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Abstract.

In this thesis we study gravitational lensing of quasars, from strong lensing to microlensing.
We investigate one strong lens candidate recently discovered in the COSMOS field: COSMOS
5921+0638. Our analysis of the nature of the lens reveals that the system is composed
of an early type foreground galaxy at redshift zl=0.551±0.001 lensing a background low
luminosity AGN and its host galaxy at a candidate redshift of zs=3.14±0.05. We show that
flux anomalies observed in the lensed images are likely due to substructure or microlensing by
stars in the lensing galaxy. Extending the analysis of the optical emission of lensed quasars,
we have used integral field spectroscopy to study four gravitationally lensed quasar systems:
HE 0230-2130, RX J0911+0551, H 1413+117 and B 1359+154, as well as objects in their
line-of-sight. The first three systems show anomalous flux ratios consistent with microlensing
by stars in their lensing galaxies. In the final part of this work, we probe the structure of
the accretion disk of the lensed quasar Q 2237+0305 by the analysis of a high magnification
microlensing event seen in the so-called “image C” of the system in the year 1999. Using
multi-band observations and microlensing simulations, we measure an accretion disk size
of Gaussian width σg′=4.6+3.4

−3.4 × 1015
√

M/0.1M⊙ cm and a ratio σr′/σg′=1.3+0.5
−0.2, without

the use of any prior, and of Gaussian width σg′=1.3+0.2
−0.7 × 1015

√

M/0.1M⊙ cm and a ratio

σr′/σg′=1.5+0.9
−0.3 with a prior on the relative velocity between source and microlenses. Both

results are in agreement with the predictions of a standard Shakura-Sunyaev disk model.
The use of multi-band observations revealed that the magnification event seen in image C of
Q 2237+0305 was produced by a caustic crossing with a confidence greater than 74%.

Zusammenfassung.

Die vorliegende Arbeit beschäftigt sich mit durch den Gravitationslinseneffekt abgebildeten
Quasaren, vom starken Linseneffekt bis zum Mikrolinseneffekt. Die Analyse des kürzlich im
COSMOS-Feld entdeckten Linsenkandidaten COSMOS 5921+0638 zeigt, dass es sich hier-
bei um eine Vordergrundgalaxie frühen Typs bei einer Rotverschiebung von zl=0.551±0.001
handelt, welche als Linse auf einen leuchtschwachen AGN bei einer Rotverschiebung von
zs=3.14±0.05 und dessen Muttergalaxie wirkt. Die beobachteten Flussanomalien der gelin-
sten Bilder werden wahrscheinlich durch Substrukturen oder durch als Mikrolinsen wirkende
Sterne in der Vordergrundgalaxie verursacht. Wir benutzen Integrale-Feld-Spektroskopie,
um die vier gravitationsgelinsten Quasare HE 0230-2130, RX J0911+0551, H 1413+117,
B 1359+154 sowie Objekte entlang der Sichtlinie zu untersuchen. Dabei zeigen die ersten
drei Systeme Anomalien in den Flussverhältnissen zwischen den Bildern, welche konsistent
mit dem Mikrolinseneffekt aufgrund von Sternen in den Linsengalaxien sind. Im letzten
Teil dieser Arbeit erforschen wir das im Jahre 1999 beobachtete Mikrolinsenereignis im so-
genannten

”
Bild C“ des gravitationsgelinsten Quasars Q 2237+0305, um die Struktur seiner

Akkretionsscheibe zu bestimmen. Mit Beobachtungen in mehreren Filtern und Mikrolinsen-
simulationen des Systems messen wir eine Gaußbreite von σg′=4.6+3.4

−3.4 × 1015
√

M/0.1M⊙ cm

und ein Verhältnis von σr′/σg′=1.3+0.5
−0.2 ohne die Verwendung irgendeiner A-priori-Annahme

bzw. σg′=1.3+0.2
−0.7×1015

√

M/0.1M⊙ cm und σr′/σg′=1.5+0.9
−0.3 mit einer A-priori-Annahme der

Relativgeschwindigkeit zwischen Quelle und Mikrolinsen. Beide Ergebnisse sind in Überein-
stimmung mit Vorhersagen des Shakura-Sunyaev-Scheibenmodells. Weitere Einschränkungen
durch Mehr-Filter-Aufnahmen ergeben, dass das beobachtete Mikrolinsenereignis mit mehr
als 74% Wahrscheinlichkeit durch einen Kaustikübergang erzeugt wurde.
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1
Introduction

The first documented notion of light being affected by objects in its path was by Sir Issac
Newton. In 1704, Issac Newton published his second major book on physical sciences (after
Principia), Opticks. This book included different experiments observed by Newton regarding
light and light related phenomena. In the first of his “queries”1, Newton states: “Do not
Bodies act upon Light at a distance, and by their action bend its Rays; and is not this action
(cæteris paribus) strongest at the least distance?” (Newton 1704). In 1801, Johann Soldner,
German mathematician and astronomer, explored light deflection by massive bodies with
a Newtonian physics background. He derived that the Sun would produce a deflection of
0.84 arcseconds to a background star in its limb. Einstein in 1911, still without a complete
formulation of general relativity and not knowing about Soldner’s work, obtained the same
result. However, this result was not correct. In 1915, after the formulation of the theory of
general relativity, Einstein realized that this value was too small by a factor of 2, as he found
that the deflection should be of 1.68 arcseconds.

Einstein encouraged astronomers to measure this deflection as a test of his theory of
general relativity. In 1919, Arthur Eddington confirmed Einstein’s calculations during a
solar eclipse by measuring a deflection of 1.6 arcseconds of the light from a background star
during the event. Based on the fact that stars can deflect the light from other stars, Einstein
already considered the possibility of strong distortions that would create multiple images
(strong lensing). In 1937, Fritz Zwicky extended these ideas and was the first to consider
extragalactic objects as source and deflector: this would not only provide larger scale tests
for general relativity, but would also allow to measure the masses of bodies exerting the
deflection. More than 40 years later, in 1979, the first gravitational lens was discovered using
the 2.1m telescope at the Kitt Peak National Observatory in Arizona, USA (Walsh et al.
1979). This was the doubly lensed quasar Q 0957+561.

Interestingly, that same year, Chang & Refsdal (1979) suggested that individual stars in
lensing galaxies could affect the brightness of lensed quasar images, now commonly described
as microlensing. During the 80s, Paczynski, Kayser and Refsdal, explored this possibility
with different simulations, until Irwin et al. (1989) showed the first observational evidence

1In the book “Opticks”, Newton formulates his hypothesis in question form.

1



2

for quasar microlensing. They interpreted a brightness variation in one of the multiple images
of Q 2237+0305 as a result of this phenomenon. Until now, hundreds of gravitationally lensed
quasars have been observed and many of them show evidence for microlensing activity.

The combination of the physically small region producing the emission in quasars, their
high luminosity and their presence in the high redshift universe, makes them ideal candidates
for gravitational lensing. Strong quasar lensing allows to probe the cosmological scales of
the universe, providing a window into the properties of lensing galaxies and the line-of-sight
potential. On the other hand, the increased resolution power of quasar microlensing allows to
probe the inner structure of the high redshift source quasars. These reasons have motivated
the work presented in this thesis, where we show some of the different studies that can be
done using observations of gravitationally lensed quasars coupled with theoretical concepts.

In the next chapter, we review the phenomenological and theoretical background required
to perform the studies presented in this dissertation. We introduce the main light source of our
study: the quasars. The current knowledge about these objects, their optical properties and
their emission, are briefly summarized. We present some of the cosmological concepts, such as
distance measures, which are a fundamental requirement for the the work described thereafter.
Finally, we review the gravitational lensing phenomenon. Besides describing the rigorous
mathematical formalism, we give a description of the different lensing regimes, the observation
of gravitational lensing and its analysis techniques. Towards the third chapter we venture
into “observational territory”, where some of the concepts explained in the former chapter
are tested against a candidate strongly lensed system. In the fourth chapter, we analyze the
emission of four gravitationally lensed quasars using advanced spectroscopic techniques. This
analysis includes: the absorption in the line-of-sight to the system, the intrinsic emission of
the quasars and flux anomalies observed in the lensed images. In the fifth chapter, we show
how the use of strong gravitational lensing and extragalactic microlensing provides a tool to
study the “small” central regions of a high redshift quasar. Using the power of microlensing,
we measure the size of the accretion disk around the massive central black hole. The final
chapter shows a recapitulation of the work presented in this manuscript as well as a scientific
outlook.



2
Phenomenological and Theoretical

Background

The main light sources that have been the observational targets for our studies are quasars.
Quasars have high luminosities and an increased abundance in the early universe. These
properties, coupled with their physical structure, make them ideal candidates to be affected
by gravitational lensing. In this chapter, we summarize the current knowledge about these
objects and their structure. We also describe some of the fundamental cosmological concepts
that are used throughout this manuscript, in particular, those concepts that allow us to
define the different distance and time measurements; fundamental requirements to describe
the gravitational lensing phenomenon. Finally, we present a review of gravitational lensing:
its theoretical formulations and an overview of the different regimes, their properties and uses
as tools to probe for underlying astronomical topics.

2.1 Quasars

As shown in the rest of this dissertation, we have used the optical emission of quasars in
combination with gravitational lensing to understand properties of objects in the line-of-
sight to them as well as the internal properties of quasars themselves. For this reason, in this
section we briefly describe their detection history, their nature and their emission.

2.1.1 Quasars through history

Quasars were already observed during the first half of the twentieth century in the radio
regime, without much understanding of what kind of objects they were. During the late 50s,
radio observations revealed that they had very small angular sizes and were thus considered
“star-like” sources. For this reason, these objects were referred to as “quasi stellar radio
sources”, which was later contracted to “quasars” by Chiu (1964). During the 1960s, the
optical counterparts of some of these radio emissions were observed. In particular, spectro-
scopic analyzes revealed that they were at high redshift (z∼0.1), until that time, the most
distant objects ever detected (Schmidt 1963). Later on, many more of these sources were

3



4 2.1. QUASARS

observed throughout the whole electromagnetic spectrum, and it was realized that only about
10 percent of them show strong radio emission. As a result the “radio” part of the name
was eliminated, coining a new name: “Quasi Stellar Object” or QSO. Currently, both names
(quasar and QSO) are often used indifferently.

2.1.2 What and where are the quasars?

Quasars are the brightest continuous light sources in the universe. They emit between 10
to 100,000 times more energy than the Milky Way or more than a trillion (1012) times the
energy of the Sun, making them visible up to very high redshifts. Quasars show intrinsic
brightness variations on time scales of months, weeks and even within a day (Gaskell et al.
1987; Wagner et al. 1990). Variability in such short time scales implies that the emission must
originate from a region smaller than the distance covered by a light ray in that particular
time lapse (i.e., sizes of light-months, light-weeks and light-days, respectively). Such high
luminosities originating from a small region, can only be explained by a violent and unusual
phenomenon. The dominant interpretation for the nature of these objects is that they are
galaxies with Active Galactic Nuclei (AGN): massive central black holes (BH) in distant
galaxies accreting matter around them at very high rates (Rees 1984). Such a process can
produce the high luminosities observed.

The number of known quasars has increased significantly in the last decade due to large
field surveys, allowing in depth statistical studies of density, luminosity and emission prop-
erties. Figure 2.1 shows the integrated quasar i-band luminosity function up to Mi(z=2)=-
27.6 (extracted from Richards et al. 2006). From this luminosity function we can see that
there is a clear peak in the number of quasars at redshift ∼2.4, this implies that they were
much more common when the universe had ∼20% of its current age. The exact reason for
this distribution is still under speculation. A common interpretation is that a quasar is a
stage in the lifetime of a galaxy, in which there is massive accretion into the central black
hole. It is suggested that the higher density of galaxies in the early universe, which leads
to higher probability of galaxy interactions, is responsible for igniting the accretion in the
galactic nuclei (Webster & Hewett 1990). Theoretical models state that accretion becomes
more inefficient as the mass of the black hole increases, which makes quasars finally “turn
off” (Boyle et al. 1987), thus, explaining the lack of quasars now. Within this interpretation,
the Milky Way’s central black hole could well have had active accretion at an earlier epoch.
However, even though we know that a massive black hole is present in the center of our galaxy
(Melia & Falcke 2001), there is no diagnostic mechanism regarding its accretion history. The
cut-off towards higher redshifts seen in Figure 2.1, is usually explained by selection effects
and dust extinction. It is important to remark that these explanations are widely discussed
and not unique.

2.1.3 Active Galactic Nuclei emission

AGNs can emit in the whole electromagnetic spectrum (EMS). Their optical spectrum is char-
acterized by a continuum that can be described by two power-laws (e.g., Vanden Berk et al.
2001), very broad emission lines (σ∼4000 km/s) and narrow emission lines (σ∼400 km/s).
Based on their luminosity, prominent spectral features and temporal variation, AGNs have
received different classifications, such as: LINERS (weak nuclear emission lines), Seyferts
(low luminosity AGNs; type 1 and type 2 depending on the narrow and broad line emission)
and blazars (OVV; BL Lac; fast variations, no optical emission lines) to name a few. Since a



CHAPTER 2. PHENOMENOLOGICAL AND THEORETICAL BACKGROUND 5

Figure 2.1: Integrated quasar i-band luminosity function to Mi(z=2)=-27.6. The solid
black line is from 2QZ. The squares are from the binned SDSS DR3 Quasar Luminosity
Function (QLF). The green and blue lines are from the fixed slope and variable high-
redshift slope ML (maximum likelihood) parametrization of the SDSS DR3 QLF, respec-
tively. The dashed and dotted lines are from Fan et al. (2001; Fan+01) and Schmidt
et al. (1995; SSG95). The z∼6 point from Fan et al. (2004; Fan+04), is shown by the
circle. Figure and caption extracted from Richards et al. (2006).



6 2.1. QUASARS

large enough number of objects have been assigned one of these classifications, a unification
theory has been elaborated (Antonucci 1993): All the different descriptions can be due to
a single kind of object coupled with a line-of-sight effect. Current AGN models include an
obscuring dust torus (Krolik & Lepp 1989) that surrounds it and, as the emission features
of AGNs are believed to come from different regions, the blockage of light by this torus can
hide certain features depending on the point of view (see Figure 2.2).

The location where the different emission features are generated and the physical sizes
of these regions are of particular interest for this work (see Table 2.1 for a summary). The
different structural regions in the standard AGN model (which in general scale with the
luminosity) are:

• Accretion disk: The accretion disk is formed by rapidly rotating hot material around the
massive central black hole. It produces thermal emission responsible for the continuum
emission in the optical, UV and soft X-ray range. Variability studies tell us that the
estimated size of this accretion disk is of the order of milli-parsecs (limit imposed by the
path that light can travel in the variability time scale). Thermal models of the accretion
disk state that: the more energetic (blue) emission comes from regions of the accretion
disk closer to the central black hole whereas the less energetic (red) emission comes from
regions of the accretion disk further away from the black hole (e.g., Shakura & Sunyaev
1973).

• Broad Line Region (BLR): As the name states, this region is responsible for the (permit-
ted and semi-permitted) broad emission lines in the optical spectrum. These emission
lines are produced by cold material near the accretion disk. Their broadness is mainly
due to the Doppler shift produced by the high rotation speed of this material around
the black hole. Not much is known about the geometry and kinematics of the Broad
Line Region, but it is subject of current study (e.g., Laor 2004). The most accurate
measure of its size comes from reverberation mapping (e.g., Peterson et al. 2004), which
tells us that this region is a couple of orders of magnitude larger than the accretion
disk.

• Dusty “Torus”: According to the standard AGN model, the accretion disk is surrounded
by a hot and warm dust torus. This torus is heated by photons coming from the
continuum emitting region and are then re-emitted. This is observed as thermal infrared
emission. As mentioned before, the dust torus has a key role in unification theories.

• Narrow Line Region (NLR): The emission lines produced by this region come from a
much larger (1 to 1000 pc) region of the quasar. This makes the cold material to rotate
at considerably lower speeds making the emission lines narrower. These emission lines
can be permitted or forbidden.

• Jet: Jets are highly collimated outflows coming from a region close to the disc. It is
observed as synchrotron emission due to charged particles which, at the time being, are
not known. They emit in the whole electromagnetic spectrum, but their most evident
emission is in the radio regime. These jets can reach sizes orders of magnitude larger
than the quasars’ host galaxies: up to 1 Mpc.
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Figure 2.2: Depiction of an AGN. The continuum emitting region is produced on the
accretion disk around the central black hole, and the broad and narrow line emission
regions from clouds around this disk. Different perspectives result in different prominent
features. Courtesy of BeepoSAX calendar (http://www.asdc.asi.it/bepposax/calendar/).

Table 2.1: Prominent Emission Components of an AGN.

Region Size EM emission

Accretion Disk ∼5×10−3 pc Thermal: Optical, UV, Soft X-ray

Broad Line Region (BLR) 0.01...0.1 pc
Broad emission lines
(permitted & semi-permitted)

Inner Radio Jet ∼1 pc Radio
Nuclear Dust “Torus” 1...10 pc Thermal IR

Narrow Line Region (NLR) 1...1000 pc
Narrow emission lines
(forbidden & permitted)

Large-scale Radio Jet 103...106 pc Synchrotron: Radio

2.2 Cosmology

As quasars are located at very large distances, we need to understand how space and time
behaves between us and them. In this section, we show some of the fundamental cosmological
concepts that are used throughout this manuscript. They are an important requirement to
describe the gravitational lensing phenomenon discussed in the next section (Section 2.3). The
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concepts shown in this section are mostly based upon the work presented by Schneider et al.
(1992), Peebles (1994) and Hogg (1999).

2.2.1 The standard cosmological model

The currently accepted cosmological model states that the universe has been expanding
since the “Big Bang”, about 13.7 billion years ago. The history of the universe since this
“starting point” can be briefly summarized as follows: From this initial point in time, a
plasma composed of elementary particles appeared. Due to the high temperature of this
plasma, particles and anti-particles were constantly being created and annihilated. With
the cooling produced by the expansion, it is believed some of them were “frozen out” (dark
matter particles decoupled from the plasma due to the drop in temperature). Further cooling
merged particles in the plasma, forming larger particles, until baryonic matter was composed
by Hydrogen, Helium and Lithium nuclei, and free electrons. These nuclei and free electrons
formed atoms, eliminating the possibility of Compton scattering of photons in the plasma.
The free photons escaped as the light we see redshifted in the Cosmic Microwave Background
(CMB). At this point, the universe became neutral and entered a period of time called “the
Dark Ages”: no photon-emission process existed. Self gravity between the baryonic atoms
and the pre-existing dark matter halos, produced a merging of them into larger structures.
Eventually, the first stars and galaxies were formed, re-ionizing the universe and rendering it
bright as it is now.

With the large amount of matter (baryonic and dark) in the universe, one would expect
the initial expansion to stop, or at least to slow down. However, studies of the light from
distant supernovae, have shown that the expansion of the universe is actually accelerating
(Knop et al. 2003). This fact reveals that there is an unknown energy, which opposes gravity,
responsible for driving this acceleration; this force is currently denominated Dark Energy.
Dark Energy makes up for about ∼70% of the composition of the current universe, whereas
dark and baryonic matter constitute the remaining ∼30% (∼25% and ∼5%, respectively).

The cosmological principle states that on a sufficiently large scale, the universe is homo-
geneous and isotropic. It implies that a mathematical description of space-time or a simple
metric exists. This is the Robertson-Walker metric (1933), created by two mathematicians
with the same names. It has the explicit form:

ds2 = c2dt2 −R2(t)

(
dr2

1 − kr2
+ r2(dθ2 + sin2θdφ2)

)

(2.1)

where ds is the line element, [t, r, θ, φ] are the co-moving coordinates of an object, k is the
curvature of the universe, R(t) is a cosmological scale factor and c is the speed of light. Neg-
ative curvature k values describe a closed universe, while positive k values describe an open
universe. The critical value k=0 denotes a flat euclidean universe. The cosmological scale
parameter R(t) describes how the spatial (r, θ, φ) part of the universe expands or contracts.

If we consider a light ray which travels in null geodesics (i.e., ds=0) and we take a radial
path (motivated by the radial expansion of the universe), Equation 2.1 turns to:

c dt

R(t)
=

dr√
1 − kr2

. (2.2)

Integrating the first part of Equation 2.2 between an emission time te and an observed
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time to and equating to the same integral between te+δte and to+δto we obtain:

∫ to

te

dt

R(t)
=

∫ to+δto

te+δte

dt

R(t)
. (2.3)

Assuming the variation δt≪ R/Ṙ yields:

R(to)

R(te)
=
δto
δte

=
νe

νo
(2.4)

where we replaced 1/δt by the frequency ν. If we replace ν by the wavelength λ=c/ν we
obtain:

R(to)

R(te)
=
λo

λe
= 1 + z (2.5)

that directly relates the scale factor R(t) with the cosmological redshift z.

The temporal (cosmological time) derivative of the cosmological scale parameter R(t)
divided by itself, gives a measure of the expansion rate. It is called the Hubble parameter:

H(t) =
Ṙ(t)

R(t)
(2.6)

which has units of [time−1]. It reflects how fast the universe is expanding at a certain time
towards the beginning of the expansion, compared to how much it expanded until then. For
the present cosmological time (z=0), this parameter is called the Hubble constant H0 and it
is generally expressed in units of km s−1 Mpc−1. The inversion of the Hubble constant (i.e.,
1/H0) is an expression for the age of the universe, known as the Hubble time.

Einstein’s general theory of relativity uses 10 field equations to describe gravitational
force through descriptions of the curvature of space-time caused by matter and energy. They
have the form:

Rµν − 1

2
gµνR+ Λgµν =

8πG

c4
Tµν . (2.7)

where the field curvature (composed by the Ricci tensor: Rµν , and Ricci curvature: R=RµνR
µν)

is related to the flux and density of energy and momentum (stress-energy tensor: Tµν). gµν

is the metric and Λ is the cosmological constant.

By inserting the Robertson-Walker metric (Equation 2.1) into Einstein’s fields equations a
set of solutions is obtained. These solutions are known as the Friedmann-Lemâıtre equations
that have the form:

(

Ṙ

R

)2

=
Λc2

3
− kc2

R2
+

8πG

3
ρ (2.8)

R̈

R
= −4πG

3

(

ρ+
3p

c2

)

+
Λc2

3
. (2.9)
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These equations of state of the universe, relate pressure (p) and density (ρ) through the
scale parameter R(t). Multiplying Equation 2.8 with (R/Ṙ)2=1/H2 and moving to the frame
of t=0 we can rewrite:

(
Λc2

3H2
0

)

︸ ︷︷ ︸

ΩΛ

+

(

− kc2

R2
0H

2
0

)

︸ ︷︷ ︸

Ωk

+

(
8πG

3H2
0

ρ0

)

︸ ︷︷ ︸

ΩM

= 1 (2.10)

where we have identified the cosmological constant (ΩΛ), curvature (Ωk) and matter (ΩM )
parameters.

The Friedmann-Lemâıtre equations together with the expression for redshift shown in
Equation 2.5, can provide a parametrization of the Hubble parameter H(t)=Ṙ(t)/R(t) in
terms of the redshift z, with a form: H(z)=H0E(z) (Peebles 1994) where:

E(z) =
√

ΩM (1 + z)3 + Ωk(1 + z)2 + ΩΛ. (2.11)

Using this function we can parametrize, besides the Hubble parameter, the Friedmann-
Lemâıtre equations and the metric as a function of the cosmological redshift z; a directly
observable parameter.

2.2.2 Cosmography

Cosmography refers to the different distance measures in cosmology. In the following, aided
with some of the definitions shown previously, we describe some of the measurements useful
within the framework of gravitational lensing.

Look-back time

Look-back time is defined as the lapse of time between the emission of a photon at redshift
z and the current cosmological time (z=0) as:

tl =

∫ z

0

dz

H(z)(1 + z)
. (2.12)

It tells us how long it took for the photons to travel from redshift z to redshift z=0.

Co-moving distance

Co-moving distance (DC) defines the distance traveled by a radial light ray between a redshift
z and the present cosmological time. The fact that it is measured in co-moving coordinates,
implies that the distance traveled by the light ray needs to be scaled by the cosmological scale
parameter R(t). Eliminating the angular part (θ, φ) of the metric (as shown in Equation 2.2)
and using the redshift parametrization shown in Equation 2.11 we obtain:

DC(z) =

∫ t

0

c dt

R(t)
=

∫ r

0

dr√
1 − kr2

=

∫ z

0

c dz

H(z)
. (2.13)

This integral has an analytical solution for the special case when ΩΛ=0 and ΩM<1 with
the form (Peebles 1994):

DC(z) =
2c[2 − ΩM (1 − z) − (2 − ΩM)

√
1 + ΩMz]

H0Ω2
M (1 + z)

. (2.14)
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Proper distance

This distance measures the path covered by a light ray between a redshift z and the actual
cosmological time. Similarly to the co-moving distance, this is measured for radial rays in
null geodesics, with the difference that it is not scaled by the cosmological scale parameter
R(t), since it is defined at a constant cosmological time:

DP (z)

∫ t

0
c dt =

∫ r

0

R(t) dr√
1 − kr2

=

∫ z

0

c dz

H(z)(1 + z)
(2.15)

Angular diameter distance

This distance is defined as the ratio between the physical size of an object at redshift z and
the angular size it displays at the current cosmological time:

DA(z) =
DC(z)

1 + z
(2.16)

whereDC(z) is the co-moving distance (see Equation 2.13). The dividing factor (1+z) present
in the angular diameter distance makes it the only cosmological distance that does not grow
indefinitely with redshift, but peaks around redshift z≈1 (depending on the choice of cos-
mological parameters). This means that an identical object at redshift z≈1 would actually
display a smaller angular size than, for example, at z≈4 (see Figure 2.3).

Angular diameter distances, deal with the apparent geometry, and thus, are the main
cosmological distances used when studying light deflection. As shown in the next section, in
gravitational lensing, not only the distance between the current cosmological time (z=0) and
a redshift z is required, but also a measure of the angular distance between two objects at
arbitrary redshifts z1 and z2. This is not simply DA(z2)-DA(z1) but:

DA(z1, z2) =
1

1 + z2

(

DC(z2)

√

1 + Ωk
D2

C(z1)H2
0

c2
−DC(z1)

√

1 + Ωk
D2

C(z2)H2
0

c2

)

(2.17)

where DC is the co-moving distance (Equation 2.13). This expression is only valid for Ωk≥0
(Hogg 1999).

Luminosity distance

This distance relates the intrinsic luminosity of an object with its observed flux. It is defined
as:

DL =

√

L

4πF
(2.18)

where L is the bolometric luminosity and F is the observed flux of an object. Luminosity
distance thus is used in photometric measurements of high redshift sources, such as absolute
magnitude. It is related to the co-moving and angular diameter distances in the following
way:

DL = DC(1 + z) = DA(1 + z)2. (2.19)
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For a comparison between the different distances see Figure 2.3. All the work presented
here-after makes use of this cosmological concepts and distance measures using cosmological
parameters fixed to:

• ΩΛ = 0.7

• ΩM = 0.3

• Ωk = 0.0

• H0 = 70 km s−1 Mpc−1

following the concordance model (e.g., Komatsu et al. 2008)

Figure 2.3: Comparison between the different cosmological distances. All measures shown
are formulated using the cosmological parameters displayed in the text.

2.3 Gravitational lensing

This section is aimed at giving a brief review of the gravitational lensing phenomenon, from
the theoretical concepts, to its observations and its uses as an astrophysical tool. Most of
the concepts described on this section are based on the work presented in Schneider et al.
(1992); Narayan & Bartelmann (1996); Schneider et al. (2006).

2.3.1 Theory

The lens equation

The fundamental equation of gravitational lensing is the lens equation. There are many
approaches to derive it. Here, we present a geometrical approach, based on the formulation
first shown by Refsdal (1964b).
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DOL

ξ

L

α

D

DOS

LS

O

ηα
βθ

υ

I

S

Figure 2.4: Typical geometric scenario of a gravitational lens. The light emitted from a
source (S) is deflected by an angle α̂ due to the gravitational potential produced by the
massive lens (L) before reaching the observer (O). θ shows the angle between the lens (L)
and the “apparent” position of the source (the image I), whereas β is the angle between
the lens (L) and the “real” position of source (S). ξ denotes the impact parameter of
the light ray with respect to the lens, η is the projected distance between the lens (L)
and the source (S) and υ is the projected distance between the source (S) and the image
(I). DOL, DOS and DLS are the angular diameter distances (see Equations 2.16 and
2.17) between the observer and the lens, the observer and the source and the lens and the
source, respectively.

In the geometrical scheme shown in Figure 2.4, the assumptions that all the angles involved
are very small and the lens is very thin when compared to the line-of-sight distances imply
that:

−→
θ DOS =

−→η
︷ ︸︸ ︷−→
β DOS +

−→υ
︷ ︸︸ ︷−→̂
αDLS . (2.20)

Replacing with
−→
θ =

−→
ξ /DOL we obtain, in terms of the impact parameter

−→
ξ :

−→η =
DOS

DOL

−→
ξ −DLS

−→̂
α (ξ) (2.21)

or in terms of the angle
−→
θ :

−→
β =

−→
θ − DLS

DOS

−→̂
α (θ) =

−→
θ −−→α (θ) (2.22)

where we have used the fact that DOS
−→α=DLS

−→̂
α . Equation 2.22 is the lens equation. It

relates the observed positions of a source with its actual position. As this is a non-linear
equation, it can have multiple solutions. The amount of solutions possible for each particular
case reveals the amount of images of the background source created in the lens plane.
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Lens mapping

The lens equation 2.22 can be understood as a mapping from the source plane (angle β) to
the image or lens plane (angle α). Thus, for small deflections, and to first order the lens
equation (Equation 2.22) can be described by the Jacobian matrix A:

A =
∂
−→
β

∂
−→
θ

=

(

δij −
∂αi(

−→
θ )

∂θj

)

. (2.23)

The angle −→α can be expressed as the gradient of a bi-dimensional scalar potential:

−→α =
−→∇ψ (2.24)

where:

ψ =
DLS

DOLDOS

2

c2

∫

Φ(−→r )dz (2.25)

is the bi-dimensional deflection potential, which is a function of the Newtonian potential
Φ(−→r ) of the lens.

Inputting Equation 2.24 into Equation 2.23 we obtain:

A =

(
1 − ∂xxψ −∂xyψ
−∂yxψ 1 − ∂yyψ

)

=

(
1 − κ− γ1 −γ2

−γ2 1 − κ+ γ1

)

(2.26)

where we have defined the convergence κ and the shear vector γ=(γ1, γ2) as:

κ =
1

2
(∂xxψ + ∂yyψ) (2.27)

γ1 =
1

2
(∂xxψ − ∂yyψ) (2.28)

γ2 =∂xyψ = ∂yxψ. (2.29)

The Jacobian matrix A (Equation 2.26), can be written also as a rotation matrix:

A = (1 − κ)

(
1 0
0 1

)

− γ

(
cos(2ϕ) sin(2ϕ)
sin(2ϕ) −cos(2ϕ)

)

. (2.30)

With this form, we can see that the convergence κ accounts for the isotropic deformation
of the source from the source plane to the lens plane, whereas the shear γ accounts for the
tidal (anisotropic) deformations. An example of this effect is shown in Figure 2.5: if the
source is circular, when mapping it via a lensing potential, κ is responsible for enlarging it,
keeping its shape, and γ is responsible for introducing an ellipticity.

The convergence κ can also be defined as:

κ(
−→
θ ) =

Σ(
−→
θ )

Σcrit
(2.31)

where Σ(
−→
θ ) is the surface mass density at a given distance from the lens and Σcrit is the

lensing critical density, defined as:

Σcrit =
c2DOS

4πGDOLDLS
(2.32)
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+κ +γ

Source

Figure 2.5: Illustration of the deformation of a circular source. The convergence κ
accounts for the isotropic deformation and the shear γ accounts for the tidal deformation
of the source galaxy.

The critical density is the minimum density required to create multiple images, thus,
sources located at projected regions with convergence (or scaled surface density) values κ≥1
map into multiple images to the lens plane.

Magnification, critical and caustic lines

Liouville’s theorem dictates that a Hamiltonian transformation such as the one induced by
lensing (Equation 2.23), conserves surface brightness. Nevertheless, lensing changes the ap-
parent surface area of an object, thus, magnifying the light of a source by the ratio between
the surface areas of the lensed and original source. As the Jacobian matrix A contains all
the information on the shape distortions, the magnification µ is given by:

µ =
1

det(A)
=

1

(1 − κ− γ)(1 − κ+ γ)
=

1

(1 − κ)2 − |γ|2 . (2.33)

Note that there is a singularity when the determinant of A is zero, which happens when
either (1 − κ − γ) or (1 − κ + γ) are equal to zero. These singularities define the tangential
and radial critical curves, respectively. They are non-intersecting closed curves (external and
internal, respectively) that define the location of maximum (i.e., “infinite”) magnification
due to the lens potential in the lens plane. When mapped to the source plane, these curves
are called “caustic” lines or simply “caustics”. Caustics can show more complicated patterns
that intersect, but remain closed curves.

Figure 2.6 shows critical (a: lens plane) and caustic (b: source plane) lines for an elliptical
gravitational lens. A source at different positions with respect to the caustic lines maps to
different image configurations in the lens plane. When the source is inside the area between
the two caustic lines (e.g, blue spots in Figure 2.6), two images are mapped to the lens plane:
one outside both critical curves and one between them. When the source is enclosed by both
caustic curves, four images of the source are mapped (e.g., red spots in Figure 2.6): two
outside the critical curves and two between them. If the source lies outside both caustic
curves, there is no image splitting (e.g., pink spot in Figure 2.6).

Time-delays

As images from a background source can be located at different impact parameter distances
from the lens, the light from each one of them travels different paths. Additionally, at dif-
ferent locations of the potential, space-time becomes stretched/compressed, thus, producing
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"Fold" Crossing "Cusp" Crossing

Critical Curves Caustics

(a) (b)(b)(a)

Critical Curves Caustics

Figure 2.6: Image (a) and source (b) positions with respect to critical curves (a) and
caustics (b) curves. The left panel shows a fold caustic crossing and the right panel a
cusp crossing. The colored circles in panels (b) display the different source positions with
respect to the caustics. These map to the distorted colored shapes in panels (a) shown
with respect to the critical curves. Figure taken from Narayan & Bartelmann (1996).

retardations in time (Shapiro 1964). This leads to a difference in the arrival time of the light
from lensed images emitted at equal times from the source.

From Equations 2.22 and 2.24 we have already seen that the lens equation can be written
as:

−→
β =

−→
θ −−→α (θ) =

−→
θ −−→∇ψ. (2.34)

Equating to zero and rewriting leads to:

−→∇
(

1

2
(
−→
θ −−→

β )2 − ψ

)

= 0 (2.35)

which measures the extrema of the time-delay surface that is generally defined by:

t(
−→
θ ,

−→
β ) =

1 + zl
c

DOLDOS

DLS




1

2
(
−→
θ −−→

β )2
︸ ︷︷ ︸

Geometrical

Gravitational
︷︸︸︷

−ψ



 (2.36)

where we have identified the terms responsible for the geometrical (path difference) and
gravitational (Shapiro-delay) time-delays. The difference in arrival times between lensed
images is thus the subtraction of the arrival time values at the positions of each image in the
time-delay surface.

As the trace of the time-delay surface (Equation 2.36) is proportional to the Jacobian
matrix A, the extrema of this surface (Equation 2.35) measure the location of the multiple
images. The extrema can be: minima, maxima or saddle points. If det(A)>0 and tr(A)>0
the points are minima of the time-delay surface, if det(A)>0 and tr(A)<0 the points are
maxima and if det(A)<0 the points are saddle points. When an image is located at a saddle
point, it has negative magnification µ=det(A)−1. This means that it has a magnification |µ|
but it is mirror inverted with respect to the source.
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2.3.2 Lens potentials

In order to illustrate the previously defined formalism, it is of interest to analyze some of
the most used lens potentials. Besides serving as simple examples, the process of analyzing
them, yields different parameters widely used in gravitational lensing as intrinsic scales.

The Schwarzschild lens

The case of a spherically symmetric lens whose Schwarzschild radius is much smaller than
the impact parameter (i.e., 2GM

c2
≪ξ) is called the Schwarzschild lens (or point mass lens).

Spherical symmetry simplifies much of the previous formalism, as the deflection angle
α̂(ξ) (where ξ is the impact parameter as shown in Figure 2.4) reduces to:

α̂(ξ) =
4GM

c2ξ
. (2.37)

Inserting this deflection angle into Equation 2.22 and using ξ=θDOL we obtain:

β(θ) = θ − 4GM

c2θ

DLS

DOSDOL
. (2.38)

When the angle β vanishes (observer, lens and source perfectly aligned) we obtain a
critical angle θ=θE which is called the Einstein angle (or angular Einstein radius):

θE =

√

4GM

c2
DLS

DOSDOL
. (2.39)

The ring this angle subtends in the lens plane has a characteristic radius called the lens
plane Einstein radius (RE) with the form:

RE = θEDOL =

√

4GM

c2
DLSDOL

DOS
. (2.40)

This characteristic length in the source plane has the form:

RES
= θEDOS =

√

4GM

c2
DLSDOS

DOL
. (2.41)

Using the Einstein angle θE we can re-write Equation 2.38 as:

θ2 − θβ(θ)− θ2
E = 0 (2.42)

which has the solution:

θ± =
1

2

(

β ±
√

β2 + 4θ2
E

)

. (2.43)

This solution reveals the positions of two mirrored images of the source as seen by the
observer in the lens plane with separations:

θ+ − θ− =
√

β2 + 4θ2
E. (2.44)

In the limit where β≫θE, there is no deflection as the position of the image coincides
with the position of the source. In the limit when β=0, we have a single solution θE. The
source is distorted into a ring around the lens in the image plane.
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As in this case we are dealing with a compact spherically symmetric mass distribution,
the determinant of the Jacobian matrix A (see Equation 2.23) is simply:

det(A) =
β

θ

∂β

∂θ
. (2.45)

Replacing β in terms of θ and θE from Equation 2.42 we obtain:

det(A) = 1 −
(
θE

θ

)4

= µ−1 (2.46)

which is the inverse magnification of the images. This leads to magnifications:

µ± =
θ4
±

(θ2
± + θ2

E)(θ2
± − θ2

E)
=

1

2
± 2 + u2

2u
√
u2 + 4

(2.47)

for the two images, where we have introduced the scaled angle u=θ/θE. The total magnifi-
cation is given by:

µ = µ+ − µ− =
2 + u2

u
√
u2 + 4

. (2.48)

The magnification of the second image is subtracted from the magnification of the first
image. Indeed, formally, it has negative magnification due to the fact that it is mirror inverted
(negative parity) when compared to the first (positive parity). Being a spherically symmetric
potential, the folding of the critical curves to the source plane does not produce diamond
caustics (as the ones shown in Figure 2.6).

The Singular Isothermal Sphere (SIS)

The Singular Isothermal Sphere, as the name suggests, is also a spherical potential. However,
contrary to the Schwarzschild lens, it does not necessarily imply a compact profile. The SIS
has a three dimensional mass density distribution:

ρ(r) =
σ2

v

2πG

1

r2
(2.49)

where σv is the one dimensional velocity dispersion matter in the profile. This density implies
a total radial mass of:

Mtot(R) =

∫ R

0
4πr′2Σ(r′) =

2σ2
vr

G
. (2.50)

In lensing, however, we assume that the distances between observer, lens and source are
much larger than the extent of the SIS (thin lens approximation). Thus, the mass producing
the deflection is the projected mass profile. It is therefore of interest to project the three
dimensional density distribution and define the surface mass density:

Σ(r) =
σ2

v

2Gr
. (2.51)

Scaling by the critical density (Equations 2.31 and 2.32) we obtain a convergence (or
scaled surface mass density) κ:

κ(r) =
2πσ2

v

c2r

DLS

DOS
=
θE,SIS

2θ
= κ(θ) (2.52)
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where we have identified the angular Einstein radius θE,SIS as:

θE,SIS =
4πσ2

v

c2G

DLS

DOS
. (2.53)

By integrating the surface mass density we obtain the (projected) enclosed line-of-sight
mass:

M(r) =

∫ r

0
2πr′Σ(r′) =

πσ2
vr

G
. (2.54)

Using this enclosed mass, the deflection angle (as in Equation 2.37) becomes:

α̂(r) =
4GM(r)

c2r
= 4π

σ2
v

c2
. (2.55)

Solving Equation 2.24 with this deflection angle, we obtain the two dimensional lens
potential:

ψ(θ) =
4πσ2

vθ

c2G

DLS

DOS
= θE,SISθ. (2.56)

Using Equations 2.26 and 2.33 the magnification µ is

µ(θ) =
1

1 − 4πσ2
v

c2Gr
DLS

DOS

=
1

1 − θE,SIS

θ

. (2.57)

The Singular Isothermal Ellipsoid (SIE)

Realistic lenses, however, are in general not perfectly spherical, but have a an ellipticity. In
this case we can break the spherical symmetry of the SIS to obtain a SIE potential:

ψ(ς) = θE,SIEς (2.58)

with convergence:

k(ξ) =
θE,SIE

2

1

ς
(2.59)

where the angular Einstein radius is:

θE,SIE = θE,SIS

√

1 − q2

arcsin(
√

1 − q2)
. (2.60)

q is the projected axis ratio and ς2=x2+y2/q2 is the elliptical radial coordinate. When
q→1 the SIE profile corresponds to a SIS profile.

There is no general analytic solution of the lens equation with elliptical profiles such as
the SIE. When solved numerically, a SIE lens, produces diamond shaped caustics due to the
tidal perturbation induced by its ellipticity. As shown in Figure 2.6, this configuration can
map a single source to four images in the lens plane.
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Figure 2.7: Strong and weak lensing regimes. The source wavefront is distorted by a mas-
sive intervening object. The caustic envelope indicates the region where image splitting
can be seen (strong lensing).

2.3.3 Gravitational lensing regimes

Within the scope of gravitational lensing we can distinguish two different regimes: strong
and weak. To interpret the difference between these two, it is useful to imagine different line-
of-sight paths in a wavefront distorted by an interveining massive body, as shown in Figure
2.7. In the following, we present a description of each regime.

Strong lensing

Strong lensing is the case when the observer, the lens and the source are close to alignment so
that there is splitting of images from the source (i.e., the surface mass density is larger than
the Σcrit defined in Equation 2.32). In this case, the observer’s line-of-sight is located inside
the caustic envelope, where the wavefront is highly distorted (see Figure 2.7), producing
multiplicity of images and mirror inversion of images located at saddle points. In general,
strong lensing refers to lensing systems in which the lens is a galaxy or galaxy cluster, and the
source is a background galaxy or quasar. Due to the (small) projected velocities of galaxies
and galaxy clusters with respect to background sources, strong lensing is a static phenomenon
in human time scales.

Strong lensing observables are the positions and brightnesses of the lensed images. Being
a static phenomenon, the intrinsic brightness of the source is unobservable. Thus, individual
brightnesses of lensed images do not give any information about the lensing system. However,
the ratio between the brightnesses of multiple images does, as it corresponds the ratio between
the magnifications produced by the lensing potential.

Even though galaxy-galaxy lensing is more common than quasar lensing, lensed quasars
have been the most common detection for decades. This is mainly due to the high lumi-
nosities shown by these objects and historical reasons (dedicated surveys). Strong lensing of
quasars is a powerful tool to measure the mass and mass density profiles of lensing galaxies.
It is completely independent of the dynamical state or luminous property of matter in galax-
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ies. As lensing magnification depends on the second derivatives of the lens potential, it is
sensitive to anisotropies of the potential. Hence, through flux ratio anomalies (inconsistencies
among measured and modeled flux ratios between quasar images; explored in Chapters 3 and
4), strong lensing also potentially allows to probe for dark matter substructure in lensing
galaxies (e.g., Dalal & Kochanek 2002). Using the fact that lensing (or at least strong lens-
ing by galaxies and galaxy clusters) is an achromatic phenomenon, multi-band photometric
or spectroscopic data of quasar images allow to measure galactic dust extinction in lensing
galaxies (e.g., Eĺıasdóttir et al. 2006). Using photometric light curves of lensed quasar images
of an intrinsically varying source, the time-delay between them can be measured. Comparing
these measured time-delays with the expectations from modeled lensing potentials, results in
a value of the Hubble constant H0 (Refsdal 1964a), independent from other methods. Addi-
tionally, through angular diameter distance ratios of multiple sources in a lensing system, the
values of the geometric cosmological parameters ΩM and ΩΛ can be constrained (Golse et al.
2002). An extensive and detailed description of the applications of strong quasar lensing can
be found, for example, in Claeskens & Surdej (2002).

The analysis of strong quasar lensing systems will be explored in the following chapters
of this dissertation. In Chapter 3 the different checks performed in order to confirm the
nature of a lensed quasar are shown, as well as detailed mass modeling and discussion on flux
anomalies of lensed images. Further on, in Chapter 4, the study of flux anomalies in lensed
quasars will be more intensively studied.

Weak lensing

Weak lensing refers to the case when the line-of-sight path from the source to the observer,
is perturbed by a massive body, but is outside the caustic envelope, as shown in Figure 2.7
(surface mass density lower than Σcrit). In this case, no multiple images are created, but the
images of background sources are distorted and magnified (by the convergence κ and shear
γ produced by the lens at the position of the images as shown in Figure 2.5). There is a
rather smooth transition between weak and strong lensing, where these sheared images begin
to form arcs around the lens. Nonetheless, in the general weak lensing case, the background
sources are sheared only by a few percent.

If the original shape of a weakly lensed galaxy was known, the deformation induced by
weak lensing could suffice to deduce the properties of the lens. However, the main problem
weak lensing faces, is the fact that an exact knowledge of the intrinsic shape of distorted
background galaxies does not exist. To get around this issue, astronomers look towards
regions in space more likely to produce weak lensing distortions (i.e., around massive clusters
which produce distortions of ∼10%) and assume that the distribution of the background
galaxies is random. This fact compensates for the lack of knowledge of their exact shapes
and can constrain the mass distribution of large scale structure in the line-of-sight to the
sources.

Weak lensing is one of the most promising tools to understand and measure the dark
nature of the universe and constrain the value of cosmological parameters (for a review of
weak lensing and its applications see Bartelmann & Schneider 2001).

2.3.4 Microlensing

Even though microlensing is sometimes referred as a third lensing regime, it is, in principle,
just a form or strong lensing. The term microlensing is used when the separations between
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multiple lensed images of a background source are very small (micro to milli-acseconds),
thus, unresolvable with any instrument or technique up to date. Fortunately, as the rela-
tive velocities between observer, microlens and source are high, microlensing is a dynamical
phenomenon in human timescales (minutes to years). Without the possibility of resolving
multiple images, the observational evidence for microlensing is the brightening and dimming
of a background source induced by the total magnification µ and the relative movement of
source and lens. Lenses within this scope are compact objects such as stars and planets.

Due to the dynamic property of microlensing, it is, in most cases, studied as an ensemble
of individual events. It is useful, therefore, to define the microlensing optical depth. Mi-
crolensing optical depth is the ratio between the average microlensing surface mass density
and the microlensing critical density (i.e., an averaged version of the convergence or scaled
surface mass density κ defined in Equation 2.31). It can be written in its continuous form as
(Paczynski 1986):

τ =

∫ DOS

0

4πGD′
OLDLS

c2DOS
ρ(D′

OL)dD′
OL (2.61)

where ρ(D′
OL) is the average lensing mass density at a distance D′

OL from the observer.
Microlensing optical depth can be interpreted as the probability of a given source to be
undergoing a microlensing induced brightness modification at a given time.

Within the framework of microlensing we can distinguish three major varieties depending
on the line-of-sight distances between the observer, the lens and the source, with very different
microlensing optical depths as described hereafter.

Galactic microlensing

In this variety, both source and lens are inside the Milky Way. Due to the dynamics of
our galaxy, it can happen that a foreground star becomes aligned with the observer and a
background star, producing a magnification of the latter. As stated before, the magnification
time scales depend on the projected velocities of the observer, the lens and the source. For an
observer looking towards the galactic bulge of the Milky Way, the time scale of microlensing
events is of the order of hours to weeks. The size of the Einstein rings produced by stars in
the Milky Way (scale for image splitting shown in Section 2.3.2) is of the order of a fraction
of a milli-arcsecond.

For galactic microlensing, the optical depth towards the bulge of the Milky Way is τ∼10−6,
meaning that a random star in direction to the bulge of the Milky Way has a ∼10−6 proba-
bility of being affected by microlensing magnification at a given time. However, the millions
of stars that can be seen towards the galactic bulge, allow ∼500 galactic microlensing events
to be detected per year by monitoring campaigns such as OGLE (Udalski 2003) or MOA
(Bond et al. 2001).

Modeling the light curves’ variation due to microlensing of stars towards the bulge,
presents several uses. By studying the projected velocities and time scales of the microlensing
events, the dynamics of the bulge and Milky Way can be probed (Sumi et al. 2006). Also, the
shape of the light curves allows to obtain constraints on the stellar atmospheres of source stars
(e.g., Heyrovský 2003; Zub et al 2009, in preparation). Perhaps the most impressive of all the
applications of galactic microlensing is the search for extrasolar planets (e.g., Gould & Loeb
1992; Wambsganss 1997; Beaulieu et al. 2006). If the star acting as a lens has a companion
(such as a planet), the lens potential diverges from that of a Schwarzschild lens (see Section
2.3.2) and produces more complicated caustic patterns. The relative movement between the
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source and this caustic pattern can produce a characteristic light curve, which can be used
to obtain constraints on the mass and separation of the binary system. The probability of
such an event happening is fairly low, nevertheless, until now there have been several planets
discovered this way (see Gould 2008). The main advantage of microlensing as a planet finding
method when compared to others such as radial velocity measurements, direct imaging or
transits, is its sensitivity to Earth-mass planets in the habitable zone (Wambsganss 1997;
Park et al. 2006).

Local Group microlensing

Moving up in the microlensing distance ladder we can define an intermediate microlensing
variety that is when the lensed sources are objects within the Local Group.

In this classification we find the microlensing of stars in nearby galaxies by Massive
Compact Halo Objects (MACHOs) in the Milky Way. Several collaborations such as MA-
CHO (Alcock et al. 2000), EROS (Tisserand et al. 2007) or OGLE (Zebrun et al. 2001) were
dedicated to monitoring stars in galaxies in the Local Group to observe MACHO induced
brightness variations. This has been done in order to study the number and distribution of
MACHOs in the Milky Way. The studies have yielded an unexpectedly low occurrence of
such events (Alcock et al. 2000, shows a resulting optical depth of τ∼10−7 from the 5.7 years
of the MACHO project), proving the hypothesis that the dark halo surrounding the Milky
Way is entirely due to dark matter MACHOs, wrong. Even more, it is still unclear if the
observed microlensing events unveiled by these collaborations are due to MACHOs at all.

These monitoring programs have had as a by-product the observation of “self-lensing”
in galaxies of the Local Group. Self-lensing refers to the case when both lens and source
objects come from the same galaxy. These kind of events have proven to be more common
than MACHO lensing events. They allow to probe for the dynamics of galaxies in the
Local Group (see for example Kerins et al. 2006), and maybe someday, extragalactic planets
(Baltz & Gondolo 2001).

Cosmological microlensing

Cosmological microlensing, refers to the case in which both source and lens objects are located
at cosmological distances. The main observation of this phenomenon is quasar microlensing.

Quasar microlensing, is an additional magnification (or de-magnification) that occurs on
images of strongly lensed quasars. The light from multiple images of lensed quasars can
encounter the gravitational potential of individual stars in the lensing galaxy (see Figure 2.8)
and be re-magnified. This is possible due to the geometrical dependence of gravitational
lensing induced magnifications and the fact that quasar accretion disks sizes are comparable
to the Einstein rings of stars in the lens galaxies: Assuming a lens redshift of zl=0.5, a source
redshift of zs=1.0, a mean mass for a microlensing star of 0.1M⊙ and using Equation 2.41,
we obtain a typical value for the Einstein Radius:

RE =

√

4G 0.1M⊙

c2
Dzl,zsDzs

Dzl

≈ 0.004 pc (2.62)

which, as shown in Section 2.1.3, matches the scale of the size of the accretion disk of a
quasar. As the Einstein radius is an intrinsic lensing scale, magnification or de-magnification
of the multiple images of a background quasar can be seen.
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Figure 2.8: Representation of quasar microlensing. The light from the lensed image A
of the background quasar, gets re-magnified by a star in the lensing galaxy. Thus, image
A appears brighter to the observer than what expected from the magnification induced
solely by the galaxy lensing potential (top-left insert). Credit: X-ray: NASA/CXC/Penn
State/G.Chartas et al; Illustration: NASA/CXC/M.Weiss.

Quasar microlensing has a much higher optical depth (∼1) than galactic microlensing,
as the projected density of stars in the lensing galaxies on top of quasar images is larger.
Thus, it has a much more complicated microlensing potential produced by numerous compact
objects. The projected distances and velocities of the observer, microlenses, “macro” lens
(galaxy) and source, set the time scale for quasar microlensing events between several weeks
to a decade, making of quasar microlensing an observable phenomenon in human time scales.
In fact, many lensed quasars have shown evidence for microlensing and have been monitored
for years, showing microlensing induced brightness fluctuations (e.g., Corrigan et al. 1991;
Borgeest & Schramm 1993; Woźniak et al. 2000; Udalski et al. 2006; Chartas et al. 2006).
The study of these variations can be used to probe the dynamical properties of the lensing
galaxies and the structural parameters of the background quasar (e.g., Wambsganss et al.
2000; Kochanek 2004; Gil-Merino et al. 2005; Anguita et al. 2008b; Eigenbrod et al. 2008).

Due to their complicated nature, the microlensing effect on quasars has to be simulated
numerically (e.g., Wambsganss et al. 1990). The simulations are done by statistically study-
ing the deflection induced by a distribution of microlenses. The output of such simulations
are source plane two-dimensional magnification distributions which show complicated caustic
patterns (see Figure 2.9). The path of a lensed quasar image in such a pattern, reveals the
brightness fluctuations induced by microlensing.

Quasar microlensing is an important subject of this thesis, and hereafter is what we refer
to as microlensing, unless specified. In Chapter 4 we will study the evidence for microlensing
in four lensed quasar systems and in Chapter 5 we study microlensing induced brightness
variations in the actively microlensed multiple quasar Q 2237+0305 (Huchra et al. 1985).
Here, we will detail the use and manipulation of these magnification patterns, and how their
coupling with astronomical observations allows to probe different properties of the system,
including the internal structure of the background AGN.
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Figure 2.9: 15RE×7.5 RE cut of a source plane microlensing pattern. The pattern is the
result of a simulation that follows light rays deflected by a distribution of microlenses.
Dark areas show high magnification regions, and bright areas show low magnification
regions. The bottom panel shows a one dimensional cut of the pattern in which the
brightness variation experienced by a source moving through the blue path is displayed.
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2.3.5 Strong lens modeling

As explained previously in this chapter, strong gravitational lensing can be envisaged as a
mapping of a bright background source to one or multiple images in the plane of the deflector.
The process through which this is done is well understood (see in Section 2.3.1) and can be
analytically described. This analytical description allows to study the inverse problem: using
the observational signatures of gravitational lensing, we can obtain the otherwise unknown
parameters that define this mapping. With “lens modeling” we refer to the modeling of the
mass potential of the lens, required to produce such a configuration of observational signatures
(image positions and brightnesses for given line-of-sight distances of lens and source).

There are two ways by which the modeling of a mass potential can be confronted: by
performing a “parametric” or a “non-parametric” mass model.

Parametric lens modeling

As the name suggests, parametric mass modeling requires a parametric description of the po-
tential. A specific, physically motivated, mass profile such as a de Vaucouleurs (de Vaucouleurs
1948), Singular Isothermal Sphere (SIS), Pseudo Isothermal Elliptical Mass Distribution
(PIEMD: Kassiola & Kovner 1993) or Navarro, Frenk and White (NFW: Navarro et al. 1997)
profile, to name a few, has to be chosen for the lens. The basic philosophy is to modify the
parameters defining this profiles (and subsequently the lensing potential) and compare the
resulting image (and flux) configurations to the observed data set. Iterating this procedure,
the parameters that best define the mass profile are found.

Parametric minimization requires an educated guess on what the system is composed
of and is therefore usually constrained by secondary observational signatures, that go from
the ellipticity and position angle of the lensing galaxy to its effective light radius or stellar
velocity dispersion. The fitting process generally consists of minimizing the square of the
weighted distances (χ2) between the observed and modeled image positions. In princile, in
order to do this, a grid is created at the source plane and at the lens plane. By solving the
lens equation (Equation 2.22) with a particular potential, a direct mapping between source
and lens plane is obtained: for every cell in the lens plane grid a corresponding cell exists
in the source plane grid. Naturally, a position on the source plane that implies the creation
of multiple images (κ(θ)>Σcrit; see Equation 2.32), corresponds to multiple positions on the
lens plane.

The minimization of the χ2 can be done either in the source plane or in the lens plane.
In the first case, each lens plane image maps itself to a source position on the source plane.
Based on the fact that all multiple images in the lens plane come from a single source, the
distance between the (at first instance) multiple (N) sources mapped to the source plane
from the multiple (N) images in the lens plane are minimized. In the lens plane minimiza-
tion, the process is inverted: one source plane position maps to, possibly, multiple image
positions and the minimization is done on the χ2 due the weighted difference between the
modeled and observed image positions (on the lens plane). In both cases, this minimization
can be complemented with constraints from the flux ratios between the images, as well as
the time-delays. Image plane minimization provides a more precise result opposed to the ap-
proximate one from source plane minimization, but it is comparatively much more exhaustive
computationally (for more information on parametric lens modeling see Kneib 1993; Keeton
2001b,a).

In the following chapter, we will show a parametric lens model obtained using the lenstool
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modeling code (Kneib 1993; Jullo et al. 2007). lenstool does source plane χ2 minimization,
using a Bayesian algorithm (prior based minimization), and a Markov Chain Monte-Carlo
(MCMC) process that samples the probability distribution by random variation of the pa-
rameters. The scanning of the parameter space avoids hitting local χ2 minima and allows a
very robust result with minor speed trade-off. The details of the algorithm and the underlying
statistics are described in Jullo et al. (2007).

Non-parametric lens modeling

Contrary to the parametric approach, non-parametric lens modeling is not fixed to a specific
chosen profile, but allows slight variations over a given mass profile, or even a completely
independent one. The most successful non-parametric approaches to mass modeling are: the
multipole expansion method (e.g., Kochanek 1991; Trotter et al. 2000) and the pixelization
method (e.g., Abdelsalam et al. 1998; Saha & Williams 1997; Saha 2000; Diego et al. 2005).

The multipole expansion method, as the name suggests, is a Taylor expansion of the lens
potential. In other words, perturbations are added to the mass density profile in order to
reproduce the observed constraints. This kind of perturbative process is then a transition
between parametric and non-parametric modeling, as the terms in the Taylor expansion are
indeed parametrized. However, it allows to retrieve more complicated potentials.

The pixelization method, on the other hand, makes no strong assumption on the mass
density profile. In this case, the mass producing the deflection is defined on a grid of pixels.
pixelens (Saha & Williams 1997; Saha 2000; Saha & Williams 2004) is the most widely used
code in this sub-class. Its minimization method is based on the time-delay surface (see Section
2.3.1). By using pixelated maps, the time-delay surface (see Equation 2.36) can be written
as (Saha & Williams 1997):

t(
−→
θ ,

−→
β ) =

1

2
|−→θ |2 −−→

θ
−→
β −

∑

n

ΣnQn(
−→
θ ) (2.63)

where Σn is the surface mass density of the n-th pixel and Qn is proportional to the integral
form of the potential (see Equation 2.25) on the same pixel.

Based on the fact that the locations of the images are on the extrema of this time-delay
surface, the mass density in each pixel of the grid is optimized. pixelens requires that
the parity and arrival time order of the images, and the time-delays between them (or the
Hubble time: age of the universe; see Section 2.2) are known. Even though the approach is
non-parametric (above the pixel scale), pixelens uses some priors on the mass profiles:

• All the surface mass density per pixel Σn≥0.

• If the galaxy does not appear very asymmetric, the mass profile is required to have
inversion symmetry about the lens center.

• The density gradient anywhere must point within ≤45◦ of the lens center.

• The Σn of any pixel must be ≤2×[average of neighbors], except for the central pixel,
which is allowed to be arbitrarily dense.

Parametric versus non-parametric lens modeling

The most important difference between parametric (i.e., lenstool) and non-parametric
(i.e., pixelens) modeling is related to the number of constraints. In parametric modeling,
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the number of fitted parameters needs to be lower than the number of constraints. Non-
parametric modeling, on the other hand, is very under constrained. It has as many free
“parameters” as pixels in the map, compared to the few observed image positions. This does
not allow pixelens to retrieve individual accuracy measurements, but needs to obtain its
uncertainties by studying the scatter of results from an ensemble of models.

In both parametric and non-parametric lens models, the use of a constant external shear
γ to account for external perturbations of the potential by the environment is allowed. In the
next chapter, besides lenstool parametric modeling, we will show the use of the pixelens

non-parametric approach to model the mass distribution of a lensing system. A working
example of the advantages and disadvantages of each of them will then be presented.



3
Characterization of COSMOS 5921+0638:

A Multiple Image Strong Lens Candidate

In this chapter, we explore the strong lensing phenomenon by showing a wide observational
and theoretical analysis of the lensed quasar candidate COSMOS 5921+0638. We use different
imaging and spectroscopic datasets to identify the observational characteristics of the lensing
system as: the photometry, astrometry and redshift of the components. These parameters
are later compared with theoretical concepts, revealing the mass of the lensing galaxy, the
intrinsic luminosity of the source and flux anomalies in the lensed images. A condensed
version of the work presented in this chapter will be submitted to A&A.

3.1 Strong lensing in the COSMOS field

The COSMOS survey1 (Scoville et al. 2007) is a study of a 1.4◦×1.4◦ “dust free” region in
the equatorial plane (see Figure 3.1). It was selected like this to be probed deeply both with
Northern and Southern hemisphere based telescopes. It has been extensively observed from
both ground and space in most of the observable electromagnetic spectrum; from radio to
X-ray, including: sub millimeter, infra-red: near, mid and far, optical: broad band, narrow
band and spectroscopic, and UV: near and far. The survey is designed to probe the formation
and evolution of galaxies as a function of redshift and the large scale structure environment.

Using the optical imaging data from the COSMOS survey, Faure et al. (2008) searched for
strong gravitational lensing systems in the field. In order to maximize the lensing probability,
they preselected massive (MV ≤-20 [mag]), early type (according to the SED fitted for the
photometric redshift) galaxies with photometric redshifts between z=0.2 and z=1.0. Within
this sub-catalog (of ∼10,000 galaxies) they visually scanned the highest spatial resolution
images available (HST/ACS F814W) of these galaxies, looking for arcs or multiple images.
After a series of color checks and light profile fittings, a catalog of 67 strongly lensed candidate
systems was created. Among these, 20 show multiple images of a single source or strongly
elongated arcs, hence, very likely to be genuine lenses. With a similar scanning process,

1http://cosmos.astro.caltech.edu

29
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Figure 3.1: Full view of ∼2 squared degrees of the COSMOS field (HST ACS mosaic).
The relative sizes of the GOODS field (Dickinson et al. 2003), the Hubble Ultra Deep
Field (HUDF; Beckwith et al. 2006), the GEMS field (Beckwith et al. 2002) and the
Moon are shown for comparison. Credit: NASA, ESA and Z. Levay (STScI).
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Jackson (2008) mined the whole COSMOS catalog (ACS F814W magnitude<25: ∼280,000
galaxies) for strong lensing signatures. Three additional very likely strong lensing systems
were presented among 115 candidates.

A large sample of lenses, provides an ideal laboratory for statistical lensing studies, in-
cluding galaxy evolution and their dark matter content. In order to carry out these studies,
the systems need to be confirmed as genuine strong lenses. Additionally, due to the selec-
tion method of the COSMOS lens candidates, the sample potentially contains systems with
exceptional individual properties. For these reasons, these candidates and their environment
are currently being followed up in order to accurately measure their characteristics.

The remainder of this chapter shows a detailed study of one of these lens candidate sys-
tems: COSMOS 5921+0638 (RA=09h59min21.7s, DEC=+02◦06 ′38′′). The system is com-
posed of four point-like objects that lie on top of a perfect ring around an early type galaxy
(see Figure 3.2), with a photometric redshift of zphot

l =0.45±0.03
0.05 (Faure et al. 2008). The shape

of the system suggests that it is a lensed AGN, with the ring being formed by the AGN’s host
galaxy, similar to RXSJ 1131-1231 (Sluse et al. 2003) or PG 1115+080 (Impey et al. 1998).

3.2 Imaging and spectroscopic dataset

3.2.1 Imaging dataset from ground and space

Due to the large wavelength coverage of the COSMOS field, we have access to extensive
imaging of the system and its neighborhood. Among these, COSMOS 5921+0638 was covered
from the ground based telescopes Subaru and CFHT in Hawaii using the B, V, r+, i+, z+
and u⋆ bands (data described in detail by Capak et al. 2007). From the Hubble Treasury
programs (Scoville et al. 2007) we have HST/ACS observations in the F814W band (the data
reduction process is detailed in Koekemoer et al. 2007). Additionally, we have used recent
(January 2008) WFPC2 F606W exposures of the system (HST proposal id: 11289, PI: Kneib)
that are part of the Strong Lensing Legacy Survey (SL2S, Cabanac et al. 2007) where the
system was also serendipitously found. In Figure 3.2 we display the HST images of the
system with the chosen naming scheme for the point-like images (A to D, clockwise from the
east-most image), which will be used hereafter, and in Figure 3.3 we show the CFHT and
Subaru images. Even though the COSMOS field has also been observed in the radio and X-
ray regime, no signal has been measured for the system, as already mentioned in Faure et al.
(2008). We have summarized the properties of the imaging dataset used in this study in
Table 3.1.

3.2.2 Spectroscopic dataset

Galaxies in the COSMOS field have been spectroscopically observed as part of the zCOSMOS
survey (Lilly et al. 2007). zCOSMOS is a large redshift survey within the COSMOS field using
the VIMOS spectrograph installed at the VLT. It is divided into two surveys: zCOSMOS-
bright and zCOSMOS-deep. zCOSMOS-bright aims to measure the spectroscopic redshift of
20,000 I-band selected galaxies at redshifts <1.2 in 1.7 square degrees within the COSMOS
field. zCOSMOS-deep, on the other hand, is targeted at spectroscopically measuring the
redshift of 10,000 galaxies at redshifts 1.5<z<3.0 in the central square degree of the COSMOS
field. The second data release of the survey (zCOSMOS-bright DR2, released in October 2008;
Lilly & Zcosmos Team 2008), contains 10,643 spectra with associated redshifts. The galaxy
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Figure 3.2: HST 3 arcseconds side length cut-out images of COSMOS 5921+0638. The
left panel shows the WFPC2 F606W exposure and the right panel shows the ACS F814W
exposure with the naming scheme selected for the point-like objects.
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Figure 3.3: CFHT/Megacam and SUBARU/Suprime images of COSMOS 5921+0638.
The 3′′side length images are displayed from shorter (u⋆) to longer (z+) wavelength from
left to right, top to bottom.
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Table 3.1: Summary of the different imaging data used for this analysis. The magnitude
limits for the COSMOS observations are those shown in Capak et al. (2007) for the
ground based observations and in Koekemoer et al. (2007) for the HST observations. (a)
The u⋆ frame was created by combining observations taken between the years 2004 and
2005, thus, the total exposure time in this band for the COSMOS field varies. (b) 27.1 is
the magnitude limit for a point-like object in the ACS exposure and it drops to 26.1 for
a 1′′-wide extended object.

Camera Band Date Exp. [s] Limit [mag]

Suprime

B 2004-02-19 4320 27.3
V 2004-02-18 3240 26.6
r+ 2004-01-19 2160 26.8
i+ 2004-01-22 2880 26.2
z+ 2004-01-21 4320 25.2

Megacam u⋆ 2004-2005(a) ∼40000 26.4

ACS F814w 2004-04-08 2028 27.1(b)

WFPC2 F606W 2008-01-07 1200 26.5

redshifts in the field around COSMOS 5921+0638 from this data release are displayed in
Figure 3.6.

Besides the zCOSMOS spectra and redshifts, the fields of 8 of the 67 strong lens candidates
presented by Faure et al. (2008), including COSMOS 5921+0638, have been observed with
the FORS1 instrument at the VLT in Multi Object Spectroscopy mode as part of a follow up
program (PI: Faure, Proposal ID: 077.A-0473(A)). The FORS observations around the field
of COSMOS 5921+0638 were obtained in April 2006 and presented in this chapter. They
comprised a 7 ′×7 ′ field centered on the system with the GRISM 150I (wavelength coverage:
[3300 - 6500]Å, resolution: 5.54Å/pixel) with a total exposure time of 1800s. The standard
CCD reduction and the spectra extraction was done using the pipeline recipes from ESO2

while the flux calibration was done using the long slit spectrum of the LTT7379 standard
star and iraf routines3. In Figure 3.4 we display the position of the central slit, placed on
top of the system: the goal of it was to measure the redshift of the central galaxy, as well as
to obtain spectroscopic signal from the close north-east point-like objects.

3.3 The nature of the system

The lens nature of an object is confirmed with the fulfillment of different steps, such as the
number, relative brightness and configuration of the candidate lensed images. The first step
is the confirmation of the line-of-sight alignment of the foreground “lens” and the background
“source” with the observer through redshift measurements. However, in some cases, these
can be difficult to confirm. For instance, the lens or the multiple images of a source can
be too faint, making it hard to acquire proper spectroscopy to measure their redshifts and
corroborate that in fact the candidate lens and source are foreground and background objects,

2http://www.eso.org/sci/data-processing/software/pipelines/fors/fors-pipe-recipes.html
3
iraf is distributed by the National Optical Astronomy Observatory, which is operated by the Association

of Universities for Research in Astronomy (AURA) under cooperative agreement with the National Science
Foundation.
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Figure 3.4: Placement of the slit containing the three (brightest) images and the lensing
galaxy towards COSMOS 5921+0638 shown over the high resolution 3′′side length ACS
image cut-out. The FWHM of the VLT FORS observations is shown on the top left
corner of the image. The coarser FWHM plus the dispersion direction (perpendicular to
the orientation of the slit) makes the spectrum highly contaminated by the brighter galaxy.

respectively. This is precisely the case in COSMOS 5921+0638: the point-like images are
very faint (see Section 3.4). Nevertheless, we can gather an ensemble of clues that allow to
conclude on the gravitational lens nature of the system.

3.3.1 Multi-band images

The distribution of the point-like images around the central galaxy shows a typical strong lens
configuration: a pair of close images (A and B) and two images spread north (C) and south-
west (D), similar to the configuration of lensed quasar PG1115+080 (Schechter et al. 1997),
MG0414+0534 (Hewitt et al. 1992) or WFI J2033-4723 (Morgan et al. 2004). Moreover, the
point-like shape of the images suggests that the background source is an AGN. This hypothesis
is also supported by the fact that we can see in the HST images that a smooth structure
forms a perfect Einstein ring under the point-like images that can be interpreted as emission
from the host galaxy of the AGN. If so, we would expect the point-like images to have typical
AGN emission lines such as Lyα(λ=1215Å) or CIV (λ=1539Å).

As shown in Figure 3.3 the point-like structures have a very similar wavelength depen-
dence. In the CFHT/Megacam u⋆ band images (limiting magnitude=26.4 mag, central
wavelength=3797Å), where there should be very low contamination by the galaxy (based
on the photometric redshift z∼0.5, the 4000Å break should be at ∼6000Å), we cannot see
emission from the point-like images either. The multiple images start to become visible in the
Subaru/Suprime cam B band frames (limiting magnitude=27.4, central wavelength=4459Å),
where their brightness is comparable to the galaxy. Moving to longer wavelengths, they get
rapidly contaminated by the galaxy. This behavior suggests that the point-like images are
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Figure 3.5: The linear flux calibrated VLT/FORS1 spectrum (smoothed) of the central
lensing galaxy towards COSMOS 5921+0638. Identified lines are labeled. Shaded areas
denote regions with strong sky emission or absorption.

related to each other and gives by itself an estimate for the redshift of the source, similarly
to the Lyman break technique (e.g., Giavalisco 1998) used for the detection of high redshift
star forming galaxies. Assuming our background source is an AGN, which are Lyα emitters,
we can classify it as a u⋆ “drop-out”. Thus, we can set the location of the Lyman break +
Lyα line longwards of the u⋆ band central wavelength, giving a lower limit for the redshift of
the background AGN of zs&3.

3.3.2 The FORS spectra

Using a slit covering a large portion of the system (see Figure 3.4), we were able to obtain a
clear spectrum of the galaxy. The observed spectrum is consistent with a typical early type
galaxy SED at a redshift of z=0.551±0.001 (see Figure 3.5). This value was derived using
the CaII H, CaII K, G, Hγ and Mgb absorption lines.

Using the other slits of the FORS1 observations, we have been able to derive the redshift
of 9 additional galaxies in the ∼7 ′ field centered on COSMOS 5921+0638. In Figure 3.6 and
Table 3.2 we report the location and the redshift of these galaxies.

Even though the slit of the FORS1 observations on top of this system is placed as to
contain three of the point-like objects (see Figure 3.4), at first sight, no emission line from
the point-like objects is visible. The single spectrum that could be extracted is highly con-
taminated by the much brighter galaxy in the spectral range. However, when subtracting
an elliptical galaxy template spectrum (Kinney et al. 1996) from the observed spectrum (see
Figure 3.7), a small feature is observed at 5050Å.

The asymmetric shape of this feature, suggests that it is Lyα emission. The fact that the
galaxy is brighter than the AGN, specially at longer wavelengths, tells us that Lyα is the
only emission line that could be seen: The Lyα line is in general brighter than other broad
emission lines and is located (in this case) in the fainter part of the galaxy’s spectrum, thus,
less contaminated by it. This line yields a redshift for the point-like objects of z=3.14±0.05.
This redshift is assigned by the single line (!) and the error determined by its width.
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Figure 3.6: Galaxies with measured redshifts from the FORS observations (red circles) of
the ∼7 ′ field centered on COSMOS 5921+0638. A 8 ′×8 ′ cut-out of the field is shown.
The galaxy indicated by the yellow circle in the center of the field is the main lensing
galaxy of the system. The galaxies with redshifts from the zCOSMOS catalog are also
displayed in color coded redshift bins.

3.3.3 Conclusion on the point-like objects

The u⋆ drop-out suggests that, if this is a genuine lensed AGN, as hinted by the typical
physical configuration of the system (four images of a source, a close pair, an Einstein ring
formed by the host galaxy), the redshift would be z&3. The identification of a Lyα emission
line candidate using the FORS1 spectrum is evidence that this is indeed the case and the
source is an AGN at a candidate redshift of zs=3.14±0.05.

3.4 Astrometry and photometry of the system

Mass models of the lens depend on the brightnesses and, even more importantly, on the
relative positions of the source images. It is hence necessary to accurately measure the
astrometry (and photometry) of the images of the background source and the lensing galaxy
in order to build a reliable mass model for the lens.
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Table 3.2: Galaxies with measured redshifts from our FORS observations in the field of
COSMOS 5921+0638. The measured errors for the redshifts are ∆z=10−3.

RA DEC z

09:59:09.69 02:07:53.6 0.353
09:59:12.21 02:08:25.4 0.354
09:59:12.39 02:06:56.4 0.352
09:59:12.41 02:07:51.2 0.352
09:59:14.44 02:07:26.0 0.355
09:59:15.59 02:06:12.0 0.602
09:59:21.79 02:06:38.7 0.551
09:59:30.27 02:04:22.0 0.687
09:59:32.69 02:06:08.8 0.527
09:59:33.24 02:05:47.6 0.312

Figure 3.7: The COSMOS 5921+0638 subtracted spectrum. The elliptical template spec-
trum (red curve) and the observed spectrum of the lensing galaxy + point-like images
(blue curve) are shown. The difference between these two is displayed in the bottom
(black curve). The difference spectrum shows an evident residual feature around 5050Å
that we interpret as Lyα at z=3.14. Shaded areas denote regions with strong sky emission
or absorption.

For that purpose, we use the galfit software (Peng et al. 2002) on the WFPC2 (F606W)
and ACS (F814W) space based observations. The software allows to fit analytical two di-
mensional light profiles to the objects seen in a frame, in our case, the four point-like images
of the background source and the lensing galaxy.
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3.4.1 The PSFs

galfit requires as an input the point spread function (PSF) of the observations in order to
convolve it with the different analytical profiles. We obtained the PSF model for the WFPC2
observations from the “WFPC2 PSF library”4. The selected PSF was created using stars
located on the same chip (#3) and with the same filter the observations presented here were
done.

The ACS PSF, however, shows a much larger temporal and spatial variation than the
WFPC2 PSF. So, in order to obtain an accurate PSF model, we referred to Rhodes et al.
(2006, 2007) that show a statistical study which yields as a result a measure of the focus
value f (to a micro-metric accuracy) of the different COSMOS ACS exposures. Using this
information for the ACS exposure (f∼-4.5µm) we used their idl procedures5 coupled with
the tinytim6 software to generate PSF models, in particular choosing those in the location
of the CCD where the system is located, in the same way as we proceeded with the WFPC2
exposures.

3.4.2 Fitting the light profile

A

C

D

B

ACS

WFPC2

Figure 3.8: Top Panel, left to right: Original ACS F814W exposure of
COSMOS 5921+0638, galfit de Vaucouleurs + 4 point sources fitted model and resid-
uals. Bottom Panel: the same display scheme for the WFPC2 F606W exposure.

As the spectrum of the lensing galaxy matches that of an elliptical galaxy, the lensing
galaxy was fitted by a de Vaucouleurs profile (de Vaucouleurs 1948). The parameters that
define this profile are: the effective radius (Reff ), the central position, the ellipticity, the
position angle (PA, defined in degrees measured from north to east) and the magnitude. The
effective radius is defined as the radius at which one half of the total light of the profile is

4http://www.stsci.edu:8090/instruments/wfpc2/Wfpc2 psf/wfpc2-psf-form.html
5http://www.astro.caltech.edu/∼rjm/acs/PSF/
6http://www.stsci.edu/software/tinytim
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emitted and the ellipticity is defined as: e=a−b
a (with a: semi-major axis and b: semi-minor

axis).

The four point-like images were parametrized as point sources which have central positions
and magnitudes as free parameters. Due to the lower resolution of the WFPC2 observations,
the parameters that define the de Vaucouleurs profile are fixed to those obtained with the
ACS fitting (with the exception of the magnitudes and central positions). In both cases,
the background was fixed to the median value of empty regions selected in the field. The
fitted light profiles and residuals are displayed in Figure 3.8. The parameters obtained for the
galaxy are summarized in Table 3.3 and the photometry for the background source images in
Table 3.4. Additionally, Table 3.5 shows the flux ratios, in reference to the bright image B,
derived from these magnitudes. The fitted positions of the different objects in the system are
displayed in Table 3.6. As the most accurate fit is obtained for the ACS exposure we quote
and use throughout the rest of this chapter the astrometry obtained with this observation.

The error bars provided by galfit are based on the assumption that there has been a
perfect fit to the data (i.e., χ2=1), which is not the general case. Hence, to obtain error bars
on the different parameters of the fit, we do 500 Monte Carlo realizations for each of the HST
datasets and obtain the uncertainty from the scatter of the galfit results (see Appendix
B). These errors are in close agreement with those shown by a single galfit fit on the ACS
data, but in the WFPC2 data, where the fit of the lensing galaxy is not as good, the errors
delivered by galfit, even though of the same order, are underestimated.

An attempt of light profile fitting was done on the ground based observations. However,
due to the low quality of the PSF in these observations, the results were inconclusive.

Table 3.3: Parameters of the de Vaucouleurs fit to the lensing galaxy towards
COSMOS 5921+0638.

Filter Reff [′′] e PA mag

F606W 0.45 (fix) 0.148 (fix) 27.3 (fix) 21.77±0.03
F814W 0.45±0.01 0.148±0.009 27.3±2.0 20.310±0.009

Table 3.4: Photometry of the background AGN images in COSMOS 5921+0638, mag-
nitude values. Images labeled as in Figure 3.2.

Filter A B C D

F606W 25.85±0.13 24.82±0.07 24.98±0.07 26.88±0.30
F814W 25.42±0.06 24.59±0.03 24.53±0.03 26.19±0.10

The photometry of the lensing galaxy presented in the discovery paper (Faure et al. 2008),
was done by fitting a disk (exponential) + bulge (sersic), which led to a slightly different
ACS-F814W magnitude (20.34±0.02), albeit in agreement with the value presented here. On
the other hand, the COSMOS ground based photometry of the lensing galaxy (Capak et al.
2007) was done considering the galaxy + 4 point sources + ring as a single object, thus,
overestimating its brightness.
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Table 3.5: Flux ratios for the background AGN images in COSMOS 5921+0638 calcu-
lated with the magnitude values shown in Table 3.4.

Date Filter A/B C/B D/B

2004/04/08 F814W 0.47±0.03 1.06±0.04 0.23±0.02
2008/01/07 F606W 0.39±0.06 0.86±0.08 0.15±0.04

Table 3.6: Astrometry obtained with galfit for the background source images in
COSMOS 5921+0638. All quoted values are in arcseconds with respect to the lensing
galaxy.

Filter A B C D

F814W
∆RA 0.702±0.005 0.617±0.003 -0.067±0.003 -0.468±0.008

∆DEC -0.132±0.005 0.382±0.002 0.727±0.002 -0.507±0.008

3.5 The neighborhood of COSMOS 5921+0638

Before building a mass model the system, we want to inspect the influence of secondary
structures in the line-of-sight to the source that could perturb the lensing system. In order
to do this, we use the zCOSMOS optical group catalog (Knobel et al. 2009, submitted). The
catalog was created using the information of the second data release of the zCOSMOS redshift
survey. It contains 800 galaxy groups characterized by different quantities among which we
find, the “fudge” virial mass and the “fudge” velocity dispersion. These “fudge” quantities
are obtained using the group richness and redshift as a medium to obtain the virial velocity
and mass, adopting the observed relation between these and the mock catalogs created from
numerical simulations for the COSMOS field.

In order to study the gravitational influence of these groups on COSMOS 5921+0638,
we need to evaluate the total convergence κ and shear γ introduced by them. We select 21
groups located in a circle of ∼5 arcminutes radius (or 2 Mpc at redshift z=0.551) centered
in COSMOS 5921+0638 (see Figure 3.9 and Table 3.7). Using the location and mass (or
velocity dispersion) of these groups, we evaluate κ and γ at the position of the lens using
three different assumptions for the mass profile of the groups: (i) point mass, (ii) Singular
Isothermal Sphere and (iii) truncated isothermal sphere (see Appendix A for the formal
treatment).

The point mass model assumes a singular total mass (which we selected as the virial
mass), thus, there is no surface mass density outside the singularity and we can only observe
the tidal shear γ produced by this mass. Assuming a Singular Isothermal Sphere (SIS) profile
for the groups we can observe both the convergence and the shear (which are equal in this
profile). Nevertheless, as the total mass of the SIS profile diverges, the values of κ produced
by this profile are certainly over estimated far from the center of each group, which is the case
in our analysis. Truncating the profile eliminates the issue. The virial radius7 was chosen for
this truncation.

By adding the individual κ and γ values (vector sum in the case of the shear) of the 21

7The virial radius, mass and velocity dispersion relate between each other through: v=
p

GM/R.
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Figure 3.9: The 21 groups from the zCOSMOS optical group catalog around
COSMOS 5921+0638. Displayed as colored circles are the groups, the relative sizes of
the circles scale with the “fudge” velocity dispersion. The lensing galaxy is displayed in
the center as the yellow crossed circle. The groups are projected to the observer’s plane
as empty circles as a reference. The color coding matches that of Figure 3.6.
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Table 3.7: Groups within a circle of about 5 ′ radius centered on COSMOS 5921+0638,
sorted from closest to farthest (C. Knobel, private communication). The contribution of
each group to the lensing potential at the position of the lensing galaxy as described in
the text, is also displayed.

∆ ∆RA ∆DEC z “Fudge” “Fudge” P. mass SIS Trunc. SIS
virial mass σv γeff κeff = γeff κeff γeff

[ ′] [ ′] [ ′] [M⊙] [km/s] ×10−3 ×10−3 ×10−3 ×10−3

0.90 0.84 0.17 0.666 6.9×1012 278 6.70 9.81 3.79 9.21
1.77 0.37 1.65 0.372 1.6×1012 195 0.66 2.88 0.98 2.62
2.35 0.14 2.24 0.353 9.1×1012 305 2.02 5.07 1.85 4.69
2.40 -1.39 1.82 0.168 0.7×1012 149 0.12 0.59 0.28 0.57
2.41 2.28 0.33 0.679 8.4×1012 286 1.08 3.71 0.17 1.91
2.53 0.40 2.39 0.659 3.4×1012 264 0.42 3.18 0.33 2.12
2.98 -2.82 -0.39 0.489 2.1×1012 213 0.31 2.59 0.36 1.88
3.12 -2.66 -1.33 0.093 0.4×1012 103 0.04 0.12 0.06 0.12
3.15 -1.04 2.82 0.373 3.5×1012 257 0.45 2.81 0.32 1.92
3.38 0.28 -3.21 0.372 4.1×1012 225 0.45 2.00 0.22 1.35
3.59 1.20 -3.21 0.661 4.9×1012 294 0.30 2.77 0.49 2.16
4.32 -3.16 2.64 0.354 1.2×1014 713 7.68 15.30 0.70 9.46
4.45 -4.25 -0.04 0.188 1.1×1012 161 0.06 0.41 0.04 0.27
4.56 1.76 3.98 0.884 1.7×1013 352 0.34 1.79 0.06 0.80
4.70 0.82 4.41 0.644 3.0×1012 251 0.11 1.61 0.17 1.08
4.81 -4.21 -1.85 0.133 0.9×1012 149 0.04 0.24 0.03 0.16
4.85 2.57 -3.85 0.356 4.0×1012 236 0.21 1.48 0.08 0.79
4.87 -0.63 -4.60 0.361 1.0×1012 170 0.05 0.77 0.07 0.49
5.05 -3.75 -3.04 0.891 1.7×1013 366 0.27 1.72 0.05 0.74
5.06 4.54 -1.66 0.310 7.2×1012 298 0.33 1.99 0.08 0.95
5.14 -2.86 -4.00 0.481 4.8×1012 278 0.24 2.52 0.19 1.50

Table 3.8: Total contribution of the groups around COSMOS 5921+0638 assuming the
different profiles.

P. Mass SIS Trunc

κtot 0.000 0.063 0.010
γtot 0.006 0.007 0.004
θγ,tot 21◦ -39◦ -35◦

galaxy groups, we can obtain the total influence of the environment. Table 3.7 and Table 3.8
show the individual and total κ and γ produced by the groups, respectively. As expected, the
total environmental convergence κ produced by the groups assuming point mass potential is
zero. Assuming a SIS profile we observe total convergence κ=0.063 and for the truncated
isothermal profile a much smaller κ=0.010. From the latter, we can see that the total κ
contribution is negligible. However, it is important to remark that due to the fact that
the total convergence is a sum of positive scalar values, incompleteness in the catalog (i.e.,
unidentified galaxy groups) leads to an underestimation of this value. On the other hand,
total external shear is a vector sum, thus, incompleteness in the catalog may lead to an under-
or overestimation of the value, resulting in a slighter effect on the total sum (even though
the direction of this total shear can be compromised). Additionally, as shear is produced
by tidal “pulls” from the mass distribution, the choice of potential profile, does not have a
large influence on the final result (as shown in Table 3.7). The total external shear observed
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is smaller than the variance expected by cosmic shear, thus, the γ contribution exerted by
the zCOSMOS groups in the catalog cannot produce significant perturbations to the lens
potential in COSMOS 5921+0638 either.

3.6 Mass modeling of the lens

In order to further confirm the lens nature of the system and understand its mass distribution,
we perform a mass potential model of the lens. This is done using two types of mass models:
non-parametric and parametric. The non-parametric models have the advantage of making
no assumptions on the mass density profile of the lens. The parametric mass model, on the
other hand, needs the assumption of a specific mass density profile, but in exchange returns
information on the lensing galaxy that can be compared to observational quantities. In all
of the models we assume that the lens plane is at zl=0.551 and the redshift of the source is
zs=3.14.

3.6.1 Non-parametric mass model

The pixelens code (Saha & Williams 2004)8 provides a non-parametric mass model of the
lens employing the positions of the images. A requirement for the minimization is that the
arrival time order of images is known. If incorrect image orders are put in, the model will
either not converge or the fitted time-delay surface will reveal critical points in locations not
occupied by images of the background source.

Using this fact, by trial and error, we can obtain the correct order for the images (and
the type of singularity they sit on), which in this case is: C(minimum)7→ A(minimum)7→
B(saddle)7→ D(saddle). Using this order for the images we obtain a non-parametric model
for the lens. The time-delay contours for the correct image order are shown in Figure 3.10
(top left panel).

We tested two models: one without an external shear and one with. As the mass profile
is free, a non-symmetrical mass distribution results from the fit. However, by dividing the
mass distributions into symmetrical and non-symmetrical components (as shown in Figure
3.10, lower panel) we can see that the non-symmetric residual is rather small (in both cases).

For the model without an external shear, we obtain a mass profile with an ellipticity
similar to the one of the observed galaxy, however, the position angle of this distribution
appears to be larger than 45◦ (compared to the 27.3◦ observed position angle). The amount
of non-symmetrical mass in the mass profile accounts for approximately 10% of the total
mass.

The model with an external shear (shown in Figure 3.10) shows again a similar ellipticity
as the observed galaxy, this time with a position angle similar to the observed one as well.
Additionally, the non-symmetrical residual of the mass distribution accounts only for 7% of
the total mass. These facts hint that, even though small, the contribution of an external
shear is required in order to model this system, or there is a mass/light misalignment in the
lens (e.g., Keeton et al. 1997). Note that regardless of the fact that the contribution from
the asymmetrical part of the mass profile located south west of the center of the lens galaxy
is low, it may be a hint for the requirement of some kind of substructure on the lens.

In both non-parametric fits (with and without external shear), due to the steepness de-
generacy (Falco et al. 1985), having as constraints only the position of the images (lying on

8http://www.qgd.uzh.ch/projects/pixelens/
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Figure 3.10: Non-parametric model including external shear of COSMOS 5921+0638.
The top left panel shows the time-delay surface contours which map the location of the
critical points (saddle, maxima and minima), thus, the location of the images. The top
right hand panel shows the fitted mass distribution while the bottom left and right panels
show the symmetric and non-symmetric contributions to this mass distribution. Mass
contours are defined as −2.5log(M). The non-symmetric part accounts for approximately
7% of the total mass.
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Figure 3.11: Radially enclosed mass of the lensing galaxy in COSMOS 5921+0638 ob-
tained with the non-parametric model which included external shear. The segmented lines
display the effective radius (Reff ) fitted for the lensing galaxy and the measured Einstein
radius (RE) of the system respectively.

a ring) and a low ellipticity, the slope of the profile is very degenerate (see Figure 3.11).
Nevertheless, the total mass inside the Einstein ring (0.71′′or 4.5 kpc at the redshift of the
lensing galaxy) is well defined and amounts to MRE

≈1.2 × 1011M⊙ in the cases with and
without shear. This is also expected from the expression of the Einstein radius for a point
mass lens:

RE =

√

4GM

c2
Dls

DlDs
(3.1)

where RE is the size of the radius of the Einstein Ring, Dl, Ds and Dls are respectively the
angular diameters distances between the observer and the lens, the observer and the source
and the lens and the source. M is the total mass enclosed by the Einstein ring.

Time-delay values for both models are relatively similar but with large error bars. They
are of the order of half a week for the longest delay (C to D) and of the order of a couple of
hours for the shortest (A to B).

Non-parametric modeling (Saha & Williams 2004) gives us an interesting qualitative look
to the mass profile distribution and familiarization with the system. However, being non-
parametric, it naturally has a huge freedom in defining the mass profile and does not allow
a quantitative comparison to the observations. The final pixelated map reflects the highest
probability model from the ensemble of models tested (100 in our case).
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3.6.2 Parametric mass model

In order to obtain a quantitative analysis on the mass model and compare with the infor-
mation obtained with pixelens, we move on to attempt a parametric model of the system
using lenstool9 (Kneib 1993). With lenstool we do Bayesian source plane minimization
of the parameter space (Jullo et al. 2007). This allows us to cover a large parameter space,
as the Bayesian minimization avoids local minima. As an input for the modeling, we use
the position constraints on the AGN images, with a conservative error of ∆=0.01′′. This
error accounts for the imperfections on the fitted position of the lensing galaxy due to the
overestimation of the flux in its central cusp.

Constraining the galaxy’s central position to its observational constraints (±0.01′′), the
ellipticity and position angle to the observed values and fitting a Singular Isothermal El-
lipsoid (SIE) yields a poor fit to the data (χ2

ν≈100), as expected from the results of the
non-parametric modeling.

Table 3.9: SIE and SIE+γ fit to the lensing galaxy in COSMOS 5921+0638. All obser-
vational constrains were fixed to the observed values. The galaxy’s central position was
allowed to move within 0.01′′that is the estimated uncertainty.

SIE SIE+γ

∆x [′′] 0.01 -0.0074±0.0027
∆y [′′] 0.005 -0.0026±0.0026
σ [km/s] 190.7 189.3 ± 0.2

e 0.15 (fixed) 0.15 (fixed)
PA 27.3◦ (fixed) 27.3◦ (fixed)
γ - 0.056 ± 0.003

PAγ - -73.28 ± 1.52
χ2

ν ∼100 1.02

However, when we add to our SIE model an external shear, we obtain much better results
as displayed in Table 3.9 and Figure 3.12. Figure 3.12 shows the comparison between the
input AGN image locations (asterisks) and the found image locations (triangles). These
found image locations come from the mapping of the average location of the minimized
source position. The zoom in the right panel, allows to see the position of the source with
respect to the caustics produced by the mass potential. The total mass within the Einstein
radius matches the value inferred with the non-parametric model (MRE

≈1.2 × 1011M⊙).
As seen in Table 3.9, the model requires a small external shear (γ=0.058) in order to

reproduce the observed image locations. The small strength of this shear is compatible with
the fact that we do not observe a strong influence from the environment. It can indicate sub-
structure, a slight misalignment between the light and the mass distribution in the lensing
galaxy or contribution from individual galaxies close to the main lensing galaxy. However, at
the time being, there is no spectroscopic measurement of the immediate neighbors. Neverthe-
less, the three brightest and closest neighboring galaxies (<6′′, see Figure 3.13) are aligned
in an ∼105◦ east from north, in close agreement with the modeled external shear. Their
photometric redshifts indicate that are not at the same plane as the main lensing galaxy;
using these redshifts and assuming singular isothermal profiles (using the analysis described

9http://www.oamp.fr/cosmology/lenstool/
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Figure 3.12: lenstool’s SIE+γ fit to the lensing galaxy in COSMOS 5921+0638. Left
panel: The red curve shows the lens plane critical curve, the green curve shows the
source plane caustics and the blue dashed line shows the orientation of the external shear.
Asterisks denote the observed (A, B, C and D) image positions, and the triangles denote
the modeled image positions. The blue circle shows the fitted source position. Right
Panel: Zoom to the center of the system where the position of the source (blue circle)
with respect to the caustics (green diamond shaped curve) can be seen.

in Appendix A), they could reproduce the required external shear if the three galaxies have
velocity dispersions σ∼300 km s−1. Even when velocity dispersions of that order have been
measured in galaxies, the low brightness of these candidates and the low probability of finding
three aligned massive galaxies, makes it an unlikely possibility.

By having a parametric model, there are different properties of the system that we can
check both in the lens and the source plane. The fitted description of the potential can be
used to measure the values of convergence (κ), shear (γ) and magnification (µ) at different
positions in the lens plane. With the modeled magnification values at the position of the
images, we can measure then the expected flux ratios for the different images. The κ, γ, µ
values and the flux ratios (with respect to image B) for the different images are displayed in
Table 3.10. Comparing these modeled flux ratios with the observed ones (see Table 3.5), we
can see a discrepancy. The possible explanations for this discrepancy are discussed in Section
3.7.

The magnification values displayed in Table 3.10 can be coupled to the measured pho-
tometry of the individual point-like images (Table 3.4) to obtain an estimate of the intrinsic
brightness of the background source. We obtain an approximate absolute magnitude for the
source of: M606W∼-17.4 and M814W∼-18.1. Even though this values are the median of the
absolute magnitudes obtained for each image, which are subject to uncertainties due to flux
ratio anomalies (see Section 3.7) and on the assumption of a SIE mass profile, they reveal
the low luminosity nature of the source AGN (LLAGN; e.g., Storchi-Bergmann et al. 1995;
Bower et al. 1996; Cid Fernandes et al. 2004).
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Figure 3.13: Galaxies in the immediate neighborhood of COSMOS 5921+0638 with pho-
tometric redshifts displayed in green. Their alignment closely agrees with the external
shear direction.

Table 3.10: Convergence (κ), shear (γ) and magnification (µ) shown by the potential
(SIE+γ) at the location of each lens plane image in COSMOS 5921+0638. The last
column shows the flux ratio of each image with respect to image B inferred with the
magnification values µ.

Image κ γ µ Fl. Ratio (/B)

A 0.687 0.742 40.7 0.62
B 0.742 0.737 66.1 1.00
C 0.726 0.689 31.8 0.48
D 0.795 0.767 14.9 0.23

3.6.3 Mass-to-light ratio

Theoretical mass modeling has delivered an accurate estimate for the total mass enclosed
within the Einstein ring. Using the observed angular Einstein ring (i.e., θE=0.71′′) we also
measure the amount of light enclosed in it by doing aperture photometry. This is done on
the galfit de Vaucouleurs profiles fitted, to avoid the contribution from the lensed images.

We obtained an ACS F814W aperture magnitude of 20.88 for the lensing galaxy. Using a
k-correction of 0.45 for an elliptical galaxy at redshift z=0.551 in the F814W filter and an abso-
lute magnitude for the sun of M⊙F814W

=4.53 (see http://www.ucolick.org/∼cnaw/sun.html),
we obtain LF814W =4.26×1010L⊙F814W

. This, together with the enclosed mass (1.2×1011M⊙,
see Section 6.1 and 6.2), leads to a mass-to-light ratio of M/LF814W =2.7M⊙/L⊙F814W

. The
WFPC2 F606W observations yield an aperture magnitude of 22.28 within the Einstein ra-
dius. Using a k-correction of 1.33 and an absolute magnitude for the sun of M⊙F606W

=4.74,
we obtain LF606W =3.33 × 1010L⊙F606W

, leading to a mass-to-light ratio of M/LF606W =
3.6M⊙/L⊙F606W

.
Fukugita et al. (1995) show typical rest frame elliptical galaxy colors of B-F814W=2.23

and B-F606W=1.29. We couple these colors with our aperture photometry (F814W and
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F606W) data and an absolute magnitude for the sun of MB=5.33 to obtain luminosities for
the lensing galaxy of LBF814W

=1.19× 1010L⊙B
(using the F814W data) and LBF606W

=1.75×
1010L⊙B

(using the F606W data). These lead, respectively, to: M/LBF814W
=10.1M⊙/L⊙B

and M/LBF606W
=6.9M⊙/L⊙B

which lead to a value of log10(M/LB)≈0.92±0.12. These val-
ues are in marginal agreement with those shown by Keeton et al. (1998) for the mass-to-light
ratio within the Einstein ring of 10 elliptical lens galaxies.

3.7 Anomalous flux ratios

From the observed flux ratios shown in Table 3.5 we can see that the ratio of brightnesses
between images A and B does not vary (within the uncertainties) between the different fil-
ters and the different epochs (A/B 2004 F814=0.46±0.03 and A/B 2008 F606=0.39±0.06).
However, the flux ratios C/B and D/B show small variations between the different fil-
ter and/or over time (C/B 2004 F814=1.06±0.04 and C/B 2008 F606=0.86±0.08; D/B
2004 F814=0.23±0.02 and D/B 2008 F606=0.15±0.04).

Additionally, comparing the theoretical flux ratio values (Table 3.10: A/B=0.62, C/B=0.48
and D/B=0.23) with the observed flux ratios (Table 3.5), a disagreement can be seen. Even
more generally, any symmetric model that we choose for the lens potential, expects images
A and B to be the brightest images, as they are the merging images of the lensing system
and, consequently, the highest magnification images. However, this is not the observed case,
as image C is as bright as image B and brighter than image A in the ACS observations.

Several phenomena can explain the flux differences between the images in different filters
and in different epochs, and their comparison with theoretical expectations, such as: galactic
extinction, substructure, intrinsic variability of the background source or microlensing:

• Galactic extinction: Galactic extinction is a static phenomenon (in human time scales)
in which dust in the lensing galaxy absorbs the blue light coming from the background
source images. This makes that lensed images located behind different column densities
of dust appear with color perturbations, in particular, those behind a bigger dust column
density would appear redder. For this particular system, we obtain F606W-F814W
colors of: 0.33, 0.19, 0.42 and 0.69 for images A, B, C and D, respectively. Under
the galactic extinction interpretation, there would be less dust accumulated over the
projection of the lensing galaxy in the location of image B than in the others. While
this is a valid interpretation, the four images of the background source lie on a ring
around the lensing galaxy, therefore, unlikely to have very different dust densities unless
a gradient in the dust distribution is present. It is important to remark that the F606W-
F814W color values are calculated with observations at different epochs, thus prone to
be affected by different temporal phenomena as the ones discussed hereafter.

• Mass substructure: Much like galactic extinction, mass substructure can produce a
static anomalies in the measured flux ratios. A galaxy with mass substructure (of the
order of ∼107; ∼109M⊙) -i.e.: non-symmetrical luminous or dark matter components
or even unseen satellite galaxies- might modify the lensing potential, particularly the
flux ratios (Kochanek & Dalal 2004). In the case of COSMOS 5921+0638, even though
quite small, the non-parametric model of the lens shows a non symmetric part of the
distribution which might be a hint for substructure in the lens. If this is indeed the
case, additional observations should display no variations with respect to the present
data set.
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• Intrinsic variability: AGNs vary their brightness during periods of weeks, days and even
hours (Wagner et al. 1990), usually becoming bluer as they become brighter: Unfortu-
nately, as stated before, the observations, even though taken in different filters, are also
taken in different epochs, giving a lot of freedom in the interpretation of the chromatic
effect. As the AGN images are separated between each other by time-delays (of the
orders of hours to half a week, according to the mass modeling), the intrinsic variation
of the AGN should be in time scales smaller than these to see the anomalously bright
image C, brighter than the close pair A and B. This very short time scale variation
would then make very unlikely the fact that after 4 years we observe slightly different
flux ratios but the same overall tendency in brightness order.

• Microlensing: Microlensing is also a temporal phenomenon in “macro”-lensed AGNs.
In this case, stars in the lensing galaxy produce an additional (de)magnification on the
source images. Due to the projected location of the background source images in the
lensing galaxy, microlensing in this system is expected. Much like intrinsic variability,
(de)magnification by microlensing, in the general case, produces a blue excess: the blue
emission from the background source comes from a smaller region, therefore, getting
more effectively magnified than the outer regions. As before, the fact that the obser-
vations in different bands are taken in different epochs, no strong conclusions can be
made from the chromatic point of view. The main difference with intrinsic variabil-
ity, is that microlensing has no correlation between the multiple AGN images. The
projected velocities of the stars in the lensing galaxy and the background source set
the microlensing time scales to the order of months to decades, compatible with the
observed variations. Under this interpretation, and considering that the measured flux
in image C is larger than expected, the flux anomaly that we observe in image C is
either due to: (i) microlensing magnification of the flux from this image, mainly during
the observations from 2004, (ii) magnification of image B during the 2008 observations
or (iii) a combination of both. As the four lensed images are located in region with
similar optical depth, variations in the brightness of all images should be seen in time.

3.8 Summary and Conclusions

In this chapter we have presented a detailed study of the gravitationally lensed system candi-
date COSMOS 5921+0638 discovered in the COSMOS field (Faure et al. 2008). Using part
of the COSMOS observations plus additional HST-WFPC2 and VLT-FORS1 observations,
we have obtained astrometrical, photometrical and morphological parameters for the objects
in the field. With the FORS1 observations we have obtained the redshift of 10 galaxies in the
field of COSMOS 5921+0638, including the central galaxy of the system at z=0.551±0.001.
Using different criteria and the available observations, we conclude that this galaxy is lensing
a background AGN and its host galaxy located at a tentative redshift z=3.14±0.05.

An environmental analysis using the zCOSMOS optical group catalog, does not reveal
a strong influence from galaxy groups in the line-of-sight to the system. This result can,
however, be sensitive to incompleteness in the catalog.

We have investigated the mass profile of the lensing system and its environment via
strong lens modeling, both non-parametric and parametric. Both kinds of modeling agree in
the requirement of a small external shear (γ=0.058) in order to produce the configuration
of the images. Not explained by perturbation due to galaxy groups from the zCOSMOS
optical group catalog, the requirement for this external shear may be due to substructure in
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the lensing galaxy or the contribution from individual field galaxies close to the lens. The
modeling shows time-delays of the order of hours to days for the different images and a
total magnification of µ≈150. Comparing the observed brightness of the images with this
magnification induced by the fitted mass profile, reveals the low luminosity nature of the
background AGN with intrinsic brightness M∼-17.5. The inferred mass-to-light ratio of the
lensing galaxy within the Einstein ring is of log10(M/LB)≈0.92±0.12.

Flux anomalies are observed in the different lensed images. With the available dataset,
it is not possible to certify a unique reason for these variations. Mainly due to the fact that
the observations we have for this system that allow accurate photometry for the point-like
images are on different bands and on different epochs. This does not allow to distinguish
if the phenomenon is dynamic or static. With this in mind, our preferred explanations for
these incompatibilities are microlensing and/or substructure in the lens, with microlensing
in general being the most natural explanation for flux ratio anomalies in the optical range.

By doing follow-up observations of this system, the phenomenon or phenomena responsible
for these anomalies could be found and quantified. Multi-band photometry of the system at a
single epoch would allow to measure the color of the different images free of possible temporal
anomalies. Additionally, by repeated multi-band observations on different epochs the possible
temporal flux variations could be proven and quantified. If active microlensing is present in
this system, the additional resolution power brought by microlensing could reveal interesting
properties of the background source, such as measurements of its internal structure (see
Chapter 5). If the anomaly is static, a measure of possible substructure in this lens can be
accomplished.

The small separations and the low brightness of the images of the background AGN in
COSMOS 5921+0638, makes it an ideal candidate for additional space-based and/or new
generation optics ground based follow up observations to address the open issues and un-
derstand the nature of the background AGN. The lensing induced magnification of the faint
high redshift background AGN in COSMOS 5921+0638, allows to study the properties of
an object which would have otherwise been undetected in the COSMOS field. Even though
Low Luminosity AGNs (LLAGNs) are expected to be far more common than high luminosity
AGNs, few of these objects have been observed beyond the local Universe.
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4
Integral Field Spectroscopy of Four Lensed

Quasar Systems: Analysis of their

Neighborhood and Evidence for

Microlensing

In the previous chapter we have coupled observational evidence with theoretical concepts in
order to assess the lens nature of a candidate strong lensing system. In this chapter, we
take advantage of advanced spectroscopic observational equipment to analyze and study the
observational properties of confirmed lensed quasar systems. Besides the environment and the
main lensing galaxies of the systems, these observations allow us to analyze in depth the flux
anomalies between multiple images and the intrinsic emission properties of four background
sources. A condensed version of the work presented in this chapter has been published in
A&A (Anguita et al. 2008a).

4.1 Introduction

We have already characterized a lensing system by analyzing the observations available. Most
of the study shown previously, was done in order to understand the lens and its potential.
We have shown that it can be important to understand the internal and environmental
properties of the system. Lensing galaxies, in general, do not provide a smooth potential,
but are subject to different internal and external anisotropies. External perturbations are
due to clusters, groups and individual galaxies around the line-of-sight towards the lensing
systems. Internal perturbations, on the other hand, may come from dark and bright matter
substructure, dust and even individual stars in the lensing galaxy. External perturbations
can modify the positions, as well as the brightnesses of the images of lensed source quasars,
whereas internal perturbations mostly modify the relative fluxes and colors of the multiple
images (note that substructure can be responsible for modifying both).

Spectroscopy allows a more detailed analysis of the flux and flux anomalies in gravita-
tionally lensed quasars, without the need of a comparison with expectations from theoretical

53
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models. It allows to measure the location of objects in the line-of-sight (absorption features),
as well as the intrinsic emission characteristics of the bright background source.

We have used the integral field spectroscopy mode of the VIsible Multi Object Spectro-
graph (VIMOS) installed at the ESO/VLT-UT2 telescope at cerro Paranal (Chile) to obtain
3D spectroscopy of the fields around four gravitationally lensed quasar systems: HE 0230-
2130, RX J0911+0551, H 1413+117 and B 1359+154. This program was conducted at ESO
during period 74 (proposal IDs: 074.A-0152(A) and 074.A-0152(B), PI: C. Faure) and was
intended to study the close environment of these systems, as well as the spectra of the back-
ground quasars.

The four targets are briefly introduced in Section 4.2. The VIMOS Integral Field Unit
(IFU) and the dataset are presented in Section 4.3. The reduction of the dataset obtained
with VIMOS in its high, medium and low resolution modes is described in Section 4.4. The
extraction and identification of the spectra from the different objects in the field of each
lensing system, together with their analysis, are reported upon in Section 4.5. Finally, flux
ratio anomalies observed in three of the quasar systems are presented and discussed in Section
4.6.

4.2 The targets

The lensed quasar targets were selected based on the fact that the presence of a galaxy
cluster/group was either known or suspected in the line-of-sight to them. Furthermore, in
RX J0911+0551 and H 1413+117, microlensing activity was suspected (Bade et al. 1997;
Angonin et al. 1990).

4.2.1 The quadruple quasar HE 0230-2130

The quadruple lensed quasar HE 0230-2130 was discovered by Wisotzki et al. (1999) in the
course of the Hamburg/ESO survey (Wisotzki et al. 1996). The quasar is at redshift z=2.16.
The separation between the four quasar images ranges from ∆AB=0.74′′ to ∆AD=2.1′′. A
galaxy over-density was discovered 40′′ south-west of the quasar images (Faure et al. 2004).
Eigenbrod et al. (2006) identified the redshift of the two main lensing galaxies that lie between
the quasar images respectively at zLG1=0.523±0.001 and zLG2=0.526±0.002. A detailed
image of the components of the system is displayed in top left panel of Figure 4.1.

4.2.2 The quadruple quasar RX J0911+0551

The quasar RX J0911+0551, was originally selected from the ROSAT All-Sky Survey (RASS;
Bade et al. 1995). It was classified by Bade et al. (1997) as a multiply imaged quasar with
at least three images at redshift z=2.80. In an analysis with higher resolution imaging from
the Nordic Optical Telescope (NOT, La Palma) observations, Burud et al. (1998) discovered
a fourth image of the quasar. The lensed quasar is described as three very close images
(A1, A2 and A3, with ∆A1A2=0.48′′, ∆A1A3=0.96′′) and an isolated fourth image (B) located
∆A1B=3.05′′ west of image A1. The lensing system comprises an elongated lensing galaxy
located at ∆A1G=0.86′′ and a galaxy cluster centered at a distance of 38′′ from the quasar im-
ages. The redshift of the lensing galaxy was measured from Keck observations: zl=0.769 (see
Kneib et al. 2000). Kneib et al. (2000) characterized the galaxy cluster located south-west of
the quasar images at z=0.769±0.002, based on the spectroscopic measurements of 24 galaxy
members. The measured velocity dispersion of the galaxy cluster is of: σ=836+180

−200 km s−1.
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Figure 4.1: HST F814W images of the four lensed quasars and their lensing galax-
ies. Left to right, top to bottom: HE 0230-2130, RX J0911+0551, H 1413+117 and
B 1359+154. All images except that of H 1413+117 (WFPC2 observations Turnshek
1994) were obtained as part of the CASTLES survey with the NICMOS instrument
(Muñoz et al. 1998). All images extracted from the CASTLES website: http://cfa-
www.harvard.edu/castles/.
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A detailed image of the components of the system is displayed in top right panel of Figure
4.1.

4.2.3 The quadruple quasar H 1413+117

The quadruply imaged quasar H 1413+117 was first identified as a gravitationally lensed
quasar by Magain et al. (1988). It is one of the rare multiply imaged Broad Absorption
Line (BAL) quasars. The quasar is at a redshift z=2.55, while the spectroscopic redshift
of the lensing galaxy is still unknown. The presence of a galaxy cluster in the direction of
the quasar was first suspected by Kneib et al. (1998) and confirmed by Faure et al. (2004),
at a photometric redshift z∼0.8±0.3 (using up to six photometric bands). Additional ab-
sorption systems were identified in the BAL quasar spectrum at redshifts z=1.66 and z=1.44
(Magain et al. 1988). A detailed image of the lensed quasar images is displayed in the bottom
left panel of Figure 4.1.

4.2.4 The multiple quasar B 1359+154

The lensed quasar B 1359+154 was discovered as part of the CLASS survey and discussed by
Myers et al. (1999). The quasar is at redshift z=3.24 and has a maximum image separation
of 1.7′′. As identified by Rusin et al. (2001), this system shows at least six images of a radio
source and its star forming host galaxy. The main share of the lensing potential is produced
by three lensing galaxies (G, G’ and G” in Figure 4.1) inside the Einstein ring with currently
no spectroscopic redshift available; however, the three galaxies have been identified as the
core of a galaxy group possibly at redshift z≃1 based on optical colors and mass estimates
derived from models of the system (Rusin et al. 2001). A detailed image of the components
of the system is displayed in the bottom right panel of Figure 4.1.

4.3 The VIMOS dataset

This set of observations was collected in service mode between October 2004 and March
2005. The data were taken with the Integral Field Unit (IFU) using the low, medium and
high spectral resolution modes.

4.3.1 The VIMOS Integral Field Unit

A schematic representation of the VIMOS Integral Field Unit (IFU) is displayed in Figure
4.2 (extracted from Zanichelli et al. 2005). The IFU head consists of 6400 fibers coupled to
microlenses1, divided into four quadrants. Each quadrant is made of four sub-sets of 400
fibers corresponding to 20×20 pixels areas (A, B, C and D in Figure 4.2) which are, again,
subdivided into 5 modules of 20×4 pixels (1 to 5 from the figure). Each quadrant (40×40
pixels) has a mask associated which has four “pseudo-slits” (A, B, C, D) that are fed with the
corresponding 20×20 pixels sub-set (A, B, C, D). The 80 fibers inside each of the 5 modules
composing these subsets are aligned in the pseudo-slit (top-right panel in Figure 4.2) and the
five modules are stacked together (bottom-right panel from Figure 4.2).

The instrument can work in three resolution modes: low resolution (LR, spectral resolu-
tion: 210-260, dispersion: 5.3 Å pix−1), medium resolution (MR, spectral resolution: 580-720,
dispersion: 2.5 Å pix−1) and high resolution (HR, spectral resolution: 2500-3100, dispersion:

1Optical micro-lenses, not to be confused with gravitational microlenses.
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Figure 4.2: Schematic representation of the VIMOS IFU: (a) The 80×80 micro-lenses
coupled to fibers divided into four quadrants, divided into four sub-sets of 20×20 pixels:
A, B, C and D (for clarity, shown only for quadrants 1 and 3). These sub-sets feed the
four “pseudo-slits” on the IFU masks (c) in the VIMOS focal plane (shown for quadrant
3). Each 20×20 pixels sub-set is in turn divided into 5 modules of 80 fibers each. The
fibers in each module are aligned onto the pseudo-slits, following a line by line reading
as can be seen in (b). These modules are aligned in the pseudo-slit as displayed in (c).
Figure extracted from Zanichelli et al. (2005).
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0.6Å pix−1). In the LR mode all fibers are used, whereas in the MR and HR modes only one
pseudo-slit is used per quadrant (sub-sets and pseudo-slits B from Figure 4.2). Therefore, the
size of the field-of-view depends on the spatial sampling. We have selected the sampling so
as to cover a 27′′×27′′ field size (0.33′′/fiber in LR and 0.67′′/fiber in MR/HR). The targets
were observed through the LR-blue, MR and/or HR-red/orange grisms2.

We have coupled the LR-blue grism with the OS-blue filter to cover a wavelength range
of λ: 3700-6700Å. The MR- and HR-red grism observations were coupled with the GG475
filter to cover a wavelength range of λ: 5000-10000Å and λ: 6350-8600Å respectively, while
the HR-orange grism was coupled with the GG435 filter to cover a wavelength range of λ:
5250-7550Å.

4.3.2 Observing runs

A summary of the observing runs used for this analysis is displayed in Table 4.1. For
RX J0911+0551 and HE 0230-2130 we have retained only the exposures conducted under
a seeing below 1.1′′ and an airmass less than 1.7. For H 1413+117 and B 1359+154 we have
considered the observations including at least three quadrants and obtained with an airmass
below 1.7, as well. This represents total exposure times of 7 ks in LR and 11 ks in HR for
HE 0230-2130, of 7 ks in LR and 9 ks in HR for RX J0911+0551, of 7 ks in LR and 9 ks in
MR for H 1413+117 and of 11 ks in MR for B 1359+154.

4.4 Data reduction

The data reduction has been performed mainly using the VIMOS Interactive Pipeline &
Graphical Interface (vipgi: Scodeggio et al. 2005; Zanichelli et al. 2005). While most infor-
mation concerning the data processing can be retrieved from the vipgi Cookbook (Garilli et al.
2007) and some important issues are discussed in Covone et al. (2006), we find it necessary
to provide additional details on some of the most complex reduction steps in order to make
the VIMOS IFU data reduction more transparent for future vipgi users. A flowchart of the
reduction procedure is displayed in Figure 4.3 (extracted from Zanichelli et al. 2005).

4.4.1 First adjustments

The location of the object spectra and the wavelength calibration both require an accurate
description of the instrumental distortions. The pattern of these distortions is provided
in the data header. However, the instrument flexures change with the pointing direction
and, therefore, these values can only be used as “first guesses” for a further improvement
by polynomial fits. The vipgi software offers the opportunity to tailor these first guesses
separately for each frame in the observation run.

During this step, individual fibers can be flagged as “dead” if necessary (i.e. zero fiber
transmission/efficiency). The flagged fibers will not be considered in any of the subsequent
fittings. If the flagging is not made properly, it yields a distorted image of the astronomical
object, as illustrated for example in Figure 4.4. A quality control routine allows us to check
the adjustments in the different science exposures. The corrected first guesses are then applied
to the entire scientific and calibration dataset.

2For HR, the observations through quadrants 1, 2 and 3 were obtained with the red filter, while there was
no red grism for quadrant 4. Here we used the orange grism instead, see VIMOS Handbook 30 June 2005.



CHAPTER 4. INTEGRAL FIELD SPECTROSCOPY OF LENSED QUASARS 59

Table 4.1: Observation log (all observations performed between October 2004 and March
2005).

Object Mode Night FWHM Air Exp
′′ Mass sec

HE 0230-2130 LR Blue Nov. 17 0.60 1.24 2355
Nov. 17 0.58 1.50 2355
Dec. 5 1.08 1.02 2355

HE 0230-2130 HR Red Oct. 16 0.60 1.18 2205
Oct. 16 0.72 1.07 2205
Oct. 16 0.87 1.02 2205
Oct. 16 0.61 1.09 2205
Nov. 13 0.54 1.24 2205

RX J0911+0551 LR Blue Dec. 8 0.58 1.28 2355
Dec. 9 0.67 1.31 2355
Dec. 15 0.83 1.29 2355

RX J0911+0551 HR Red Dec. 5 0.47 1.25 2205
Dec. 5 0.46 1.41 2205
Dec. 10 0.52 1.24 2205
Dec. 10 0.50 1.40 2205

H 1413+117 LR Blue Mar. 18 1.27 1.25 2355
Mar. 18 1.13 1.26 2355
Mar. 18 1.21 1.64 2355

H 1413+117 MR Orange Mar .17 0.83 1.24 2205
Mar. 17 1.22 1.29 2205
Mar. 17 1.03 1.42 2205
Mar.17 1.12 1.68 2205

B 1359+154 MR Orange Feb .13 1.40 1.24 2205
Mar. 4 0.81 1.33 2205
Mar. 15 0.59 1.30 2205
Mar.15 0.39 1.33 2205
Mar.16 0.88 1.38 2205
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Figure 4.3: Flowchart of the different reduction steps in vipgi. Optional steps are dis-
played in gray. Figure extracted from Zanichelli et al. (2005).

Figure 4.4: Resulting images of a point-like object in the HR mode for incorrect (left
panel) and correct (right panel) flagging of the fibers. In the left panel dead fibers have
not been flagged, hence during the first guess adjustment, the software assigns to these
fibers the flux of the adjacent one.
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In the second quadrant of the LR mode, the first 80 fibers were flagged as dead because
of their low transmission in all frames.

4.4.2 Spectra tracing and extraction

After the first guess correction, one needs to trace the spectra in the different exposures. To
do so, we use a high signal flat field exposure obtained immediately after the science exposure.
In the LR mode, we use the global fit parameters proposed in the image headers, as they
allow a good tracing; for the pixel binning we use 20 pixels to trace the spectra from their
start to their end. For the MR/HR frames, better results are obtained ignoring the global fit
distortion model, thus, the IFU binning then needs to be larger than 20 pixels (the best fit
was obtained for ∼50 pixels). From this fit, a table of spectra positions is built. The position
table has to be visually inspected to check whether the spectra are correctly traced.

The inverse dispersion solution is calculated next in the “create master lamp” routine.
This is done by fitting a third order polynomial to the lamp frame, starting from the first
guesses. The inverse dispersion solution was checked visually over the raw frames as well
as through the distribution of the Root Mean Square (RMS) residuals of the fit. The RMS
residuals are of about 0.7Å±0.7Å for the LR frames and 0.09Å±0.06Å for the MR/HR frames.

Independently, the science frames are corrected by a master-bias and over-scan trimming.
Then, the object spectra are extracted from the science exposures. At this stage, cosmic rays
are detected and eliminated and the wavelength calibration is applied.

4.4.3 Last calibration and exposure combination

The final phase of the reduction process includes many steps. First, the software applies a
fiber-to-fiber correction in which the transmission of each fiber is calibrated. This fiber-to-
fiber correction is calculated using a bright and isolated sky-line present in all fibers. The
transmission is corrected so that each fiber has the same flux all along the sky-line. To
perform this correction we have selected the 5577Å sky-line in LR-blue, MR and HR-orange
and the 6300Å sky-line in HR-red.

The sky contribution is dealt with in a statistical way (Scodeggio et al. 2005) by sub-
tracting the mode spectrum in each pseudo-slit. This gives satisfactory results if at least
50% of the fibers in the frames relate to pure sky, which is the case for the current dataset.
The spectro-photometric calibration of the science frames was made using the observation of
standard stars, which accurately corrects for the relative flux.

The information available in the science frame headers concerning the position of the
pointing for our data is not accurate enough to be used as a guide for combining the dithered
exposures. Therefore, we have computed the shifts between the different exposures using the
brightest objects in the frame. This is a delicate step because of a Point Spread Function
(PSF) shape problem which is discussed in Section 4.4.4.

Then, the different exposures are combined using a median filter to eliminate the dead
pixels and remaining cosmic rays. The resulting product is a datacube: for each pixel within
the 27′′×27′′ region of the sky, a spectrum is available (see Figure 4.5 for a sketch of the
cube). During this combination, a fringing correction may be applied.

The datacube is then corrected for differential atmospheric refraction. Applying a theo-
retical differential atmospheric refraction correction was attempted, but it did not give satis-
factory results. Instead, we have computed and applied an empirical differential atmospheric
correction: in most cases, the quasars are very bright in the datacube, so we have been able
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Figure 4.5: Sketch of the final IFU datacube. Each pixel on the front face of the cube
contains a spectrum with wavelength dispersion as indicated in the figure.
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to fit a polynomial to the highest flux position of the quasar image for each wavelength. Then
the position correction to be applied to each wavelength cut of the datacube was known.

Images of the fields around HE 0230-2130, RX J0911+0551 and H 1413+117 are shown
in Figures 4.6, 4.7 and 4.8. The images were created by adding all the monochromatic slices
in the datacube, excluding those corresponding to strong sky emission lines and the edges
of the grisms. In the case of B 1359+154 we only have MR observations with one missing
quadrant and low signal-to-noise ratio (S/N∼4), hence we could not create such an image.

Figure 4.6: The 27′′×27′′field-of-view around the multiple quasar HE 0230-2130: VIMOS
IFU LR data cube (left panel) and FORS1 R band image (right panel). The components
of the system are labeled as in the text. Orientation and scale are identical in the left and
right panels. A FORS1 R band zoom of the system is displayed in the bottom left hand
corner of the right panel.
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Figure 4.7: The 27′′×27′′field-of-view around the multiple quasar RX J0911+0551: VI-
MOS IFU LR data (left panel) and WFPC F555W band image (right panel). The com-
ponents of the system are labeled as in the text. Orientation and scale are identical in
the left and right panels. A WFPC F814W band zoom of the system is displayed in the
bottom left hand corner of the right panel.
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Figure 4.8: The 27′′×27′′field-of-view around the multiple quasar H 1413+117: VIMOS
IFU LR data (left panel) and ISAAC J band image (right panel). The components of the
system are labeled as in the text. Orientation and scale are identical in the left and right
panels. A WFPC F814W band zoom of the system is displayed in the bottom left hand
corner of the right panel.

4.4.4 An additional PSF problem with VIMOS

After the reduction steps and the corresponding checks described above, the PSF in the
science target and standard star datacubes still appeared elongated along the east-west di-
rection for all individual exposures. We could not find any VIMOS documentation reporting
on this problem; however, it has been confirmed by ESO staff (private communication) that,
as the IFU head is placed at the edge of the VIMOS field-of-view, the image of a point source
is subject to an aberration and appears slightly elongated in one direction (see for example
image B of RX J0911+0551 in the left panel of Figure 4.7). Besides the time investment in
understanding the reason for the elongation, it is very difficult to quantify how much this
issue impairs the image resolution in the datacubes, as it is a combination of other effects as
well (seeing, signal-to-noise and dithering).

However, and as shown hereafter, it is still possible to extract relevant spatial information
from the data.

4.5 Identification of the quasar and galaxy spectra

A number of tools were used to visualize and analyze VIMOS datacubes. We used mainly the
Euro3D software (Sánchez 2005, http://www.aip.de/Euro3D) that allows us to inspect the
datacube, both in an interactive and automated manner (guidance on the use of the software
can be found in the Euro3D documentation).

We have used existing deep images of the target field-of-views to identify and locate objects
that are faint in the VIMOS rebuilt images (27′′×27′′). We have used VLT/FORS1 R band
data to locate objects in the field around HE 0230-2130, HST/WFPC-F555W and F814W
for RX J0911+0551 and HST/WFPC-I814W, ISAAC J and ISAAC K for H 1413+117 (HST
program PIs, respectively: J. Hjorth and A. Westphal and VLT program PI: F. Courbin).

The objects for which we have detected a signal are shown and labeled in Figures 4.6,
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4.7 and 4.8 for HE 0230-2130, RX J0911+0551 and H 1413+117, respectively. For redshift
analysis we use the ez3 software coupled with spectral templates (Kinney et al. 1996), plus
iraf routines. We provide below a detailed analysis of the different spectra.

4.5.1 The field of HE 0230-2130

The quasar spectra

The spectra of the quasar images have a very high signal-to-noise ratio (S/N∼40 in the
continuum). However, because of PSF shape problems and of the small angular separation
between the quasar images, it is not possible to separate all the spectra of the different quasar
images. We have partitioned the images in two groups, A+B (from now on AB) and C+D
(from now on CD), which are visually resolved in the final datacube (see Figures 4.1 and 4.6
for labels). Based on the Lyman α(1215Å) + NV(1240Å), SiIV+OIV](1398Å), CIV(1550Å)
and CIII](1908Å) emission lines, the spectra from both AB and CD provide a source redshift
z=2.163±0.003, in agreement with Wisotzki et al. (1999). In the two spectra an absorption
system is detected at the same redshift of the quasar, likely originating from the quasar’s host
galaxy. No other obvious absorption systems are detected in the spectra (see Figure 4.9).

Galaxies in the field around HE 0230-2130

We have extracted spectra at the location of the main lensing galaxies (LG1 and LG2 as
shown in Figures 4.1 and 4.6) that are highly contaminated by quasar emission. Therefore, a
scaled version of the spectrum of the isolated quasar image C has been subtracted. Doing so,
we are able to detect absorption lines from both lensing galaxies. We measure the redshift
of LG1 at z=0.521±0.004 and of LG2 at z=0.524±0.003. These redshifts are in agreement
with those obtained by Eigenbrod et al. (2006) (zLG1=0.523±0.001; zLG2=0.526±0.002).

Another galaxy is seen in the field, north-west of the quasar image A (∆α=-15′′, ∆δ=9.2′′,
Galaxy 1 in Figure 4.6). Its spectrum shows the CaII K, CaII H and G-band absorption lines,
and also the [OIII] and [OII] emission lines (see Figure 4.10). From these lines we measure a
redshift of z=0.518±0.002, thus, this galaxy is probably a member of the group or cluster to
which the lensing galaxies LG1 and LG2 belong.

4.5.2 The field of RX J0911+0551

The quasar spectra

Much like with the previous system, due to the small separations between images A1, A2 and
A3 (∆A1A2=0.48′′, ∆A1A3=0.96′′, ∆A2A3=0.61′′) and the distorted shape of the PSF, it was
not possible to separate the spectra of the three quasar images. Therefore, they are treated
as a single object called A (see Figure 4.7, left panel).

In the LR-blue mode, the A and B quasar spectra exhibit Lyman α+NV+OV], SiIV+OIV]
and CIV emission lines at redshift z=2.790±0.009. As already mentioned by Bade et al.
(1997), we can also detect several absorption lines in both the A and B spectra; CIV and
Lyman α at z=2.42 (or ∼-29,000 km s−1 with respect to the quasar), CIV, SiIV, and Lyman
α at z=2.63 (or ∼-13,000 km s−1 with respect to the quasar), and a few more absorption lines
at wavelengths below 4500Å. An absorption line at 5488Å, if identified as CIV, would imply
a redshift of z=2.54 (or ∼-22,000 km s−1 with respect to the quasar). It might correspond

3Redshift analysis software by the authors of vipgi: http://cosmos.iasf-milano.inaf.it/pandora/EZ.html
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Figure 4.9: Low resolution spectra of HE 0230-2130. Top panel: combined spectra for
images AB. Middle Panel: combined spectra for images CD. Bottom panel: flux ratio
between the two spectra. Shaded regions indicate the spectral ranges dominated by intense
sky line residuals.
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Figure 4.10: Neighborhood of HE 0230-2130: Low resolution spectrum of the galaxy in
the field around HE 0230-2130 (labeled Galaxy 1 in Figure 2) and a scaled version of
a template elliptical galaxy spectrum. From the lines shown we measure a redshift of
z=0.518±0.002.

Table 4.2: Values obtained for the five parameter Gaussian fits of the absorption lines
detected in the spectra of RX J0911+0551. An asterisk (*) denotes the lines close to the
5577Å sky line.

Redshift Line Center [Å] FWHM [Å] σ [km s−1]

Lyα - - -
z=2.80 CIV 5840.5 15 330

CIII 7185.5 19 340

Lyα 4404 30 940
z=2.63 CIV ∗ 5618.5 19 430

CIII - - -

Lyα - - -
z=2.54 CIV ∗ 5487.5 28 640

CIII - - -

Lyα 4163 29 900
z=2.45 CIV - - -

CIII - - -

to the line identified by Bade et al. (1997) at 5546Å (z=2.57), although its proximity to the
5577Å intense sky line makes its redshift determination uncertain. The absorption lines have
velocity dispersions of σ≤1000 km s−1 (see Table 4.2), hence, the quasar was classified as a
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Figure 4.11: VIMOS IFU spectra of RX J0911+0551. Left panel: low resolution spectra.
Right panel: high resolution spectra. Top panels: summed spectrum for image A. Middle
panels: spectrum for image B. Bottom panels: flux ratio between the spectra A and B.
Shaded regions indicate spectral ranges dominated by sky residuals in the low resolution,
whereas everything longwards of 7500Å in the high resolution spectra, is dominated by
sky residuals.

mini-BAL quasar (e.g., Chartas et al. 2001). The physical origin of the absorption lines is
still under discussion; the most likely interpretation is that these lines are due to high-velocity
outflows related to the quasar central engine (e.g., Reichard et al. 2003).

In the HR-red spectra of the A and B quasar images, we detect the CIII] emission line
at the quasar redshift, not seen in the previous spectra of Bade et al. (1997). Thanks to
the VIMOS high quality data, we also detect a few absorption features on top of the CIV
and CIII] emission lines. Their FWHM are smaller than those of the other absorption lines
previously indicated (see Table 4.2). These narrow features could either be produced by
outflowing material from the quasar central engine, or signatures of the quasar host galaxy.

In Figure 4.11 the spectra of images A and B are shown in low and high resolution modes
respectively, as well as the flux ratios between the spectra. Residuals in the flux ratios are
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discussed in Section 4.6.

Galaxies in the field around RX J0911+0551

Figure 4.12: Neighborhood of RX J0911+0551: Spectrum of Galaxy 1 and of an Sa
spectral template for comparison. Identified lines are highlighted by dotted straight lines.
They yield a redshift z=0.484±0.001.

We are unable to detect any absorption features from the lensing galaxy because of the
intense contribution of the three quasar images. Nevertheless, in the low resolution data we
newly identify three objects in the field: Galaxy 1, Galaxy 2 and Spiral as labeled in Figure
4.7. We are only able to confidently measure the redshift of Galaxy 1 for which we obtain
a value z=0.484±0.001 (see Figure 4.12), indicating that it is not a member of the cluster
found by Kneib et al. (2000) at z=0.769.

In the HR-red mode, we identify the galaxy labeled KCH2000-3 in Figure 4.7, which had
been previously detected by Kneib et al. (2000) and measured at z=0.7618. Our determina-
tion of the redshift gives z=0.762, in good agreement. This galaxy is part of the galaxy group
discovered south-west of the quasar.

4.5.3 The field of H 1413+117

The quasar images cannot be visually resolved in the two dimensional cuts, either in the
LR or in the MR spectroscopy. The low and medium resolution summed spectra for all
four quasar images show the Lyman α, NV, SiIV emission lines coupled with their broad
absorption counterparts and the CIII] line. From the emission lines we measure the quasar
redshift at z=2.554±0.002.

The higher spectral resolution and longer wavelength range available in the medium res-
olution mode allows us to detect the absorption systems already described by Magain et al.
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Figure 4.13: Left panel: LR-blue spectrum of H 1413+117. Right panel: MR-orange
spectrum of H 1413+117. Both spectra were reconstructed by adding the contributions
from the four quasar images. The dashed areas highlight regions affected by sky subtrac-
tion residuals. The lines identified with the z=1.44 and z=1.66 absorption systems are
indicated on the medium resolution spectrum. Two other doublet systems are seen at
∼6450Å and ∼6600Å.

(1988). Taking advantage of the improved resolution and small width of the absorption lines
we have been able to obtain very tight values for their redshifts. In the first absorption system,
the FeII triplet (∼5750Å) and the MgII doublet (∼6850Å) yield a redshift z=1.4381±0.0002;
in the second system, the AlIII doublet (∼4950Å), FeII triplet (∼6300Å), the FeII doublet
(∼6900Å) and the MgII doublet (∼7450Å) yield a redshift z=1.657±0.001. Two other dou-
blets are detected at ∼6450Å and ∼6600Å; they do not seem to be related and it is hazardous
to assign them a specific identification. Low and mid-resolution spectra are displayed in Fig-
ure 4.13.

4.5.4 The field of B 1359+154

For the quasar system B 1359+154 only the MR-mode was used. It being a faint and high
redshift quasar, the signal-to-noise ratio is lower than in the other datasets (S/N∼4 in the
continuum).

However, we can recover a spectrum of the quasar by summing over the spatial elements in
the two dimensional wavelength cuts (spaxels) of the different quasar images. The spectrum
(displayed in Figure 4.14) exhibits the Lyman α, NV, SiIV+OIV], CIV and HeII lines, yielding
a redshift z=3.235±0.003.

No absorption systems are observed in the spectrum. In addition, no galaxy is detected
in the field. As no spectroscopic signature could be recovered from individual images, no
further analysis was possible for this quasar.
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Figure 4.14: MR-orange spectrum of B 1359+154 (all spaxels with signal have been
summed). Shaded areas correspond to regions affected by sky subtraction residuals.

4.6 Interpretation of the spectral differences between the quasar

images

4.6.1 Spectral differences in HE 0230-2130

In order to identify and analyze any differences between the spectra from images AB and
CD, we first simply measure the ratio between the two spectra. The ratio varies with wave-
length, in particular it is different if measured over the continuum or over the emission lines.
Furthermore, a mild slope in the continuum flux ratio is observed. Notice that the edge of
the grism (<4000Å) is an un-trustable region and has been dropped in the analysis.

To study this phenomenon further, we developed a specific procedure to extract the
spectral energy distribution (SED) of the four individual quasar images: a surface with
four Gaussian profiles was fitted to each 2D monochromatic slice of the LR-blue datacube.
Distances between the Gaussian centroids correspond to the distances between the quasar
images as provided in the CASTLES web page4, from HST data. A further constraint is that
the FWHM (in both directions: x and y) should be identical for the four profiles at each
wavelength cut. The fit was performed using Levenberg-Marquardt routines in an iterative
fashion (MPFIT, Craig Markwardt5). In Figure 4.15 we show the extracted spectra for images
A and D of HE 0230-2130, while their ratio is displayed in Figures 4.16 and 4.17. The spectra
of the isolated images A and D display emission line differences as well as a mild continuum
slope difference. This is not surprising as image D of the quasar is located almost behind the
lensing galaxies: LG1 and LG2 (Figures 4.1 and 4.6), therefore, it is prone to be affected by
individual stars and interstellar matter in them. Indeed, the flux ratios between images A

4http://cfa-www.harvard.edu/castles/
5http://cow.physics.wisc.edu/∼craigm/idl/
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Figure 4.15: Spectra of the individual images A and D of HE 0230-2130. The normalized
spectrum for each image is displayed. The spectrum for image A has been shifted upwards
by 1.5 flux units for comparison. Shaded areas highlight regions affected by sky subtraction
residuals.

and B and between images A and C (not shown here) show little or no variation above the
noise, contrary to image D.

Intrinsic quasar variability is a possible, but unlikely, explanation for this phenomenon.
Indeed, images A and D are separated by a time-delay and, therefore, any intrinsic variation
of the quasar flux would be reflected at different epochs in images A and D. However, intrinsic
variability of the quasar itself would more likely show selective emission line differences rather
than similar magnification in all the emission lines. Indeed, different lines being emitted from
different regions in the quasar are not likely to vary at the same time (Kaspi et al. 2000).
Hence a more plausible explanation for the emission line differences is microlensing by stars
in the lensing galaxy, affecting preferentially image D of the quasar.

Microlensing is expected to affect the continuum emission more strongly than the broad
line emission because the continuum emitting region is thought to have a size comparable to
those of the Einstein rings of stellar microlenses, whereas the broad line region is much larger
(e.g., Schneider & Wambsganss 1990; Abajas et al. 2002). To demonstrate this: based on the
virial theorem, the size of the broad line region (RBLR) is estimated to be (Peterson et al.
1998):

RBLR = 0.57pc
( vFWHM

103km s−1

)−2
(
MBH

108M⊙

)

(4.1)

where vFWHM is the velocity derived from the FWHM of an emission line and MBH is the
black hole mass. Assuming a reasonable size for the continuum emitting region (Rcont) of



CHAPTER 4. INTEGRAL FIELD SPECTROSCOPY OF LENSED QUASARS 73

1,000 Schwarzschild radii (rs), we get:

Rcont = 9.1 × 10−3pc

(
MBH

108M⊙

)

. (4.2)

It is obvious that Rcont≪RBLR, independently of the black hole mass. In this case, the
continuum of image D could be magnified by microlensing, making the emission lines “sink”
in the continuum and, therefore, making them appear small in comparison to the emission
lines of image A.

Could microlensing also explain the slope difference (chromatic effect) seen between the
two images A and D? Accretion disk models predict that continuum emission from the central
part is bluer than that from the outer part (Shakura & Sunyaev 1973). In general, the
innermost part of an accretion disk (blue-emitting) is more strongly affected by microlensing
than the outer part (red-emitting) as the Einstein ring of microlenses matches better the
size of the inner accretion disk (e.g., Wambsganss & Paczynski 1991; Yonehara et al. 1998).
Therefore, to first order and in a naive vision, an image affected by microlensing should
exhibit a bluer continuum. In image D, the situation is reversed: the quasar image thought
to be affected by microlensing (image D) appears redder than the image not affected by
microlensing (image A). Let us examine how this could happen.

In Figure 4.16 we illustrate how microlensing can change the slope of the flux ratio between
images A and D, by using a simple model for the caustic. We adopt a standard accretion
disk model for the continuum emitting region (Shakura & Sunyaev 1973). The black hole
mass is set at 108M⊙, the accretion rate is set fixed at the critical accretion rate and the
inner and outer radii are set at 3rs and 1,000rs respectively. Additionally, we assume a single
straight line caustic and apply the following approximated formula for magnification (µ) (e.g.,
Schneider et al. 1992):

µ =

(
x

xscale

)−1/2

+ µa (x > 0) (4.3)

= µa (x < 0)

where xscale is the scale length of the caustic and is chosen to be identical to the Einstein ring
radius of a lensing object with mass 1M⊙. The parameter µa represents the total magnifica-
tion except for a pair of micro-images which appear/disappear at the caustic crossing. For
image A and image D, the µa values are arbitrarily set to be 3.0 and 2.0 in order to match
the observed continuum flux ratio (∼1.5).

As already seen in Chapter 3, microlensing is not the only possible explanation for the
chromatic effect. Galactic dust extinction through the lensing galaxy is also an alternative.
In this case, galactic dust would block the blue light from image D, making it look redder in
comparison to image A, and resulting in a decreasing flux ratio towards the redder part of the
spectrum, as observed between images A and D. We evaluate the chromatic feature which is
to be expected from differential dust extinction (e.g., Jean & Surdej 1998). For these calcula-
tions, we consider a normal extinction law, RV =3.1, for dust in the Milky Way (Cardelli et al.
1989) and an extinction law as in the Small Magellanic Cloud (Gordon et al. 2003). In both
cases, we assume a local gas-to-dust ratio (Bohlin et al. 1978) AV =5.3×10−22NH , where AV

and NH are, respectively, the dust extinction in the V band (in magnitudes) and the column
density of hydrogen gas in cm−2. We also assume that the difference in the gas column density
in front of the images is 5×1020cm−2 in the case of the Milky Way, and is 5×1021cm−2 in the
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Figure 4.16: Simple microlensing model for HE 0230-2130. Top panel: Schematic of
the straight line caustic with respect to the source. d is the distance measured between
the center of the source and the caustic. Bottom figure: flux ratio between HE 0230-2130
images A and D. Superimposed on the flux ratio observed curve, the straight lines are the
modeled flux ratios in different situations, that is for different distances d. The solid line
is the modeled flux ratio without microlensing (i.e. d=∞). The dotted, the dashed, and
the long-dashed lines correspond, respectively, to the modeled flux ratios with microlensing
for distances between the caustic and the source center as described in the legend. The
shaded area denotes the blue extremum of the grism (un-trustable region).
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Figure 4.17: A normal extinction law, RV =3.1, for dust in the Milky Way (solid line) and
an extinction law as in the Small Magellanic Cloud (dotted line) on top of the flux ratio
between images A and D of HE 0230-2130. The shaded area denotes the blue extremum
of the grism (un-trustable region).

case of Small Magellanic Cloud. Figure 4.17 shows the extinction expected from these two
models. Both of them seem to trace at least part of the slope that we see in the continuum
flux ratio, therefore, galactic extinction is a plausible explanation for the phenomenon.

In conclusion, in the case of HE 0230-2130, our preferred interpretation for the difference
between the spectra of images A and D is microlensing due to the lensing galaxies LG1
and LG2 affecting image D. It explains both the emission line dimming and the continuum
reddening in the spectrum of image D. However, this is not the only interpretation: in
particular the effect of the interstellar matter and dust in the lensing galaxies should not be
overlooked.

4.6.2 Spectral differences in RX J0911+0551

The different images of quasar RX J0911+0551 also exhibit spectral flux differences. However
due to the small separation of the images, it is impossible to apply the same extraction
procedure as for HE 0230-2130. In order to quantify the differences between the spectra,
we have performed Gaussian profile fits to the three main emission lines in the LR-blue
wavelength range. Using the continuum levels obtained from the Gaussian fits, we have
derived the equivalent widths (EW) of the emission lines, and considered them as a measure
of their strength. This was performed using:
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EW =

∫ λ2

λ1

(S(λ) − I)

I
dλ (4.4)

where S(λ) is the flux at wavelength λ and I is the continuum level for the chosen wavelength
range (in this case the range of the emission lines, delimited by λ1 and λ2). The parameters
are displayed in Table 4.3.

Table 4.3: Parameters of the Gaussian fits for the emission lines in the system
RX J0911+0551: amplitude and continuum level are expressed in 10−15 erg s−1, position
centers, Gaussian σ and equivalent widths in Å. The equivalent widths are measured in
the rest frame.

LINE Lyα SiIV CIV

IMAGE A B A B A B

Amplitude 4.42 0.59 0.72 0.10 1.86 0.24
λCent [Å] 4639 4636 5292 5287 5853 5843
σ [Å] 75.95 73.69 33.03 31.63 55.61 59.35

Continuum 2.85 0.47 2.94 0.50 2.70 0.46
EW [Å] 81.83 63.69 5.43 4.50 24.93 20.13

The differences between images A and B are confirmed by looking at the equivalent width
values which are systematically larger in image A. While the continuum ratio is around 5.9,
the emission line ratio goes up to 7.7. Emission line residuals are seen in the flux ratio
between images A and B, but in contrast to HE 0230-2130, the emission lines appear to
be stronger in the image that is closer to the lensing galaxies. As argued in Section 4.6.1,
we think that microlensing is the most probable explanation for the emission line residuals,
but in this case, given the distances of the images to the lensing galaxy, we would rather be
dealing with microlensing de-magnification in the image complex A.

To test this interpretation, we have built a “macro” lens model for RX J0911+0551, using
an elliptical effective lensing potential (Blandford & Kochanek 1987) with external shear.

Using this lens model, we have evaluated the effective shear (γeff ) and the convergence
(κ⋆

eff ) on all the images of the quasar, in order to characterize the properties of the time-
delay surface (e.g., Blandford & Narayan 1986): minima, maxima or saddle points. The
results are shown in Figure 4.18. Since images A1 and A3 are located at saddle points,
they are more likely to be de-magnified by microlensing (Schechter & Wambsganss 2002),
therefore, it is quite plausible that the continuum emitting region of image complex A (A1,
A2, A3) is overall de-magnified.

Of course, the effective shear and convergence depend on the convergence provided by a
smooth distribution of matter (κc) and a clumpy stellar component (κ⋆) in the following way:

κeff
⋆ =

κ⋆

1 − κc
(4.5)

γeff =
γ

1 − κc
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Figure 4.18: Results of a simple lens model for RX J0911+0551: Different values for the
effective shear versus effective convergence. The symbols correspond to different images
of the quasar: black squares: A1, black triangles: A2, crosses: A3 and stars: B. From
left to right, the contribution of κc to κ⋆ varies from 100% to 0%. All combinations place
the images A1 and A3 in the zone of saddle points.

However, the quasar images A1 and A3 lie at saddle points, no matter which fraction of
κc and κ⋆ is incorporated in the lens model (see Figure 4.18).

Regarding the slope of the continuum flux ratio for RX J0911+0551, a mild tilt is also
observed. We have measured the slope of this variation by adjusting a straight line over the
whole spectral range (see Figure 4.19). The fit has been adjusted over the continuum ratio
which was obtained after subtracting the Gaussian fits of the emission lines from the total
flux ratio. We have measured a slope of (-1.75±0.15)×10−4Å−1. Due to the evidence for
microlensing de-magnification, as argued above to explain the emission line residuals, we are
led to consider that microlensing is also responsible for the chromatic distortions, making the
complex image A appear bluer. However, this measured effect is of small significance and
impossible to disentangle from differential extinction with the present dataset.

4.6.3 Spectral differences in H 1413+117

In order to extract an individual spectrum for each image of the quasar we apply the procedure
described earlier in Section 4.6.1. As before, owing to the small separation of the images, it
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Figure 4.19: A linear fit to the continuum ratio for the lensing system RX J0911+0551.
A mild slope can be seen.

is possible to do so only with data obtained in the low resolution configuration. The spectra
of the four images are displayed in Figure 4.20.

Figure 4.20: Individual spectra for the four images of the quasar H 1413+117 after the
fitting procedure. They have been normalized and shifted vertically for easier comparison
(by 2.5 with respect to the bottom one). Shaded areas highlight regions affected by sky
residuals.

We notice some differences between the spectra. The quasar image D exhibits the most
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obvious differences when compared to the other images (see also Figure 4.21): the CIV line
clearly shows a smaller intensity with respect to the continuum, while the SiIV+OIV] line has
practically vanished. This again is consistent with the continuum of image D being magnified
by microlensing.

Figure 4.21: The normalized spectrum of image D of H 1413+117 (thin line) and the
mean spectrum of images A, B and C (thick line). Shaded areas show regions affected
by sky line residuals. The difference in the relative amplification between the continuum
and the emission lines is evident, especially at the SiIV+OIV] and CIV lines.

Kayser et al. (1990) suggested microlensing as an explanation for photometric variations
seen in image D of the quasar. Using integral field spectroscopy observations, Angonin et al.
(1990) found spectral differences between image D and the other three images. They sug-
gested that the differences were produced by broad absorption line clouds being selectively
magnified by microlensing. A comparison between the present VIMOS spectral dataset and
the Angonin et al. (1990) dataset, in particular for image D, shows that the relative spectra
have changed: the CIV broad absorption feature 16 years ago was wider in image D than
in the other images, whereas it now looks the same, and the SiIV+OIV] emission feature is
even smaller in the VIMOS dataset (∼1/3 compared to the average of the other images mea-
sured from the continuum) than in the Angonin et al. (1990) dataset (∼1/2 compared to the
average of the other images). In addition, there appears to be a slight slope difference in the
Angonin et al. (1990) dataset when image D is compared to the other images. However, this
difference is not observed in the VIMOS dataset. Again some or all of these features could
be explained by three phenomena: galactic extinction, microlensing or intrinsic variability.
We comment below upon the evidences against or in favor of such possibilities:

• Galactic extinction: if there is a steeper slope in the continuum of a quasar image
when compared to the other images, it can be interpreted as galactic extinction. In the
Angonin et al. (1990) dataset, this might be the case with image D, however, no slope
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difference can be seen in the VIMOS dataset. As galactic extinction is not expected to
vary over time (especially on such a short time scale of 15 years) the slope should have
persisted. Furthermore, Turnshek et al. (1997) showed that the reddenings between
images B and C, as well as between images A and C were considerably larger than that
between images D and C. Finally, differential extinction cannot explain the relative flux
differences between the continuum and the emission lines when measured in different
images. Therefore, we reject this interpretation.

• Microlensing: the variation of the continuum slope of image D, together with the varia-
tion on the relative intensity of the emission lines in all four images (particularly image
D) give a clear signal that microlensing is at work and is the best candidate for generat-
ing the observed changes. As explained previously, microlensing can explain the chro-
matic continuum magnification. In this case, the image that suffers magnification of its
continuum is also the one that showed a bluer spectrum, which is the most likely kind of
chromaticity induced by continuum microlensing. The differences of the broad absorp-
tion features seen in Angonin et al. (1990) were interpreted as microlensing from broad
absorption clouds. This suggestion has been tested with different microlensing simu-
lations over the years (e.g., Hutsemekers 1993; Hutsemekers et al. 1994; Lewis & Belle
1998), in which the BAL profile of image D was reproducible. These differences are
not seen anymore in the VIMOS dataset, which again is a result favoring microlensing
in image D, as 15 years is roughly the expected timescale for microlensing variations
in H 1413+117 (Hutsemekers 1993). Finally, Ostensen et al. (1997) have shown, from
their photometric monitoring between 1987 and 1995, almost parallel light curves for
the quasar images, except for image D. Image D exhibits a slightly higher amplitude
in its overall variation, which, added to its spectral differences, makes a strong case for
additional microlensing affecting image D.

• Intrinsic variability: intrinsic variations of the quasar flux coupled with time-delays
between its multiple images would also induce spectral differences between the images.
Time-delays for this quasar have not been measured yet. Even though its expected
value depends on the model, the symmetric disposition of the images suggests that
it should be of the order of a month (e.g., model by Chae & Turnshek 1999). If the
timescale of the quasar intrinsic variations is shorter than the time-delay for image D,
then the brightness differences could also be explained by this phenomenon and should
be seen in all four images at epochs separated by the time-delays.

Although it is not possible to rule out the quasar intrinsic variability as the cause of the
spectral differences between the images (without doing a comprehensive and quantitative
study based upon regular and precise spectrophotometric monitoring), we find it very likely
that the spectral differences seen in H 1413+117 result from microlensing. Microlensing can
explain all the feature differences seen in the spectra and is a natural explanation.

4.7 Summary and conclusions

We used the VIMOS-IFU device at the VLT to search for objects in the vicinity of four lensed
quasars for which a galaxy group or galaxy cluster was either confirmed or expected as part
of the lensing system. Additionally, at least two of these lensed quasars were suspected to
be under flux (de)magnification due to microlensing. We have described our data reduction
techniques for integral field spectroscopy as an aid for future VIMOS users.
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We were able to measure flux ratio differences between the different quasar images in
three of the systems: HE 0230-2130, RX J0911+0551 and H 1413+117. Using the high
quality spectra collected, our interpretation of the origin of these phenomena is microlensing
in the three cases. Based on differences in the flux ratios between the different images when
measured in the continuum or the emission lines, we conclude that: HE 0230-2130 is affected
by microlensing magnification on the continuum of image D while image A (A1+A2+A3) of
RX J0911+0551 is affected by a microlensing de-magnification of the continuum. Finally,
image D of H 1413+117 shows a consistent history of having been affected by microlensing
over the past 15 years. However, even though less likely as described in Section 4.6.3, these
flux ratio differences could also be attributed to intrinsic variability from the quasars coupled
with time-delays between the images.

In the three cases, the flux ratios between the quasar images show or have shown a non-
zero slope, which is also consistent with microlensing. Nevertheless, in the RX J0911+0551
and HE 0230-2130 systems this phenomenon could also be explained by dust extinction due to
the lensing galaxy or, even more likely, a combination of both phenomena. For H 1413+117,
if there has been a slope difference between the images in the past, galactic extinction is not
a likely explanation as this slope is not seen in the present VIMOS dataset.

If, as we suspect, the three systems are affected by microlensing, future photometric
and/or spectroscopic monitoring should fully characterize the phenomenon and allow deriva-
tion of the physical properties of the background sources.

We have also detected absorption features from the two main lensing galaxies in the system
HE 0230-2130 at z1=0.521 and z2=0.523. A third galaxy at similar redshift (z=0.518) has also
been detected ∆θ∼17′′ away from the quasar images. In the field around RX J0911+0551 we
have newly identified a galaxy, at a distance ∆θ∼12′′ from the quasar images, and at redshift
z=0.484, which makes it independent of the known galaxy cluster in the line-of-sight to this
quasar. Even though not directly bound to the lensing galaxies, its vicinity to the quasar
line-of-sight suggests that it might influence the total lensing potential. For H 1413+117 the
higher resolution spectra clearly reveal the already known absorption systems at redshifts
∼1.44 and ∼1.66 with high accuracy.

Unfortunately, due to a combination of low exposure time, intrinsic PSF distortions and
non-optimal observing conditions, the quality of the data obtained for B 1359+154 does not
reveal any new information on the system or its surroundings.
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5
The Quadruple Quasar Q2237+0305

Under a Microlensing Caustic

In the previous chapters we have shown different diagnostic methods to assess which phe-
nomena could be responsible for flux ratio anomalies in lensed quasar systems. In most (if
not all) of the cases, microlensing has been the most likely cause. In this chapter we use the
microlensing phenomenon as a natural tool to probe the inner structure of a multiple lensed
quasar by coupling the microlensing induced dynamic photometric variations of images of the
multiple quasar Q 2237+0305 with theoretical microlensing simulations. A condensed version
of the work presented in this chapter has been published in A&A (Anguita et al. 2008b).

5.1 Microlensing in Q 2237+0305

Q 2237+0305 is one of the best studied quasar lensing systems yet. This quasar was discovered
as part of the Center for Astrophysics (CfA) redshift survey (Huchra et al. 1985). The system
is made up of a barred spiral galaxy at a redshift z=0.0394 and four images of a quasar at
a redshift z=1.695 that appear in a nearly symmetric configuration around the core of the
spiral galaxy, at a distance of approximately 1′′ from the center of the bulge (see Figure 5.1).
Due to this particular image disposition, Q 2237+0305 is also referred to as “The Einstein
Cross”.

Q 2237+0305 is an ideal system to study quasar microlensing. At the position of the
quasar images the optical depth due to microlensing by the stars is high (∼1; Kayser et al.
1986; Kayser & Refsdal 1989; Wambsganss et al. 1990). Additionally, the quasar is ∼10 times
farther from us than the lensing galaxy, leading to a large projected velocity of the stars in
the source plane, and thus a short timescale of caustic events. Furthermore, the expected
time-delay between the images of this quasar is of the order of a day or less (Schneider et al.
1988; Rix et al. 1992; Wambsganss & Paczynski 1994). As microlensing events for this sys-
tem are of the order of months or years, it is easy to distinguish intrinsic variability from
microlensing. Not long after its discovery in 1985, Irwin et al. (1989) observed the first mi-
crolensing signature in the system. The quasar has been intensely monitored for almost two
decades by different surveys (e.g., Corrigan et al. 1991; Pen et al. 1993; Ostensen et al. 1996;
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Figure 5.1: HST NICMOS F160W (H) image of Q 2237+0305. It shows the nearly
symmetrical configuration of the quasar images around the core of the spiral galaxy.
Image from the CASTLES project (Muñoz et al. 1998).

Alcalde et al. 2002; Schmidt et al. 2002). The one that has the longest and best sampled
data is that of the Optical Gravitational Lensing Experiment (OGLE) team (Woźniak et al.
2000; Udalski et al. 2006). They have monitored Q 2237+0305 since 1997 delivering the
most complete light curves in which many microlensing events can be seen (see Figure 5.2).
These data have been used for various studies of the system: Wyithe et al. (2000a,b,d,e,f);
Yonehara (2001); Shalyapin et al. (2002) and Kochanek (2004) used these data together with
microlensing simulations not only to obtain limits on the properties of the quasar such as size
and transversal velocity, but also on the mass of the microlensing objects.

The OGLE team has monitored this quasar with a single V band filter. However,
Wambsganss & Paczynski (1991) showed that color variations should be seen in quasar mi-
crolensing events and how they would provide additional information on the background
source. We know from thermal accretion disk models that emission in the central regions
of a quasar should be bluer than in the outer regions (e.g., Shakura & Sunyaev 1973). As
shown previously (Equation 4.2), the size of the continuum emitting region of a quasar can
be approximated by:

Rad = 1000 × rs = 2.8 × 1016

(
MBH

108M⊙

)

cm (5.1)

where rs is the Schwarzschild radius, Rad is the radius of the accretion disk and MBH is
the mass of the black hole. As shown in Section 2.3.4, we can compare this value with the
Einstein Radius (RE) produced by stars in the lensing galaxy -the magnification length scale
used in lensing (see Section 2.3.2)- which is given in the source plane by (Equation 2.41):

RE =

√

4GM

c2
DsDls

Dl
= 5.68 × 1016

√

M

0.1M⊙

cm (5.2)

where we have replaced the values of the distances Dl, Ds and Dls to the specific ones
corresponding to Q 2237+0305. The accretion disk scales are thus comparable to those of
the Einstein rings of stars in the lensing galaxy. This shows that differential magnification of
the different emission regions of the quasar can be observed.
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Figure 5.2: OGLE light curves for the four images of Q 2237+0305 between the years 1997
and 2008. The observed relative brightness variations are due to microlensing by stars in
the lensing. Data points from the OGLE campaign (Woźniak et al. 2000; Udalski et al.
2006, + recent (2007, 2008) updates).
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Figure 5.3: APO g’ image of the quasar system Q 2237+0305.

Some multi-band observations of this system have been carried out (Corrigan et al. 1991;
Vakulik et al. 1997, 2004; Koptelova et al. 2005), however, most of them have either large
gaps between the observations, or no obvious microlensing events.

A very interesting event, that has been one of the bases for predictions (Wyithe et al.
2000b) and study (Yonehara 2001; Shalyapin et al. 2002; Vakulik et al. 2004), is the high
magnification event of image C in the year 1999 as observed by OGLE .

In this chapter we present data of this particular event obtained in two filters at Apache
Point Observatory (APO). We analyze the event using both the OGLE light curves and
the APO data and study the implications for the size of the quasar emission region using
microlensing simulations.

5.2 Apache Point Observatory data, observations & data re-

duction

For this study we use two different datasets. The first one is that of the OGLE1 team light
curves for this quasar (Woźniak et al. 2000; Udalski et al. 2006), for which we select the data
between Julian days 2451290 (April 21, 1999) and 2451539 (December 26, 1999), comprising
83 data points. The result is a dense light curve for the event we analyze. The second data
set is APO two-band monitoring data for Q 2237+0305. We selected the nights between May
17 1999 (Julian day: 2451316) and January 8 2000 (Julian day: 2451551) which also track

1http://bulge.princeton.edu/∼ogle/ogle2/huchra.html
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the event, comprising 8 nights with data points.
The APO data were taken with the 3.5 m telescope at Apache Point Observatory using

the Seaver Prototype Imaging camera (SPIcam) in both the SDSS g’ and r’ filters. The
SPIcam has a 2048×2048 pixels CCD and a minimum pixel scale of 0.141′′/pixel, however,
for the observations we use, the pixels were binned to 0.282′′/pixel.

5.2.1 Standard CCD reduction

For the standard CCD reduction we use a combination of the astronomical image reduction
software package iraf and the idl data language. We apply bias correction, create one
master flat-field image for each night and each filter and calibrate the science frames with
these. Cosmic rays are eliminated from the science frames using median filtering away from
the sources.

In order to remove the remaining cosmic rays and imperfections of the CCD, as well as
to improve the signal-to-noise ratio of the images, we combine the frames corresponding to
the same night, excluding those with asymmetric point spread functions (PSFs). In the end
we obtain a clean high quality image for each night in the g’ and r’ filters.

5.2.2 Photometry

The photometry for this system is made difficult because the quasar images are seen through
the core of the lensing galaxy. Our first attempt, following the procedure as in Woźniak et al.
(2000), was to use an image subtraction method (Alard & Lupton 1998). However, our field-
of-view lacks the high number of bright stars required in order to run a successful correlation
and PSF characterization for the procedure. This is why we use galfit (Peng et al. 2002)
instead. galfit is a galaxy/point source fitting algorithm that fits 2-D parameterized image
components directly to the images.

GALFIT model

For the galaxy we use the model shown by Schmidt (1996) (see also Trott & Webster 2002)
from HST F7815LP band data, in which the lensing galaxy is parameterized with a de
Vaucouleurs profile (de Vaucouleurs 1948) for the bulge and an exponential profile for the
disk. The bulge’s de Vaucouleurs profile is constrained to a 4.1′′ (3.1 kpc) scale length, a
0.31 ellipticity and a 77◦ position angle (measured from north to east). For the exponential
profile we use a 11.3′′ (8.6 kpc) scale length, a 0.5 ellipticity and a 77◦ position angle. These
profiles are constrained to have the exact same central position within each frame and a fixed
magnitude difference.

The quasar images are parameterized as point sources. The relative separation between
them is fixed in the galfit code to the values obtained by Blanton et al. (1998) from UV
data and the separation between the group of images and the center of the bulge is fixed to the
values obtained with HST F7815LP filter data (HST proposal ID 3799): ∆RAAG=-0.075′′and
∆DECAG=0.937′′.

The PSF we use to convolve the different parameterizations is taken from the bright
star (STD) shown in Figure 5.3. After fitting the different profiles, the brightness of each
component is measured. We run the galfit routine over each night in each one of the two
bands available. The residuals from this fitting technique are low, usually of the order of 5
percent (see Figure 5.4). In order to obtain error bars on the magnitude measurements, we
create 500 Monte-Carlo realizations of the observed images and determine the measurement
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Figure 5.4: galfit fitting procedure over an individual green filter frame of Q 2237+0305.
The figures show a zoom into the galactic core. Top left panel: original image from the
galaxy core and the four quasar images. Top right panel: best fit model for the galaxy
and the quasar images. Bottom panel: rescaled subtraction between original and modeled
data. The gray scale shows the percentage in relation with the highest count in the raw
image of the system.

uncertainty from the scatter of the galfit results (see Appendix B). The g’- and r’-band
light curves for image C are shown in Figure 5.5. The measurements for images A and C are
given in Table 5.1. No reliable photometry is obtained for images B and D because they were
too faint.

As shown in Figure 5.5, the APO g’-band light curve shows a very similar behavior to the
OGLE V-band light curve, however, the APO r’-band light curve shows a lower amplitude
at the brightness peak. Thus, the resultant g’-r’ color curve, does not appear flat but shows
a chromatic variation during the microlensing event.

5.3 Microlensing simulations

In order to compare the observed data with simulations we generate source plane mag-
nification patterns for quasar images C and B using the “inverse ray shooting” method
(Wambsganss 1990, 1999).

The method consists in the “shooting” of light rays from the observer’s point of view to
the lens plane. This lens plane contains a random distribution of microlenses that deflect
each individual light ray independently. The deflected light rays are followed onto the source
plane, where they are collected in a two-dimensional pixelated plane.

The number of microlenses in the lens plane and the deflection, depend on the local
“macro” lensing parameters: convergence (or surface mass density) κ and shear γ of the
given image. Furthermore, the surface mass density κ is split into two components we call
κ⋆ and κc, which represent the density arising from point-like objects (stars) and smoothly
distributed matter, respectively (as shown in Section 4.6.2). Using the lens equation (see
Chapter 2), the formal mapping of each ray from the lens to the source plane can thus be
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Table 5.1: APO light curves for quasar images A and C of Q 2237+0305. Magnitudes
are shown relative to the value of the last data point of image C in the g’ filter.

Julian Day A C FWHM
-2450000 g’ [mag] r’ [mag] g’ [mag] r’ [mag] [′′]

1315 -0.822±0.016 -0.675±0.012 -0.533±0.016 -0.381±0.013 1.6
1334 -0.826±0.056 -0.680±0.021 -0.554±0.056 -0.393±0.021 1.4
1373 -0.925±0.017 -0.729±0.013 -0.672±0.017 -0.445±0.013 1.2
1385 -0.971±0.017 -0.782±0.015 -0.635±0.017 -0.411±0.015 1.0
1400 -0.912±0.019 -0.757±0.014 -0.487±0.019 -0.298±0.014 1.1
1531 -1.148±0.024 -0.887±0.016 -0.013±0.026 0.067±0.015 1.1
1541 -1.158±0.015 -0.909±0.015 -0.037±0.016 0.016±0.018 1.1
1551 -1.137±0.018 -0.916±0.014 0.000±0.024 0.094±0.015 1.2

Figure 5.5: APO light curves. Top left panel: APO g’-band light curve (green squares)
of the high magnification event seen in image C of Q 2237+0305 in 1999. Top right
panel: APO r’-band light curve for the event (red squares), shifted by 0.075 magnitudes
for easier comparison. In black, the OGLE V-band light curve sampling this event is
shown. Bottom panel: APO g’-r’ color curve. The dashed line is shown as a reference.
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Table 5.2: Local macro-lensing parameters for quasar images B and C of Q 2237+0305
from Schmidt et al. (1998). κ is the scaled surface density, γ is the shear, µtot is the
total magnification.

Image κ γ µtot

B 0.36 0.42 4.29
C 0.69 0.71 2.45

expressed as (Wambsganss 1990):

−→y =

(
1 − γ 0

0 1 + γ

)

−→x − κc
−→x −

N∑

i=1

mi(
−→x −−→xi)

(−→x −−→xi)2
(5.3)

where we have set the action of the shear to be parallel to an axis of the plane. −→x and −→y
are the coordinates of the ray in the lens and source planes, respectively. −→xi and mi are the
coordinates and mass of each one of the total N microlenses in the lens plane, respectively.

The pixelated plane is finally normalized by the number of rays shot and the local “macro”
magnification (using κ and γ as shown in Equation 2.33) of a given image resulting in a
magnification pattern. Each pixel in the magnification pattern reflects the magnification a
pixel sized source will experience at a given position.

In our simulations, we use ∼5000 identical mass microlenses distributed in the lens plane
(the results do not depend on the mass distribution of the microlenses; Lewis & Irwin 1996).
Approximately 1011 rays are shot, deflected in the lens plane and collected in a 10,000 by
10,000 pixels (equivalent to 50 Einstein radii by 50 Einstein radii) array in the source plane.
The values of surface mass density κ and shear γ are taken from Schmidt et al. (1998) (Table
5.2). Even though we explore different stellar fractions κ⋆ and κc, as the quasar images are
located within the central kiloparsec of the lensing galaxy, we focus our work mainly on the
κ⋆

κ =1 stellar fraction. We create these magnification patterns for images C and B (the need
of a pattern for image B will be explained in the next section).

As shown in Section 5.1, in quasar microlensing the source size is an important param-
eter because it is comparable with typical caustic scales. In order to study a sample of
different source sizes, the raw magnification patterns are convolved with a set of profiles.
Mortonson et al. (2005) showed that microlensing fluctuations are relatively insensitive to
the source shape, so it is of little consequence whether we choose a standard model accretion
disk (Shakura & Sunyaev 1973) or a Gaussian profile. For simplicity, we choose a Gaussian
profile for the surface brightness, where the extent of the source is described by the variance
σ. The Full Width at Half Maximum (FWHM) is defined as 2.35σ.

We vary the FWHM of a Gaussian profile from 2 to 120 pixels (which corresponds to 0.01
ER and 0.60 ER, respectively) for quasar image B and from 2 to 216 pixels (which corresponds
to 0.01 ER and 1.08 ER, respectively) for quasar image C (the additional magnification
patterns for image C are used for the color curve fitting explained in Section 5.5). For
patterns below 12 pixels the step size is 2 pixels, and for patterns above 12 pixels the step size
is 4 pixels. We find that this linear sampling gives more accurate results when interpolating
compared to a logarithmic sampling.

For a specific convolved pattern we can now extract light curves. By defining a track
(path of the source in the source plane magnification pattern) with a starting point, direction
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and velocity, we extract the pixel counts in the positions of the pattern defined by this track,
using bi-linear interpolation. The values are then converted into magnitudes. Figure 5.6
shows an example of extracted light curves using different profile sizes.

5.4 Light curve fitting

5.4.1 OGLE V light curve

Since quasars vary intrinsically, we need to untangle this variation from microlensing. We
therefore study the difference between two light curves extracted from microlensing patterns
created for different quasar images to eliminate this effect (the time-delay is negligible, see
Section 5.1).

Using the V band OGLE light curves sampling this event in both images C and B of
the quasar (Woźniak et al. 2000; Udalski et al. 2006) we construct the difference light curve
C-B. We have specifically chosen image B to evaluate the difference as it showed the smallest
variation during the 1999 event. Simulated light curves for each image are extracted using
tracks over microlensing patterns created independently for each image and convolved with
a Gaussian profile with the same size. By repeated light curve extraction with variation of
the parameters, the best fit to these are obtained from the comparison with the OGLE C-B
difference light curve. What is actually fitted are the parameters that define the track from
which both light curves are obtained. This track is constrained to have identical direction
and velocity in both the patterns C and B, but the starting point can be different among
the different patterns. It is important to remark that the direction is set to be the same in
both patterns, taking into consideration that the shear direction between images C and D is
approximately perpendicular (Witt & Mao 1994).

For the minimization method we use a Levenberg-Marquardt least squares routine in idl2.
This routine is a χ2 minimization based upon MINPACK-1 (Moré et al. 1980). As we are
using 68 percent values for our errors, the χ2 is simply calculated as:

χ2 =

DOF∑

i=0

(
yi − f(xi)

σerr
i

)2

(5.4)

where DOF is the number of degrees of freedom, y is the measured value, x is the independent
variable model and σerr is the one sigma error of the particular measurement. In the case in
which we fit the OGLE data for this event, the number of degrees of freedom is 75. yi are
the differences between the OGLE light curves for images C and B, σerr

i are the uncertainties
measured by the OGLE team, xi are Julian days and f(xi) are the difference between of the
two light curves extracted from the source plane magnification patterns for images C and B,
convolved with an identical source profile. We also include a parameter, which we call m0,
that accounts for the magnitude offset between the images.

As the size of each one of the convolved patterns is very large compared to the time scale
of the chosen event (of the order of several hundred times), and considering the fact that it is
relatively easy to find good fits because of the huge parameter space that such large patterns
give, we need to determine a high number of tracks for each pattern. To obtain a statistical
sample, we search for 10,000 tracks for each considered source size. The first guesses for each
one of the tracks are distributed uniformly. However, during the fitting process the starting

2http://cow.physics.wisc.edu/∼craigm/idl/
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-1.2 -1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4

mag∆

Figure 5.6: Demonstration of the effect that different source sizes produce on extracted
light curves. On the top panel a 1.5 x 3.3 ER section of a magnification pattern is
shown together with a random track in deep black. The middle panel shows the light
curves extracted for different source sizes. The continuous, dashed and dotted lines are
respectively: no convolution, 10 pixels FWHM and 20 pixels FWHM Gaussian profile
convolution. The lower panel shows a color curve between the two mock sizes of 10 and
20 pixels. This is the subtraction of of both light curves.
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points of the tracks are constrained to stay within a square of 200 pixels side-length around
the random initial value in order to force a sampling of the whole pattern.

After this minimization is done we have a track library containing 3×105 fitted tracks
(10,000 tracks for 30 different source sizes with best-fitting velocity and magnitude offset).

5.4.2 APO color curve

Figure 5.5 shows that the OGLE V-band and the APO g’-band light curves are very similar.
Since the microlensing effect depends strongly on the source size (see Figure 5.6), we assume
for simplicity, that the OGLE V-band continuum region is of similar size as that of the APO’s
g’-band. Here we determine the ratio of the APO r’-band region and the g’-/OGLE V-band
regions that follows from the color curve shown in Figure 5.5.

While the parameters that define the tracks are fixed by the procedure shown in the
previous section, the two parameters that influence the shape of the color curve in this step
are the ratio between the sizes of the two regions and the intrinsic color g’-r’ of the quasar
(c0). These are the only parameters allowed to vary during this step. As before, we use the
patterns convolved with Gaussian profiles up to 120 pixels FWHM for image C to obtain
the g’-band light curve. To obtain the r’-band light curve we use the full set of patterns for
image C. During the fitting process we interpolate the magnitude values of the extracted light
curves in order to obtain continuous values for the source size ratio. After this second fitting
procedure, the χ2 values of the track library are updated: χ2=χ2

OGLE+χ2
APO. An example

track of our track library, along its best fit to the light and color curves is shown in Figure
5.7.

5.5 Considerations

5.5.1 Degeneracies

There are two main degeneracies involved in the fitting process. First, the one between the
source size and microlens mass. To cope with this, we express the size values in Einstein
radii or scaled by a stellar mass as shown in Equation 5.2. Second, is the degeneracy between
the size of the source and the transversal velocity we fit. If we fix the path velocity of a
source and increase the size of it, its light curve will get broader due to the convolution of the
magnification region with a larger profile. Conversely, if we fix a source size and decrease the
velocity, the light curve will also become broader because it takes longer time for the source
to cross the magnification region. This degeneracy is not absolute, but it is something that
must be kept in mind when studying the results of the fitting.

5.5.2 Velocity considerations

The velocity one measures for a microlensing event is composed of different contributions.
It is a combination of the velocities of the observer, the lenses and the source. This is a
weighted combination of the following form (Kayser et al. 1986):

vt =
vo

1 + zl

DLS

DOL
− vl

1 + zl

DOS

DOL
+

vs

1 + zs
(5.5)

which for the case of Q 2237+0305 turns into:

vt = 9.85v0 − 10.81vl + 0.37vs (5.6)
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Pattern Image C Pattern Image B

Figure 5.7: Example track for a 0.05 ER (10 pixel) FWHM g’-band source size and a
source size ratio σr′/σg′=1.48. In the top panels the fitted track (blue arrow) is shown
in a 1.0ER × 1.0ER section of the microlensing patterns. In the middle panel the fitted
difference light curve (green line) and the observed OGLE difference light curve (crosses)
are shown. In the lower panel the best-fitting color curve (orange line) and the APO g’-r’
color curve (crosses) are shown.

where vo, vl and vs are the velocities of the observer, the lens and the source, respectively.
The velocity of the observer is simply the projection of the CMB dipole velocity. The Earth’s
motion relative to the microwave background is likely to be almost parallel to the direction
of the quasar Q 2237+0305 (Witt & Mao 1994), so v0 is negligible compared to the other
velocity values. Thus, Equation 5.6 reduces to only the contribution of the lens and the
source to the velocity. If we now assume the velocities of the lens and the source to be of the
same order of magnitude, the source velocity is weighted by only 3.5% compared to the lens



CHAPTER 5. Q2337+0305 UNDER A MICROLENSING CAUSTIC 95

velocity. Thus, the main contribution to the final velocity is the velocity of the lens.

This lens velocity has two components: the bulk velocity of the galaxy vb and the velocity
dispersion of the stars in the galaxy (microlenses) vµ. A complete characterization of it would
have required the use of “animated patterns” which consider non-static microlenses, in order
to fully quantify the phenomenon. However, since the time span of the event that we fit is
of ∼200 days, the significance of individual stellar motions in the fitting would be fairly low.
Moreover, Kundic & Wambsganss (1993) and Wambsganss & Kundic (1995) show that, in a
statistical sense, the overall effect of the individual stellar motions can be approximated by
an artificially increased velocity (a factor ≈1.3) of the source across the pattern.

The scale we use for fitting the velocity is pixels per Julian day. Using Equation 5.2 we
can see that this turns into:

1
pix

jd
= 0.005

ER

jd
= 32870

√

M

0.1M⊙

km

s
(5.7)

in the source plane. Using the appropriate velocity scaling (Kayser et al. 1986), we find: 1
pix
jd ∼3000 km

s in the lens plane.

5.5.3 Size considerations

In a standard thin accretion disk model of a quasar, the black hole is surrounded by a
thermally radiating accretion disk (Shakura & Sunyaev 1973). Kochanek et al. (2006) show

that the radii Rλ, where radiation with wavelength λ is emitted, scale as λ
4

3 . Thus:

f =
Rλ1

Rλ2

=

(
λ1

λ2

) 4

3

. (5.8)

For the observed data from APO, the transmission curve for the SPIcam g’ and r’ fil-
ters have central wavelengths of ∼4700Å and ∼6400Å, respectively. Using these values and
Equation 5.8 we obtain a predicted thin-disk ratio between the r’- and g’-band source sizes
of ∼1.5.

5.6 A statistical approach to light curve analysis

There are different ways to approach quasar microlensing studies. It can be by analyti-
cal model fitting of the light curves (e.g., Yonehara 2001), studying the structure function
(e.g., Lewis & Irwin 1996), doing statistics of parameter variations over time intervals (e.g.,
Schmidt & Wambsganss 1998; Wambsganss et al. 2000; Gil-Merino et al. 2005), obtaining
probability distributions with light curve derivatives (e.g., Wyithe et al. 2000c) or Bayesian
analysis (e.g., Kochanek 2004). Similar to Kochanek (2004), we construct a probability distri-
bution for the quantities of interest (V/g’-band source size, source size ratio and transversal
velocity) from our track library.

Each one of our tracks is a fit to the light and color curves and thus has a χ2 value
attached to it. We therefore infer information from the whole ensemble of models: the track
library. Using the standard approach for ensemble analysis (e.g., Sambridge 1999), we assign

a likelihood estimator to each track ti: p(ti)∝exp(−χ2(ti)
2 ). Using this likelihood estimator,
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the statistical weight for each track can be written as:

w(ti) =
p(ti)

n(ti)
(5.9)

where w(ti), p(ti) and n(ti) are, respectively: the weight, the likelihood obtained from the χ2

and the density parameter for each track ti. The density parameter describes the local track
density in a multidimensional grid, in which each dimension corresponds to a parameter of
interest. The density is normalized so that the sum of all the density parameters in the grid
equals one. By summing over the statistical weights, we can calculate probability distribution
histograms for all the parameters of interest.

Gil-Merino et al. (2005) (from now on G-M05) found an upper limit of 625 km
s (90 percent

confidence) on the effective transverse velocity of the lensing galaxy in Q 2237+0305. They
performed microlensing simulations assuming microlenses with M=0.1M⊙ for three different
source sizes yielding similar results. We use their probability distribution for the velocity
obtained with the largest source size value (Figure 5 in G-M05) in a further analysis step,
where we factor it into our own probability distributions by importance sampling. In other
words, we scale the probability of finding a track based on the G-M05 prior, and then re-obtain
the best-fitting value for each parameter and confidence intervals.

5.7 Results and discussion

As described in the previous section, we obtain limits on the source size and transverse
velocity from two sets of probability distributions. The first corresponds to the parameters
obtained without the use of any prior, and a second one in which we apply the G-M05 prior on
the transverse velocity of the lensing galaxy. For each probability distribution of a particular
parameter we select the 68 percent confidence level. This is done by making horizontal cuts
starting from the highest probability and screening down until 68 percent of the cumulative
probability is reached. The distribution, the best-fitting values (or the average of the 68
percent confidence region where no single best-fitting solution is found) and the 68 percent
confidence limits for the relevant parameters are shown in Figure 5.9 and Table 5.3. After
applying the G-M05 prior only ∼1000 tracks carry 99 percent of the statistical weight. This
makes the probability histogram for the source ratio sparsely populated for σr′/σg′>2. We
therefore require at least 70 of these 1000 tracks to be part of each bin in the histogram in
order to avoid low number statistics.

5.7.1 Relative transverse velocity and the size of the accretion disk

Without any velocity prior (see Figure 5.9), we have more fast tracks than slow tracks. No
limit on the transversal velocity can be determined. This is mostly due to the degeneracy
between source size and transverse velocity (see Section 5.5.1). Using the G-M05 prior,

we obtain a best-fitting velocity of 682+227
−379

√
M

0.1M⊙

km
s (projected into the lens plane). Note,

however, that the distribution shows a longer tail towards the higher velocities when compared
to the G-M05 probability distribution because, due to the steepness of the event, the fitting
favors fast tracks or small source sizes.

The average Gaussian width we obtain on the OGLE V/APO g’ source size without setting

the velocity prior is σg′=8.10+5.90
−5.99×10−2RE or 4.60+3.36

−3.40×1015
√

M
0.1M⊙

cm. These limits agree

with those obtained by Yonehara (2001) and Kochanek (2004) (who used a logarithmic prior
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Table 5.3: Results and confidence limits for g’-band source size, ratio between r’- and
g’-band source size and transverse velocity (projected to the lens plane).(*) The velocity
obtained without the G-M05 prior is shown without error bars as we do not obtain limits
for it.

Source Size σg′ Ratio Velocity (*)

×10−2 RE

√
M

0.1M⊙

σr′

σg′

√
M

0.1M⊙

×1015[cm] [km/s]

No Prior 8.10+5.90
−5.99 4.60+3.36

−3.40 1.25+0.45
−0.15 2930

With GM-05 Prior 2.34+0.43
−1.28 1.33+0.24

−0.73 1.45+0.90
−0.25 682+227

−379

on the transversal velocity). When we impose the velocity constraints of G-M05 we obtain
an OGLE V/APO g’ source size with a Gaussian width of σg′=2.34+0.43

−1.28 × 10−2RE which is

equivalent to 1.33+0.24
−0.73 × 1015

√
M

0.1M⊙
cm. This makes the upper limit tighter by a factor of

five compared to the previous result, placing it just below the 68 percent confidence limit
obtained by Kochanek (2004), very close to their resolution limit. For m0 (parameter that
accounts for the magnitude offset between images C and B; see Section 5.4.1) we obtain
-1.75.m0.0.25 without and -0.75.m0.1.25 with the G-M05 prior, respectively.

The source size ratio between the r’- and g’-band emitting regions of the quasar is
σr′/σg′=1.25+0.45

−0.15 without, and σr′/σg′=1.45+0.90
−0.25 with the G-M05 prior, respectively, cou-

pled with an intrinsic color parameter: c0=-0.18±0.05 in both cases (see Section 5.4.2). As
shown in Figure 5.9, both source size ratio distributions are similar. The measurements are
close to the theoretical value (f∼1.5) estimated in Section 5.5.3 with a Shakura & Sunyaev
(1973) thermal profile.

5.7.2 Intrinsic variability during the event

We are also able to get information on the intrinsic variability of Q 2237+0305 during the
time interval of the 1999 event. The difference light curve fitting, in principle, eliminates the
contribution of intrinsic variability:

C −B = (Cµ + I + EC) − (Bµ + I + EB) = Cµ −Bµ +m0 (5.10)

where C and B are the observed light curves for images C and B respectively, the subindex
µ denotes curves extracted from magnification patterns and I denotes intrinsic variability.
EC and EB denote the magnitude offset in each image, which we add as the m0 parameter.
However, we can recover the intrinsic variability information by comparing the observed light
curves with the ones extracted using our tracks at microlensing patterns for individual images
in the following way:

I = C − Cµ − EC = B −Bµ − EB (5.11)

Figure 5.8 shows intrinsic variability obtained as derived in Equation 5.11 (with omission
of the the constant EC and EB values) together with all four OGLE light curves during this
event (shifted in magnitude for easy comparison). The intrinsic variability curves result from
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the weighted sum of all the tracks in the library (with and without the GM-05 prior) using
both images B and C.

Figure 5.8: Intrinsic variability of Q 2237+0305 during the 1999 event. The yellow and
orange lines shows the weighted average quasar variability with and without the GM-05
prior on the velocity, respectively. The OGLE light curves for the different images are
also displayed, shifted in magnitude for easier comparison.

Even though the intrinsic variability obtained without the GM-05 prior shows a slightly
larger range than the one without, both curves are indistinguishable under the noise. The
curves show that the quasar varied by ∼0.3 magnitudes during this event declining its bright-
ness towards the end, consistent with the observed light curves for images B, C and D. Image
A appears to be entering a high magnification microlensing region therefore smearing out
the effect of intrinsic variability on the global light curve. A small residual bump can be
seen around Julian day 1370 (seen also by Kochanek 2004) that could be due the lack of
knowledge of the exact accretion disk profile.

5.7.3 Is it a caustic crossing event?

For a long time there has been discussion on the nature of the image C event in year 1999
(e.g., Wyithe et al. 2000b; Yonehara 2001; Shalyapin et al. 2002; Kochanek 2004). Using
different methods, it was found that this event was likely produced by the source passing
near a cusp. In order to investigate this for the tracks in our library, we compute the location
of the caustics for each of the magnification patterns using the analytical method by Witt
(1990, 1991) (combination of both ray shooting simulations and analytical caustics are shown
in Wambsganss et al. 1992).

For each track we determine whether either the center, the center±σg′ or the center±σr′

of the source touches a caustic at any time. Our analysis agrees with the previous results
when we use the OGLE light curve to fit for this event. However, to reproduce our APO color
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Table 5.4: Probabilities of high magnification event seen in image C of Q 2237+0305
being produced by the source crossing a caustic and of the g’ and r’-band region touching
a caustic. The table shows the obtained values for the probability both using and not using
the Gil-Merino et al. (2005) velocity prior.

No Prior With G-M05 Prior
cross g’ r’ cross g’ r’

0.75 0.92 0.97 0.72 0.89 0.94

dataset, tracks that cross a caustic are favored (see Table 5.4). We find that a source with a
radius as big as σr′ touched a caustic with 97 percent and 94 percent of confidence without
and with the G-M05 prior, respectively. Furthermore, the source, regardless of dimensions,
crossed a caustic with a 75 percent and 72 percent of confidence without and with the G-M05
prior, respectively (i.e., the center of the source touched a caustic).

The probabilities of the source touching a caustic at different radii are slightly larger in
the case in which we do not use the G-M05 prior as seen in detail in Table 5.4. This is due
to the fact that a higher velocity makes a track cover more distance through the pattern and
thus is more likely to encounter a caustic.

5.8 Summary and conclusions

We present two band (g’ and r’) APO data covering the high magnification event seen in image
C of the quadruple quasar Q 2237+0305 in the year 1999. We find that the amplitude of the
brightness peak is more pronounced in the g’-band than in the r’-band. This is also consistent
with the observations by Vakulik et al. (2004) (see also the analysis by Koptelova et al. 2007).

By using this data together with the well known OGLE data (Woźniak et al. 2000;
Udalski et al. 2006) and combining it with microlensing simulations, we have been able to
obtain limits on the size of regions of the quasar’s central engine emitting in these bands:
Gaussian width σg′=4.60+3.36

−3.40 × 1015
√

M/0.1M⊙ cm and σr′/σg′=1.25+0.45
−0.15.

Because of the degeneracy between source size and transverse velocity we use a prior
on the velocity obtained from the work of Gil-Merino et al. (2005) in order to improve the
results: Gaussian width σg′=1.33+0.24

−0.73 × 1015
√

M/0.1M⊙ cm and σr′/σg′=1.45+0.90
−0.25. Both

values for the ratio between the source sizes are close to the ratio obtained for a face-on
Shakura & Sunyaev (1973) accretion disk (f∼1.5). Recent studies (e.g., Poindexter et al.
2007; Morgan et al. 2007; Pooley et al. 2007) suggest microlensing yields a slightly bigger
value for the ratio than that obtained analytically with the thin disk model (see Section
5.5.2), also in agreement with our results.

We also show that this event was probably produced by the source directly interacting
with a caustic, as we obtain probabilities of 97 percent and 94 percent that the r’-band
emitting region touches a caustic without and with the G-M05 prior, respectively, and of 75
percent and 72 percent that the source center (regardless of size) crossed a caustic without
and with the G-M05 prior, respectively.
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Figure 5.9: Probability histograms for g’ or V source size, r’/g’ source size ratio and
transverse velocity (projected to the lens plane), respectively. The dotted line shows the
best-fitting values (or average of the 68 percent confidence region if no single best-fitting
value is found). The uncertainties correspond the 68 percent confidence limits.



6
Summary and Outlook

This thesis has presented different studies within the context of gravitational lensing, partic-
ularly quasar lensing. These have spanned from the confirmation of a strong lens candidate,
to the use of the resolution power brought by extragalactic microlensing to probe the inner
structure of a lensed quasar. The work presented in this manuscript has been done with
a strong interaction between theoretical concepts and high class astronomical observations.
Their connection has played a key role in the answering, and also the proposition, of questions
concerning the mass distribution of lensing galaxies, the cause of observed flux anomalies and
the nature of AGNs.

We have studied in detail COSMOS 5921+0638, a candidate strong lensing system located
in the COSMOS field. This system shows an early type galaxy and four point-like images that
lie on top of a faint ring surrounding the galaxy. Using spectroscopic data we have measured
the redshift of 10 galaxies in the field of the system, including the main lensing galaxy at
zl=0.551±0.001. Coupling photometric criteria with the measurement of a single emission
line, we have measured the redshift of the point-like images around the lensing galaxy at
zs=3.14±0.05. Our conclusion on the nature of the system is that it is composed of an AGN
(point-like images) being lensed by a foreground elliptical galaxy. The ring around the lensing
galaxy is formed by the distortion and magnification of the AGN’s host galaxy.

Possible lensing contributions from the environment around COSMOS 5921+0638, using
the zCOSMOS optical group catalog (Knobel et al. 2009, submitted), were studied. We find
that the mass and tidal perturbations produced by these galaxy groups would not significantly
affect the lensing potential of the system. Using PSF fitting techniques we have obtained
the brightness and accurate positions of the lensing galaxy and the point-like images. The
obtained astrometry was used to constrain mass models for the lensing system. Both non-
parametric and parametric models agree in the requirement of a small external shear in
order to reproduce the lensed AGN images’ configuration. The small external shear could
be due to individual galaxies in the line-of-sight to the system, or substructure in the lens
potential (also hinted in the non-parametric mass profile reconstruction). The lens modeling
allowed the determination of the mass of the lensing galaxy within its Einstein ring (4.5
kpc): M≈1.2×1011M⊙ and an estimate of the mass-to-light ratio: log(M/L)≈0.92±0.12.
The lensing induced magnification revealed the faint nature of the background AGN. Low
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Luminosity AGNs (LLAGNs) are expected to be common at high redshifts, but difficult to
detect without this natural magnification. Strong lensing of LLAGNs is thus one of the most
powerful tools to probe the AGN luminosity function at high redshift.

Flux anomalies are observed between the different quasar images when compared to the-
oretical expectations, likely due to microlensing. However, with the current temporal infor-
mation it is not possible to confirm if these anomalies are a static or a dynamic phenomenon.
In the immediate future, we plan to obtain new space-based observations of the system to
understand the nature of these anomalies. If the new observations reveal no variation of
the anomalies, then substructure in the lensing galaxy would likely be the cause of these
anomalies. If brightness variations are observed the anomalous flux ratios, then microlensing
could be confirmed as the cause for the anomalies, turning this system into an ideal candidate
for microlensing monitoring to probe the inner structure of the background LLAGN. In any
case, these new observations will allow to further constrain the mass model of the lens and
obtain a more accurate description of the mass distribution of the lensing galaxy, as well as
the properties of the background AGN and its host galaxy.

Deepening into the analysis of the observed flux of lensed quasars, we have used integral
field spectroscopy at the VLT to study the emission of four gravitationally lensed quasars:
HE 0230-2130, RX J0911+0551, H 1413+117 and B 1359+154, as well as objects around
their line-of-sight. In the field of HE 0230-2130 we have re-obtained the redshifts of the
lensing galaxies at z1=0.521 and z2=0.523, as well as newly identified a galaxy at z=0.518 at
a distance of ∆θ∼17′′ from the center of the system, thus, likely to be gravitationally related
to the main lensing galaxies. In the field of RX J0911+0551 we have confirmed the redshift
of one of the member galaxies of the cluster at redshift z=0.78 and we have newly identified a
galaxy, at a distance ∆θ∼12′′ from the lensed quasar images, at a redshift z=0.484, unrelated
to the known galaxy cluster and the main lensing galaxy. In the field of H 1413+117 the two
absorption systems at z∼1.44 and z∼1.66 are re-obtained with high accuracy, but no new
objects are observed.

The spectra of three of these systems (HE 0230-2130, RX J0911+0551 and H 1413+117)
revealed anomalies when compared among different images of the same system. Our analysis
suggests that microlensing is the most likely cause for these flux anomalies. Under this in-
terpretation, in image D of HE 0230-2130 we have observed a microlensing magnification of
the continuum emission, and in images A1 and/or A3 of RX J0911+0551 we see a microlens-
ing de-magnification of the continuum emission. In H 1413+117, comparison with previous
datasets reveals that image D has shown a history of microlensing induced variations, in the
case of our VIMOS observations, continuum magnification. Furthermore, this system shows
anomalies that could be consistent with Broad Line Region microlensing. As microlensing
is a dynamic phenomenon, this spectroscopic dataset can be used coupled to existing and
future observations of the systems. The study of the dynamic fluctuations of the microlensing
affected spectra would allow to study the structure of the accretion disks and Broad Line
Regions of the background quasars.

A dynamic microlensing study of the multiple quasar Q 2237+0305 is also shown. We have
used the V band OGLE light curves and g’ and r’ APO light curves covering a magnification
event seen in the year 1999. By comparison between them and source plane microlensing
simulations, using a fitting algorithm and a statistical interpretation of the results, we have
obtained constraints on the structure of the accretion disk of the background quasar. We
have taken advantage of the chromatic information available from the APO observations, not
only as further constraints on the fitting, but also to obtain the accretion disk size in different
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bands. Two sets of results are obtained: those without any prior and those obtained using a
velocity prior on the relative transverse velocity between the microlenses and the background
quasar (obtained from the work by Gil-Merino et al. 2005). Without the use of the prior, we
obtain an accretion disk size with a Gaussian width σV,g′=4.60+3.36

−3.40 × 1015
√

M/0.1M⊙ cm

and a size ratio σr′/σg′=1.25+0.45
−0.15. These values change to σg′=1.33+0.24

−0.73 × 1015
√

M/0.1M⊙

cm and σr′/σg′=1.45+0.90
−0.25 when the velocity prior is applied. In both cases, the ratio between

the two bands (σr′/σg′) is in agreement with the predictions of a thermally emitting accretion
disk model (Shakura & Sunyaev 1973). The high chromaticity seen in the event allowed to
determine the nature of the magnification event, showing that it was produced by the source
crossing a caustic with >72% confidence.

The method used for the analysis of the microlensing event on Q 2237+0305, can be
applied to other systems as well. Quasar monitoring projects are currently obtaining light
curves for different gravitationally lensed quasars in multiple bands. In time, these light
curves are becoming longer and are showing multiple microlensing events, which in turn,
will provide additional constraints. Furthermore, from the use of these light curves, time-
delay measurements are being obtained. Using these time-delays to shift the image light
curves allows to eliminate the intrinsic variability “noise” and extend this kind of analysis to
other systems. With this in mind, quasar microlensing sets the ground for the most direct
observationally motivated description of the inner structure of high redshift AGNs.

Quasar lensing is far from being a depleted source of astrophysical questions and answers.
Large scale cosmological surveys, long time scale monitoring of these variable sources and the
advent of more precise astronomical instrumentation, are continuously pushing the frontiers
of this subject and its uses. The topics discussed and the open questions presented in this
dissertation will certainly benefit from these trends.
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A
Influence of the Environment

To study the influence of mass in the line of sight between an observer and a source, we need
to study the lensing parameters (convergence κ and shear γ) induced by the body at the
position of the lens. As shown in Equation 2.29, κ and γ are defined as:

κ =
1

2
(∂xxψ + ∂yyψ) (A.1)

γ1 =
1

2
(∂xxψ − ∂yyψ) (A.2)

γ2 =∂xyψ = ∂yxψ (A.3)

where ψ denotes the lens potential of the pertuber. As the shear is defined as a vector, its
total magnitude is given by:

|γ| =
√

γ2
1 + γ2

2 (A.4)

and its direction θγ as:

θγ =
1

2
arctan

(
γ1

γ2

)

. (A.5)

In the following, we study the convergence and shear induced by spherically symmetric
lenses.

A.1 Point mass

A point mass lens has a potential:

ψ = θ2
E ln(r) (A.6)
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which implies a convergence and shear

κ =0 (A.7)

γ =

(
θE

r

)2

. (A.8)

A.2 Singular Isothermal Sphere

An isothermal sphere (see Section 2.3.2) has a radial density profile ρ∝1/r2 which implies:

κ = γ =
θE,SIS

2

1

r2
(A.9)

where

θE,SIS =
4π

G

(σ

c

)2 DLS

DOS
(A.10)

is the angular Einstein radius of a Singular Isothermal Sphere, which depends on the 1-D
velocity dispersion σ of the lens.

A.3 Truncated isothermal sphere

The isothermal profile decribed above is, in general, an acceptable approximation for the
potential of a galaxy. It delivers a good estimate for the shear and convergence when the
position of interest is not located very close or very far from the center of the lens potential
(∼θE,SIS). On the center, the radial density distribution as well as the surface density
(convergence κ) diverges to an infinite value. On the other hand, the relatively shallow slope
makes that the total mass of the profile (i.e.,

∫
ρ(r)) does not converge. Thus, the effect

of the perturber is overestimated when it is at a large projected distance (larger than its
Einstein radius).

A solution for these issues is to introduce a core radius s and a cut radius a. The core
radius eliminates the singularity in the center of the profile, and the cut or effective tidal
radius, truncates the profile. This profile has a 3-dimensional density distribution:

ρ ∝ 1

r2 + s2
1

r2 + a2
(A.11)

which implies a finite total mass M=πΣcritθ̃E(a− s) (see Equation 2.32 for the definition of
Σcrit.) The quantity θ̃E is defined in terms of the Einstein radius θE,SIS as:

θE,SIS

θ̃E

= 1 +
a

b
−
√

1 +
(a

b

)2
. (A.12)

The convergence or surface mass density κ and the shear γ induced by this profile have
the form
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κ =
b̃

2

(
1√

s2 + r2
− 1√

a2 + r2

)

(A.13)

γ =
b̃

2

[

1√
s2 + r2

+
1√

a2 + r2
− 2a

s2 + r2

(√
a2 + r2

a
− 1

)]

. (A.14)

In the limit in which s →0 and a→∞, the quantities reduce to the Singular Isothermal
Sphere parameters: θ̃E→θE,SIS and κ, γ→κSIS , γSIS.

A.4 Effective convergence and shear

The convergence and shear values defined previously, describe their influence on a redshift
plane identical to that of the perturber. As we want to study the effect of groups in the line-
of-sight towards a lensed source, these values need to be scaled to an effective convergence
κeff and γeff (Keeton 2003):

κeff =
(1 −B)[κ−B(κ2 − γ2)]

(1 −Bκ)2 − (Bγ)2
(A.15)

γeff =
(1 −B)γ

(1 −Bκ)2 − (Bγ)2
. (A.16)

The factor B encodes the redshift difference between the perturber P and the redshift
plane where the perturbation needs to be measured, which in the general case, is the redshift
of the lens L. B has the form:

B =
DPLDOS

DOLDPS
or

DLPDOS

DOPDLS
(A.17)

when the pertuber P is located between the observer O and the lens L or when the perturber
is located between the lens L and the source S, respectively.

If many perturbers are present in the line of sight towards a lensing system, the contri-
butions from each one of them can be summed as:

κtot =
∑

i

κeff,i (A.18)

γ1,tot =
∑

i

γeff,icos(2θγ,i) (A.19)

γ2,tot =
∑

i

γeff,isin(2θγ,i) (A.20)

which amounts to a total external shear of

|γtot| =
√

γ2
1,tot + γ2

2,tot (A.21)

and its direction θγ as:

θγ,tot =
1

2
arctan

(
γ1,tot

γ2,tot

)

. (A.22)
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B
Uncertainty estimation with GALFIT

galfit (Peng et al. 2002) is a parameterized two dimensional Levenberg-Marquardt (down-
hill) fitting algorithm. It fits commonly used 2-D light profiles directly to images. It allows
the fitting of multiple profiles per frame convolving with a PSF provided by the user.

galfit delivers error estimates on fitted parameters. This error is analytically estimated
assuming that surfaces of constant ∆χ2 can be approximated by ellipses. This implies that,
as a function of n free parameters, the region around the minimum χ2 is described by a
n-dimensional ellipsoid. With this approximation, the uncertainties are obtained from the
covariance matrix resulting from the χ2 minimization. If the fitted parameters are not cor-
related, an exact analytical description of the parameter uncertainty is obtained. When the
parameters are correlated, the uncertainty delivered by galfit is an approximate value (see
Peng et al. 2002).

This approach however does not account for systematic errors and it is ill-defined when
the χ2 surface is not smooth (e.g., when parameters are forced to be linked between each
other) or there are too many correlated parameters. Additionally, it only works on the basis
that the reduced χ2 obtained with the fit is χ2

ν∼1.
In order to quantify the errors on fitted parameters for a general case, we work out a

different approach using a numerical Monte Carlo iterative algorithm. The philosophy of a
Monte Carlo algorithm is to create a large number of realizations of the original dataset and
obtain independent results from each of them. The distribution of the results, would then
provide the uncertainties. In practice, we follow a three step procedure.

The first step is to create a “sigma image”. This “sigma image” contains all the image
uncertainty information. As described in Peng et al. (2002) it is calculated as:

σ =

√

smooth(im×GAIN ×N) +RD2 ×N)

GAIN
(B.1)

where:

• im: the original image in ADUs (Analog-to-Digital Units) or counts.

• GAIN : the scale factor of the CCD between the number of electrons and ADUs per
pixel.
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Figure B.1: Scatter of galfit results. The figure shows the distribution obtained for a
single parameter using a 500 iteration Monte Carlo fitting procedure. The red line shows
the most likely value (scaled to zero), the blue line shows the 90% confidence level and the
green line shows the 68% confidence level. The legend of the figure displays the associated
error bars for each confidence interval.

• N : the number of images averaged to create the final frame im.

• smooth: function that smooths (median filter) the image (in electron counts).

• RD: the electronic read-out noise of the CCD.

From Equation B.1 we can see that the sigma image accounts for the Poisson deviates
produced by the electron counts re-scaled to ADUs via the GAIN , in order to be used in
comparison with the original image (im).

The next step in our iterative procedure is to create a statistical sample of input images
to feed the fitting algorithm, with deviations based on the sigma image. Thus, we add
Gaussian noise with the appropriate uncertainties to the pixel counts in the original image
(i.e., imk(i, j)=im(i, j)+randomk(i, j)×σ(i, j)). Then, we run a galfit minimization over
each realization k of the original image. Finally from the scatter of the results obtained with
each fit, we obtain our confidence intervals. This is done by integrating the distribution, as
shown in Figure B.1.

The method accounts for systematic uncertainties and allows to study the shape of the
error distribution. This permits, for example, to assign asymmetric error bars if the most
likely value does not coincide with the center of the distribution (asymmetric distribution).
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