
maps (Fig. A.8) we see a coincidence between the substructure in the X-ray emission and the
bimodality in the lensing maps. The total X-ray emission (Fig. A.1) features a slight elongation
along the same axis as the secondary clump in the strong lensing map. Further from the centre,
the position of the NE substructure in the hardness ratio map coincides with the position of a
large substructure in the weak lensing map. On the opposite site, the SW part of the cluster
appears circular and symmetric in all observations. From this we conclude that Abell 1689
consist of a spherical main clump and some substructure to the NE, which is interfering with
the emission from the NE half of the main clump.

The NE half of the cluster is slightly brighter than the SW half at the distance of the weak
lensing substructure (Fig. A.2).

The mass of the substructure is 1.25 & 0.3 x 10'* Mg, within a radius of 1’.56 determined
from weak lensing. This is only a small fraction of the total cluster mass. The gas mass within
the same radius has been estimated assuming sphericity and uniform gas density. The result
of ~ 9.7+ 0.3 x 10'? Mg, only contributes with a very small fraction to the total cluster mass.
Nonetheless the X-ray emission from the substructure is bright enough to introduce a com-
plication of the spectral analysis and thereby potentially introduce a mis-interpretation of the
temperature of the cluster.

Reconstructing mass profiles from the SW half of the main clump only leads to unprece-
dentedly good agreement between weak and strong gravitational lensing, and the 2D projected
X-ray mass profile, which supports the interpretation of Abell 1689 consisting of a spherical
main clump and substructure to the NE.
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We have quantified the deviation between the different mass profiles by comparing the rel-
evant part of the 2D projected X-ray mass profile to the weak and strong lensing profiles sep-
arately. The values of one profile were compared to a linear interpolation of the other profile.
The reduced x? was determined to be 1.8 (four degrees of freedom) for the weak lensing and
X-ray comparison and 1.2 (10 degrees of freedom) for comparison of the strong lensing to the
X-ray mass profile.

The cool core indicates that Abell 1689 is not a recent merger and supports the claim that
the SW main clump is in hydrostatic equilibrium. It indicates that the NE substructure is not
leftovers from an early collision and maybe not gravitationally interacting with the main clump
at all. If it is infalling, the merging is in such an early state that the hydrostatic equilibrium of
the SW part has not yet been disturbed. The line of sight galaxy velocity distribution supports
a scenario with several clumps along the line of sight, where the gas does not interact.

The hardness ratio maps can be used as easy diagnostics for the thermal distribution of the
cluster, which is related to any substructure. For Abell 1689 the substructure to the NE is visible
in a hardness ratio map with an energy splitting of 1.0 keV and a resolution of 10” made from
15 ks of the 6930 observation. Many cluster observations have exposures of the order of 15 ks so
we propose to use hardness ratio maps in the selection process of relaxed clusters to be further
studied.

In this work we have taken advantage of high quality X-ray and gravitational lensing data,
which have improved the agreement between several mass estimation methods significantly.

A.5 CONCLUSIONS

The new X-ray data analysed here and compared with weak and strong gravitational lensing
data show that on large scale Abell 1689 appears spherical, in agreement with earlier data.
However, both temperature structure and gravitational lensing shows that Abell 1689 contains
some substructure to the NE. The main part appears circular and is centered at the peak of the
total X-ray emission. Only the SW half is not significantly influenced by other structures. From
X-ray hardness ratio maps and temperature profile it is seen that the SW part features a cool
core. The NE substructure is seen in the weak gravitational lensing mass map and the X-ray
hardness ratio maps. It has an excess emission of soft X-ray photons relative to hard photons.

We have determined the mass profile of the spherical main clump of the cluster from X-ray
observations and compared to recent gravitational lensing results. The obtained cluster mass
within & 875 kpc derived from X-rays alone is 6.4 & 2.1 x 10'* Mg, compared to a weak lensing
mass of 8.6 +3.0 x 10'* M, within the same radius. The profiles are in very good agreement out
to 1200 kpc and the discrepancy between X-ray and lensing mass profiles has been significantly
reduced due to high quality data.
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