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Abstract

Gravitational lensing describes how light is deflected as it passes in the vicinity of a mass
distribution. The amplitude of the deflection is proportional to the mass of the deflector,
called “gravitational lens”, and is generally weak, even for large masses. The faintness
of this phenomenon explains why gravitational lensing remained essentially unobserved
until the late 1970s (only gravitational lensing by the Sun has been observed during the
solar eclipse of 1919). Before that time, gravitational lensing was considered merely as a
theoretical curiosity. However, the situation dramatically changed with the discovery of the
first extragalactic gravitational lens in 1979. Since then, together with the technological
progress of astronomical instruments, gravitational lensing has turned from a curiosity
into a powerful tool to address important astrophysical and cosmological questions.

The present thesis focuses on applications related to gravitationally lensed quasars.
Quasars are active galactic nuclei, where matter is heated up as it spirals down onto
the central supermassive black hole. When a galaxy is located on the line of sight to
a distant quasar, it acts as a gravitational lens and produces multiple images of this
background source. The light of the quasar follows different paths for each of its images.
Thus, variations of the intrinsic quasar luminosity are observed at different times in each
image. The time delays between the images can be used to determine the Hubble constant
Hy, because they are inversely proportional to Hy. This constant describes the current
expansion rate of the Universe, and is one of the fundamental parameters of cosmological
models. Many efforts have been spent over the years to determine Hy, but its value is
still poorly constrained. Gravitational lensing has the potential to noticeably decrease the
uncertainty of Hy. In practice, this requires regular and long-term monitoring of lensed
quasars. We have run a series of numerical simulations to both optimize the available
telescope time, and measure the time delays with an accuracy of a few percent. The
results of these simulations are presented in the form of compact plots to be used to
optimize the observational strategy of present and future monitoring programs.

Once the time delays are measured, one can infer estimates of Hy, provided several
other observational constraints are available. A key element to accurately convert time
delays into Hj is the redshift of the lensing galaxy. These redshift measurements are
difficult because lensing galaxies are generally hidden in the glare of the much brighter
quasar images. As a consequence, lens redshifts are often poorly constrained or even
completely unknown. We have acquired spectroscopic data of sixteen lensing galaxies with
the Very Large Telescope located in Chile. In combination with a powerful deconvolution
algorithm, we determine the redshift of these sixteen lensing galaxies, which represents
about 25% of all currently known quasar lensing galaxies. These results are useful for
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both Hy determinations and statistical studies of gravitational lenses, which can be used
to provide new constraints on cosmological parameters.

While the first part of this thesis focuses on the acquisition of observational constraints
for the lens models, the main part consists in using the phenomenon of microlensing to
determine the energy profile (or spatial structure) of quasar accretion disks. Microlensing
is produced by the stars located in the lensing galaxy. These stars act as secondary lenses,
and are called microlenses. Since the stars are moving in the galaxy, they induce flux
and color variations in the images of the lensed quasar. These effects can be used as a
natural telescope to probe the still mysterious inner structures of quasars with a spatial
resolution about ten thousand times better than the capacities of current astronomical
instruments, including the Very Large Telescope Interferometer. We present a three-year
long spectrophotometric monitoring of the lensed quasar QSO 223740305, also known as
the Einstein Cross, conducted at the Very Large Telescope. This monitoring reveals signif-
icant microlensing-induced variations in the spectra of the quasar images. In a subsequent
analysis, we find that the source responsible for the optical and ultraviolet continuum has
an energy profile well reproduced by a power-law R oc AS with ¢ = 1.2 & 0.3, where R is
the size of the source emitting at wavelength A. This agrees with the predictions of the
standard thin accretion disk model and is, so far, the most accurate determination of a
quasar energy profile.

As a complement to our microlensing study, we have obtained high spectral and spatial
resolution observations of the lensing galaxy of QSO 2237+0305. Our spectroscopic data
are acquired with the SINFONI, FLAMES, and FORS2 spectrographs of the Very Large
Telescope. We describe the reduction of these data, and provide the currently best and
most complete determination of the kinematics of a gravitational lens. The comparison
of our data with previously published dynamical models suggests that those may have
overestimated the mass of the galaxy bulge. Thus, new and more sophisticated models are
required. These models, combined with gravitational lensing, will provide two independent
constraints on the mass distribution. This will allow to better determine the quantity and
distribution of dark matter in this lensing galaxy, and especially in its extended halo.

Keywords

Accretion disk, astrophysics, cosmological parameters, cosmology, dark matter, deconvolu-
tion, Einstein Cross, gravitational lensing, Hubble constant, microlensing, QSO 223740305,
quasar, redshift, spectroscopy, time delay.



Résumé

L’effet de lentille gravitationnelle décrit la facon dont la lumiere est défléchie lorsqu’elle
passe a proximité d’une masse. Cette déviation est d’autant plus marquée que la masse
du déflecteur, appelé lentille gravitationnelle, est grande, mais demeure faible méme pour
des objets massifs. La faiblesse de ce phénomene explique pourquoi pratiquement au-
cune lentille gravitationnelle n’a été observée avant la fin des années 1970 (seul effet
de lentille du Soleil a été observé durant 'eclipse de Soleil en 1919), et pourquoi effet
de lentille gravitationnelle était considéré comme une curiosité théorique. La situation
a considérablement changé avec la découverte, en 1979, de la premiere lentille gravita-
tionnelle extragalactique. Des lors, porté par les progres technologiques des instruments
astronomiques, ’effet de lentille gravitationnelle est passé d’une simple curiosité a un puis-
sant outil pouvant répondre a d’importants problemes astrophysiques et cosmologiques.

Cette these porte sur des applications liées aux quasars subissant l'effet de lentille
gravitationnelle. Un quasar est un noyau actif de galaxie, dans lequel la matiere est
chauffée alors qu’elle tombe en spiralant sur le trou noir supermassif central. Lorsqu’une
galaxie est située sur la ligne de visée d’un quasar, elle joue le réle de lentille et produit
de multiples images du quasar se trouvant a ’arriere plan. La lumiere du quasar suit des
chemins différents pour chacune de ces images. Par conséquent, si la luminosité intrinseque
du quasar varie au cours du temps, nous observerons ces variations a des instants différents
dans chacune des images. Les retards temporels entre les images peuvent étre utilisés pour
déterminer la constante de Hubble Hy, car ils sont inversement proportionnels a Hy. Cette
constante décrit 'actuel taux d’expansion de I'Univers. Elle fait partie des parametres
fondamentaux des modeéles cosmologiques. De nombreux travaux ont été entrepris afin
de déterminer Hp, mais sa valeur n’est pas encore mesurée précisément. L’étude des
lentilles gravitationnelles a le potentiel de considérablement diminuer I’incertitude de Hy.
En pratique, ces mesures nécessitent des observations régulieres s’étendant sur plusieurs
années. Nous avons effectué une série de simulations numériques afin d’optimiser 'usage
du temps d’observation a disposition, et d’atteindre une précision de mesure de quelques
pourcents sur les retards temporels. Les résultats de ces simulations sont présentés sous
forme de graphiques qui peuvent étre utilisés pour optimiser la stratégie d’observation des
programmes actuels et futurs de suivi de quasars subissant l'effet de lentille.

Une fois que les retards temporels sont mesurés et que plusieurs autres éléments sont
connus, nous pouvons en déduire la valeur de Hy. Un des éléments clés pour la conversion
des délais temporels en Hy est le décalage vers le rouge (redshift) de la galaxie-lentille.
La mesure de ces décalages est difficile car la lentille est généralement cachée par les
images nettement plus lumineuses du quasar. Par conséquent, les décalages vers le rouge

il
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de nombreuses galaxies-lentilles sont souvent mal définis, voire completement inconnus.
Nous avons obtenu des données spectroscopiques de seize galaxies-lentilles avec le Very
Large Telescope situé au Chili. En combinant ces données avec un puissant algorithme de
déconvolution, nous avons pu déterminer le décalage vers le rouge de ces seize galaxies, ce
qui représente environ 25% de tous les redshifts de lentilles de quasars connus & ce jour.
Ces résultats sont utiles, d’une part, pour la détermination de Hj et, d’autre part, pour
des études statistiques des lentilles gravitationnelles qui peuvent apporter de nouvelles
contraintes sur les parametres cosmologiques.

Alors que la premiere partie de cette these est focalisée sur I’acquisition d’observations
pour contraindre les modeles de lentilles, la partie principale consiste a utiliser 'effet de
microlentille gravitationnelle pour déterminer le profil d’énergie (ou la structure spatiale)
du disque d’accrétion d’'un quasar. L’effet de microlentille est produit par les étoiles de la
galaxie-lentille. Ces étoiles jouent le role de lentilles secondaires, appelées microlentilles.
Puisque ces étoiles se déplacent a I'intérieur de la galaxie, elles induisent des variations de
Iintensité et de la couleur des images du quasar subissant ’effet de lentille. Ces variations
peuvent étre utilisées comme un télescope naturel pour sonder les structures internes, en-
core mal connues, des quasars, et ceci avec une résolution spatiale surpassant dix mille fois
les capacités des instruments astronomiques actuels incluant le Very Large Telescope In-
terferometer. Nous présentons un suivi spectrophotométrique de plus de trois ans, effectué
au Very Large Telescope, du quasar QSO 2237+0305 subissant 1’effet de lentille gravita-
tionnelle induit par une galaxie d’avant-plan. Ce quasar est également connu sous le nom
de la Croix d’Einstein. Ce suivi révele d’importantes variations dans les spectres des im-
ages du quasar provoquées par 'effet de microlentille. Dans une analyse subséquente, nous
montrons que la source responsable de I’émission du continu optique et ultraviolet possede
un profil d’énergie bien représenté par la loi de puissance R o X¢ avec ¢ = 1.2 4+ 0.3,
ou R est la taille de la source émettant a la longueur d’onde A. Ceci concorde avec les
prédictions du modele standard pour les disques d’accrétion minces et représente, a ce
jour, la détermination la plus précise du profil d’énergie d’un quasar.

En complément a notre étude de 'effet de microlentille, nous avons obtenu des observa-
tions a hautes résolutions spectrale et spatiale de la galaxie-lentille dans QSO 2237+40305.
Nos données spectroscopiques sont acquises avec les spectrographes SINFONI, FLAMES,
et FORS2 du Very Large Telescope. Nous décrivons la réduction de ces données et obtenons
la meilleure et plus complete détermination de la cinématique d’une lentille gravitation-
nelle. La comparaison de nos données avec les prédictions de précédents modeles dy-
namiques suggere que ces derniers ont peut-étre surestimé la masse du bulbe de la galaxie.
Par conséquent, de nouveau modeles, plus sophistiqués, sont nécessaires. Ces modeles,
combinés a l'effet de lentille gravitationnelle, apporteront deux contraintes indépendantes
sur la distribution de matiere. Ceci devraient permettre de mieux déterminer la quantité
et la distribution de la matiere sombre dans cette galaxie-lentille, et notamment dans son
halo.

Mots-clés

Astrophysique, constante de Hubble, cosmologie, Croix d’Einstein, décalage vers le rouge
(redshift), déconvolution, disque d’accrétion, lentille gravitationnelle, matiere sombre, mi-
crolentille, parametres cosmologiques, QSO 223740305, quasar, retard temporel, spectro-
scopie.
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“Science is facts; just as houses are made of stones, so is
science made of facts; but a pile of stones is not a house
and a collection of facts is not necessarily science.”
Henri Poincaré (1854 - 1912)

Chapter

Introduction

The deflection of light passing close to a mass concentration was already mentioned in
1704, when Sir Isaac Newton wondered :

“Do not bodies act upon light at a distance, and their action bend its rays; and is not
this action strongest at the least distance?”

Even though the phenomenon was known, it took more than two centuries before gravita-
tional lensing could be consistently explained through Albert Einstein’s theory of General
Relativity. Since the beginning of the 20" century and especially in the last thirty years,
together with the technological advances of astronomical instruments, gravitational lensing
has evolved from a curiosity into a powerful tool to address astrophysical and cosmological
questions. Applications of gravitational lensing are numerous, and we briefly summarize
some selected highlights.

Gravitational light deflection is determined by the mass distribution in the lensing
object, and is equally sensitive to dark and luminous matter. Lensing is therefore an ideal
tool for measuring the total mass of astronomical bodies. Several important discoveries
were made using gravitational lensing, e.g., the discovery of a portion of dark matter in
the form of low-mass stars in our Galaxy (e.g., Alcock et al., 1993; Aubourg et al., 1993),
the detection of one of the smallest known extrasolar planets (Beaulieu et al., 2006), the
detection of massive large-scale structures in our Universe (e.g., Van Waerbeke et al.,
2000), and the finding of a direct empirical proof of the existence of dark matter (Clowe
et al., 2006).

An interesting property of gravitational lenses is that they act as natural telescopes.
Since lenses can magnify background sources, these appear brighter than they would
without a lens. This magnification effect has yielded spectacular results, such as the
detection of some of the most distant galaxies in the Universe (with z ~ 7 by Kneib
et al., 2004). The stars in a lensing galaxy can act as numerous secondary microlenses,
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and because these stars are moving in the lensing galaxy, they induce flux and color
variations in the images of the lensed background source. These effects can be used as
a natural telescope to resolve and probe the inner structures of lensed quasars with a
spatial resolution of about one micro-arcsecond (e.g., Kayser et al., 1986). This is far
beyond the reach of any presently available telescope. For instance, the MID-infrared
Instrument (MIDI) of the Very Large Telescope Interferometer (VLTI) of the European
Southern Observatory (ESO) reaches an angular resolution of about 10 milli-arcseconds
in the infrared. This resolution corresponds to a building of ten floors on the Moon seen
from the Earth. Even though these performances are exceptional, gravitational lensing
can reach a resolution about ten thousand times better.

Other applications of gravitational lensing provide estimates of cosmological parame-
ters. For example, the probability that a distant object is strongly lensed is proportional
to the number of possible lensing objects along the line of sight, and because the volume
element as a function of distance depends on the cosmological model, it is thus quite sensi-
tive to dark energy. Statistical studies of gravitational lenses therefore provide constraints
on the density of dark energy in the Universe (e.g., Fukugita et al., 1990; Turner, 1990).
The Hubble constant Hy is another cosmological parameter that can be estimated from
gravitational lensing. This constant is a fundamental parameter of current cosmological
models because it describes the actual expansion rate of the Universe, and because it sets
the scale of extragalactic distances. Despite the observational efforts spent over the years,
and the numerous different techniques developed to measure Hy, its value is still poorly
constrained, and its uncertainty reaches 10% (Freedman et al., 2001). Gravitational lensing
has the potential to noticeably decrease this uncertainty through the so-called time-delay
method (Refsdal, 1964a). This method is based on the property that a galaxy situated on
the line of sight of a distant background source produces multiple and magnified images of
the source. The light of these images follows different paths, and hence intrinsic variations
of the source are observed at different times in each image. The time delays between the
images are proportional to H ! and hence can be used to determine its value.

The present thesis focuses on applications related to a particular kind of gravitational
lenses: gravitationally lensed quasars. Quasars are active galactic nuclei and are the
brightest objects known in the Universe. Presently, there are approximately one hundred
identified lensed quasars', and hence only one in five hundred quasars is lensed. The
theory of gravitational lensing is now well understood, and one of the main difficulties
encountered by quasar lensing applications is the acquisition of the data. Observations of
gravitational lenses are challenging, because the deflection of light is a weak phenomenon,
and the typical angular separation between the multiple images of a lensed quasar is
about one arcsecond. Observations of lensed quasars are hence only possible with sub-
arcsecond spatial resolutions. Such resolutions are reached by space-based telescopes, or
large ground-based telescopes, but are much more difficult to reach with more common
1m-class ground-based telescopes.

!See http://cfa-www.harvard.edu/castles .



1.1 Outline

In the first part of this thesis, we give a theoretical introduction. In particular, we remind in
Chapter 2 some basics of modern cosmology and present the current state of observational
cosmology. In Chapter 3, we give some insights on active galactic nuclei with a specific
focus on quasars. We present the basics of gravitational lensing in Chapter 4.

The second part of this thesis presents the COSMOGRAIL project. This project aims
at measuring the Hubble constant Hy with unprecedented accuracy using the time-delay
method mentioned earlier. In practice, this requires regular and long-term (over several
years) monitoring of several lensed quasars. COSMOGRAIL has the unique opportunity
to use partly dedicated 1m-class telescopes and hence large amounts of observing time are
available. In order to use the available time in the most efficient manner, we present in
Chapter 5 numerical simulations that define the optimal observing strategy to adopt for
the determination of the time delays of a given lensed quasar.

Once the time delays are measured, one can infer estimates of Hy from the time-
delay method if several additional elements are provided. These elements are : (i) the
astrometry of the lens and of the lensed images, (ii) the distances to the source and
to the lens, and (iii) the model of the mass distribution of the lens. Measures of the
astrometry are straightforward, and recent observations with the Hubble Space Telescope
(HST) reach precisions of about 5 milli-arcseconds. The correct evaluation of the distances
of the background source and especially of the lens are much more difficult. Whereas the
distance of the source is well determined for the majority of all known gravitationally lensed
quasars, the distance of the much fainter lensing galaxies are often poorly constrained
and sometimes even completely unknown. In Chapter 6, we describe how to determine
the distance of lensing galaxies by using deep spectroscopic data in combination with a
powerful deconvolution algorithm.

In the third and last part, we focus on one particular lensed quasar, namely the Ein-
stein Cross QSO 2237+0305. This object is famous because of the unusual proximity
of its lensing galaxy, which provides a privileged laboratory for lensing experiments. In
Chapter 7, we present our spectrophotometric monitoring of the Einstein Cross conducted
at the Very Large Telescope. Microlensing by stars located in the lensing galaxy induces
chromatic flux variations in the spectra of the quasar images. We use these variations to
infer the spatial structure (or energy profile) of the accretion disk surrounding the cen-
tral supermassive blackhole of the lensed quasar. In Chapter 8, we take advantage of the
proximity of the lens in QSO 2237+0305 to conduct a detailed study of its stellar kine-
matics using long-slit and integral-field spectroscopy. The kinematics can be used to trace
the mass distribution in the lensing galaxy, which we compare to the mass distribution
inferred from gravitational lensing. The combination of these two independent methods
offer a promising way of determining the mass distribution in the extended dark matter
halo. Finally, we present the conclusion of this thesis and give perspectives for the future.
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“The most incomprehensible thing about the
world is that it is at all comprehensible.”
Albert Einstein (1879 - 1955)

Chapter

Basics of modern cosmology

Cosmology is the study of the Universe in its totality, and has fascinated mankind for
thousands of years from various points of view including science, philosophy, and religion.
In recent times, science has come to play a more central role in our understanding of the
Universe through theoretical and technological developments. Since the last decade, we
are witnessing an epoch of tremendous discoveries in cosmology.

The general picture that science has led to is known as the concordance model and
a cartoon of the evolution of the Universe is depicted in Fig. 2.1. Following this model,
the history of the Universe began some 13.7 billions of years ago with the Big Bang, an
extremely hot and dense state. From this moment on, the Universe started to expand and
cool down. At the very beginning, the Universe is thought to have undergone a phase of
exponential expansion called inflation. The physical details of the inflationary scenario
are still not well understood, and it is not yet clear what put an end to the inflation, after
which the normal Friedmann evolution of the Universe began.

A few minutes after the Big Bang, protons and neutrons began to combine in the
process of nuclear fusion and formed the first atomic nuclei, predominantly helium, as
well as very small quantities of other simple nuclei. This primordial nucleosynthesis only
lasted for about twenty minutes, after which the temperature and density of the Universe
fell to the point where nuclear fusion can not continue. As the Universe was continuing to
cool down, electrons began to be captured by the ions, forming first atoms. This process
is known as recombination and occurred approximately 400,000 years after the Big Bang.
As most of these atoms were neutral, the Universe became transparent to photons for
the first time. Photons emitted at that time, are those that we see today in the Cosmic
Microwave Background (CMB) radiation. This thermal radiation is a visible relic of the
Big Bang and follows a blackbody spectrum with a temperature of 2.725 K.

About 400 millions years later, the matter in the Universe slowly assembled driven
by gravitation. First stars and active galactic nuclei (AGNs) were created and started to
radiate so intensely that they reionized the whole Universe. Galaxies assembled in groups
and clusters, creating always larger structures.
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Dark Energy
Accelerated Expansion

Afterglow Light
Pattern  Dark Ages Development of
400,000 yrs. [ Galaxies, Planets, etc.

Inflation

Fluctuations

1st Stars
about 400 million yrs.

Big Bang Expansion
13.7 billion years

Figure 2.1: The history of the Universe illustrated by the NASA/WMAP Science Team.

Given this general picture, we will briefly review some theoretical concepts on which
the current cosmological model is based, and which are necessary for the description of
the phenomenon of gravitational lensing in Chapter 4.

2.1 The cosmological principle

The cosmological principle is not formally a principle, but rather an assumption or math-
ematically speaking an axiom, that is based on observed properties of the Universe, and
states that

“On large spatial scales, the Universe is homogeneous and isotropic.”

Isotropy implies that the Universe has the same characteristics in all directions, and ho-
mogeneity means that the Universe is identical everywhere in space. Maybe the most
important implication of this principle is that there is no preferred place in the Universe.

2.2 The Friedmann-Lemaitre-Robertson-Walker metric

When applied, the cosmological principle severely restricts the large variety of possible
cosmological theories. An exact solution of the Einstein field equations of General Rel-
ativity describing a homogeneous and isotropic Universe was first found by Alexander
Friedmann (1922). Later, Georges Lemaitre (1927) arrived independently at similar re-
sults as Friedmann. Howard Percy Robertson and Arthur Geoffrey Walker explored the



problem further during the 1930s, and proved the uniqueness of the Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric (i.e. the FLRW metric is the only one on a Lorentzian
manifold that is both homogeneous and isotropic). Walker (1935) considered the metric

dr?
1 — kr2

?dr? =c?dt* — R (t) ( + 7% (d6? + sin* 6 d¢2)> = gy da* dz”

where k describes the curvature and is time-independent, and R(¢) is the scale factor and is
explicitly time dependent. This metric leaves some choice of normalization, commonly £ is
specified to be equal to &1 or 0 by using an appropriate normalization of the coordinates.
Robertson (1935) considered the following solution of the Einstein field equations

2 dr? =c2dt? — R3(t) (dx? + Si(x) (d6? + sin® 0 d¢?)) = g, dat da” .
One can verify that these two metrics are equivalent by defining

sin(y) ifk=1
r(x) = Sk(x) =9 x if k=0
sinh(y) ifk=-1.

Frequently the scale factor R(t) is normalized to its actual value Ry, and is then written

. R(t)

t) = ——.
alt) = %
The FLRW metric nicely incorporates the idea of a uniformly expanding cosmological
model with no center.

2.3 The Hubble constant

The Hubble parameter H(t), also called the expansion rate of the Universe, is defined by

H(t) = gég - 28 = S nat)

where R = dR/dt and @ = da/dt. The value of H(t) measured today is written Hy
and is called the Hubble constant. The relation between the distances and the observed
radial velocities of nearby galaxies can be obtained from the proper distance Dp = R(t) x
of the source. Even if the source remains at the same comoving coordinates (i.e. x, 6
and ¢ are constant), the proper distance of the source changes with time because of the
time-dependence of the scale factor R(t). Due to this, the source has an apparent radial
velocity v, with respect to the observer given by

Ur:%:RX: gDp:H(t)Dp .
This relation was first predicted theoretically by Lemaitre (1927), and was observed for
the first time in 1929 by Edwin Hubble, and is now known as Hubble’s law. Hubble (1929)
measured the distances of nearby galaxies by observing Cepheid variable stars. He proved
that the galaxies are receding in every direction at speeds directly proportional to their
distance. This provided the first observational evidence for the expansion of the Universe.
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2.4 The cosmological redshift

Photons emitted by a distant source located at the comoving radial coordinate r = r. will
travel through the Universe until they reach us at » = 0. If they follow a radial geodesic
(i.e. dd = d¢ = 0), we know from the FLRW metric that

dr? de d
0=gudards’ =2df? — R2(t)——— = c— = ———t.

1 — kr2 R(t) V1I—kr?

If a photon is emitted at a comoving time coordinate t., it will reach us at a time t,. In
the same manner, a photon emitted at t. + . will reach us at t, + dt,, and thus

fo dt O dr fotdto
¢ — = - ———=c — .
/te R(t) /r V1 — kr? /te+6te R(t)

We can rewrite this

o dt fetote gt o dt ot fototo fototo (it
o [ [ [ [ [
/te R(t) /te R(@t)  Jrorot. B(E)  Jioyse. B(E) i, R(t)  Jivst. R(?)

And hence, for sufficiently small 6¢, and dt,, we can consider R(t) to remain approximately
constant over the time intervals [t.; t. + 0te] and [to; t, + dt,], leading to

/’fe+5te dt /to”to dt 5te Ot Sto Ve Ao R(to)
¢ R(t) )i

R®  R@t) R, 6 v M R

e

where A and v = ¢/\ are the wavelength and frequency of the photon, respectively. As a
consequence, the observed wavelength )\, is shifted relative to the emitted wavelength ..
This shift z is defined by

Since Hubble (1929) discovered his famous law, our Universe is known to be expanding.
This implies for the scale factor that R(t,) > R(t.) = Ao > Ac. Hence, due to the expan-
sion of the Universe, the observed wavelengths of distant objects are redshifted relative to
the emitted wavelengths.

This redshift is not a Doppler redshift, in the sense that the galaxies and the ob-
server are not moving away from each other, but instead it is the space between them
that expands. Hence, the cosmological redshift is by itself a property of the expanding
spacetime.

2.5 The Friedmann equations

Considering the FLRW metric describing an isotropic and homogeneous Universe, one can
compute the Ricci tensor defined by

R.p = Rwa'yﬁ = (%I‘Zyﬁ —0pl0, + 10500, — Ffwl“gﬁ

where the I's are the Christoffel symbols

1
Ils= 5975 [0 950 + Oa 958 — 05 Gap) -
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After some algebra, we get

. 9
Rooz—%g Roi =0 R;j Z—# <G&+2d2+22§> Gij -
The cosmological principle states that the Universe looks the same in all directions and
from any observing point. We can take this a stage further and assert that all the laws of
physics take the same form independently of the reference frame. Mathematically speak-
ing, this states that any law of physics has to be covariantly conserved, i.e. a coordinate
transformation does not affect physical observables. Following this idea, Albert Einstein
found the Einstein tensor G, which is covariantly conserved, and established his famous

field equations
81G

1
G = Ry — igwa — Mgy = CTTW
where T),,, is the energy-momentum tensor and A is the cosmological constant. These field
equations link the spacetime geometry G, with its energy content 7},,. The most general
form of T}, compatible with the cosmological principle is
1 . dz¥
T = C—Q(p c? + plwuwy — Py with W = Guv g~ and whwy, = c?

This is the energy-momentum tensor of a perfect fluid, i.e. a fluid that is completely
characterized by its rest frame energy density pc? and isotropic pressure P. In the fluid
rest-frame, we have w” = (c, 0, 0, 0) implying Tpo = pc? and Tj; = —Pg". Introducing
this into Einstein’s field equations leads to the Friedmann equations (Friedmann, 1922)

0N 2 2
a 8rG kc 1A.2
(a)° ="5p— miz +34c

E =G (o4 9) A

a

These equations can be integrated with respect to time, and give

)y 1P L) =0.

dt dt
This equation is equivalent to the first law of thermodynamics applied to an adiabatic
expansion, i.e. dU = —PdV, where V is the volume and U is the internal energy of the

system. This expresses the conservation of energy in the Universe.

2.6 The energy components of the Universe

A powerful approximate model for the energy content of the Universe is obtained by
dividing the content of the Universe in three different perfect fluids: one non-relativistic
component p,, ¢2, one relativistic component p, c?, and one (still mysterious) component
related to the energy of the vacuum pa c? and sometimes referred to as dark energy. With
these definitions, we can rewrite the Friedmann equations

(4)" = 2580 — A2
& — 10 (p+3F)

where p = pm, + pr + par and P = P, + P, + Py.
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Pressure-Free Matter

The matter contained in stars, galaxies, as well as gas in the intergalactic medium, is
composed of non-relativistic particles and the pressure induced by the slow motion (with
respect to the speed of light) of these particles is gravitationally completely insignificant.
Hence, the corresponding equation of state is well approximated by P,, = 0 and from the
integrated Friedmann equations, we get

En (pmc2 a3) =0 & Pm a® = constant.

Radiation

For particles moving with large velocities (e.g., photons), the pressure is no longer negligi-
ble and the energy density is related to the pressure by the equation of state P, = % prc2.
The integrated Friedmann equations then give

Ay sy d 4| - 1_
dt(pra)+ (a®)=0 = pp ln(pr)+3ln(a) =0 < p.a” = constant.

Vacuum Energy

If we assume that the geometrical term Ag,, that appears in the Einstein field equations
is caused by an energy-momentum tensor T} ,,, related to the vacuum, we get

At
Thw = %g/w .

The Universe being homogeneous and isotropic, we can consider the vacuum as a perfect

fluid, and hence

4
-1 = —AC =
PACT = L Ap0 = = pA = constant.
87G

The integrated Friedmann equations then imply

(1 +Py) S (@) =0 = Pi=-pc.

This means that the vacuum has a negative pressure and implies that the vacuum energy
acts like a repulsive force and therefore has a tendency to accelerate the expansion of the
Universe.

Over the past two decades, there has been growing evidence that the expansion rate
of the Universe is indeed accelerating. The most direct evidence is provided by supernova
observations (e.g., Perlmutter et al., 1999) and implies that a form of repulsive dark energy
must exist. The nature of this dark energy is still unknown. Dark energy is commonly
described by the equation of state Ppp = w pDEC2. In the concordance model, dark
energy is identified with the vacuum energy and hence w = —1.

2.7 The critical density

The first Friedmann equation reveals that there is a direct connection between the density
of the Universe and its global geometry

871G kc?
N Rfa?(t)
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For a given rate of expansion H (t), there is a critical density p.(t) that will yield &k = 0,
making the comoving part of the metric look Euclidean.

2
pe(t) = 3§Tét) :

We can consider three different geometries for the Universe:

e if k =0« p(t) = pc(t), the three-dimensional space for any fixed time ¢ is Euclidean,
i.e. flat.

o if k =1« p(t) > pc(t), the space is closed, i.e. it has a finite volume, but has no
boundaries (e.g., the surface of a sphere is a closed two-dimensional space), and has
a spherical symmetry.

o if k = —1< p(t) < pc(t), the space is called hyperbolic and is open, i.e. it is unbound
and infinite.

2.8 The density parameters

In order to simplify the Friedmann equations, the energy density is commonly normalized
with the critical density p.. This defines the density parameters

. Pi (t) 02 81G

Ul = e T D

pi(t) where i=m,r, or A .

For instance, the density parameter of the vacuum is

Qn(t) = pA C2 B Act 881G B Ac?
AT )2 T 8nG 3cZH2(t)  3H2(t)

In a similar way, we can define an energy density pj for the curvature and its corresponding
density parameter 2

871G k c? P €2 kc?

—_— = ——F Qr(t) = = — .
34w W= we = moRr

We can rewrite the first Friedmann equation using these definitions
1=Qm + Q0 +Qa + Qp & Qp=1—Qp — Q. —Qp .

We can also write

‘ S
)

. 2 2

a a 871G

<> = H&;‘; (1 ~ 3 (Pm(to) + pr(to) + palto) = (pm + pr + pa)
0

)

on

a
We have already mentioned that
Pm a® = pm(to) ag o Pr a* = pr(to) aé ; pa = pa(to) -

Hence, written in terms of the density parameters Q;p = €;(¢o) at the time ¢ = ¢y, this
gives

. 2 -2 -3 —4
(a> = H? ((1 Qo — o — Qa0) [a] + Qo {a] + Q0 [a] 4 QA0> .
a ap ap aop
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2.9 Cosmological distances

The comoving coordinate system (ct, x, 8, ¢), or equivalently (ct,r, 0, ¢), relates to proper
distances (i.e. distances measured in a hypersurface of constant proper time t) in a space-
time described by the FLRW metric. The proper distance Dp of a point P; from another
point P, is the distance measured by a chain of rulers held by observers which connect P;
to P, at a given time ¢

2 dr
Dp(t) = R(t with = — _—/ - -
P( ) ( )X12 X12 (X2 Xl) . 1 for2

To express xi2 in terms of measurable quantities, we consider a photon (c2dr? = 0)
traveling along a radial geodesic (df = d¢ = 0). This yields

_ _fticdt _ 1 a2 c
X12 = 7 Ji, R@t) ~ Ro fa1 a? (d/a)da
_ c a2 1 ag
~ HoRoao fa1 a2 da .

—2 —3 4
\/(1*Qm0797~0791\0) [%] +Qmo {%] +Qro {%} +Q2a0
From the definition of the redshift we have a = ag/(1 + z) and thus

C 2 dz
X12 = / .
HyRy 21 \/(1 _QmO_QT‘O_QAO) (1+z)2+Qm0(1+z)3+9r0(1+z)4+QA0

We can not measure proper distances to astronomical objects in any direct way. Distant
objects are observed only through the light they emit. Light takes a finite time to travel to
us, and, in this elapsed time, the scale factor R(t) may have changed. Therefore, we can
not physically make any distance measurements along a hypersurface of constant proper
time, but only along the set of light paths traveling to us from the past. However, one
can define operationally other kinds of distance which are, at least in principle, directly
measurable.

One such distance is the angular-diameter distance which is constructed to preserve
a geometrical property of the Euclidean space, namely the variation of the angular size
of an object with its distance to an observer. Let dp(t2) be the proper diameter of the
source placed at P, at time to. If the angle subtended by dp(t2) is denoted A6, the
Roberston-Walker metric implies then

dp(te) = R(t2) Sk(x12) Af .
We define the angular-diameter distance D 4 (P, P») from the source to the observer to be

d(t2)
Af

= R(t2) Sk(x12) = o Sk(x12) -

Dy(P, Py) = 5

We have already mentioned that /—Qo/k = ¢/(HoRyp), if k # 0. Moreover the first
Friedmann equation gives Q =1 — Q,, — Q,. — Qp, thus

1
Ro= ° |1_QmO_QrO_QAO|_1/2 if k£0.

"7 Ho /|| Ho
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From this, we get the angular-diameter distance of the source at redshift 29, as measured
by an observer located at a redshift z; < zo

1

[¢ 1 . H, .
(T+22) 7o \ /[0 sm(M%Dc) if Q<0 k>0

DA(Z]_,ZQ): ﬁDC lkaOZO@k:O

e 7 v Sinh (VQk {8 Do) if Qpo > 06 k<0
where Do = Dp(ty) = Rp x12 is the comoving distance, and

dz

Do = — /22
o= < .
Ho )2y /(1 = Quno — Qo — Q0) (1 + 2)% + Qo (1 4 2)% + Qo(1 + 2)* + Qo

Note that in general, D4(z1,22) # Da(0, 22) — D 4(0, 21).

2.10 Observational cosmology

Extensive observational studies over the past decades have led to four main cosmological
observations which all validate the Big-Bang theory: (i) the expansion of the Universe,
(ii) the black-body spectrum of the cosmological microwave background (CMB), (iii) the
density fluctuations seen in the CMB and in the distribution of galaxies, and (iv) the
abundances of primordial elements. Together, they provide extremely strong constraints
on cosmological models and show that the Universe began some 13.7 billion years in a very
hot and dense state, that it expanded and cooled down since then, and that the expansion
is currently accelerating.

The expansion of the Universe and the Hubble constant

The expansion of the Universe was first observed by Hubble (1929), who established the
recession of nearby galaxies described by his famous law v, = HyDp. The Hubble constant
Hj is a particularly important parameter because any extragalactic distance determination
is directly related to it. A lot of different methods have been developed to measure Hy
and most of these methods are based on so-called distance indicators. Common distance
indicators are stellar objects that can be used as standard candles, e.g., Cepheids or type
Ia supernovae (SNIa). Cepheids are relatively young bright pulsating stars and are known
for their period-luminosity relation. The measurement of the pulsation period determines
the absolute magnitude of the star, which compared to its apparent magnitude, yields the
distance. These stars are used as primary distance indicators, but their use is currently
limited to approximately 30 Mpc. Determination of greater distances require brighter
distance indicators such as SNIa.

When a white dwarf accretes matter from a companion star, it increases the temper-
ature and density inside its core. When the white dwarf reaches the Chandrasekhar limit
of 1.38 Mg, the temperature and density of its core are high enough to ignite carbon
fusion and the white dwarf is destroyed in a SNIa explosion. Because of this limit in
mass, SNIa all have basically the same initial energy, resulting in explosions with similar
lightcurves. The properties of these lightcurves can be used to determine the luminos-
ity distance of the SNIa. Measuring the redshift of the host galaxy then determines the
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luminosity distance-redshift relation, which provides important observational constraints
on cosmological parameters. Recent systematic searches for distant SNIa have been able
to determine this distance-redshift relation up to a redshift of z ~ 2 (e.g., Astier et al.,
2006; Wood-Vasey et al., 2007; Riess et al., 2007). These studies have led to the important
result that the expansion of the Universe is currently accelerating.

Other distance indicators are based on observed properties of galaxies. The Tully-
Fisher (Tully & Fisher, 1977) relation is an empirical relationship between the intrinsic
luminosity of spiral galaxies and their maximum rotational velocity. A similar relationship,
known as the Faber-Jackson (Faber & Jackson, 1976) relation exists for elliptical galaxies
between their intrinsic luminosity and their velocity dispersion. This relation has been
improved by (Djorgovski & Davis, 1987), and is known as the fundamental plane. This
plane defines the relation between the effective radius, average surface brightness and
central velocity dispersion of elliptical galaxies. One further method, called the surface
brightness fluctuation method (Tonry & Schneider, 1988), is based on the fact that galaxies
are made of a finite number of stars and on the hypothesis that the number N of stars
per unit area follows a Poissonian distribution with standard deviation V/'N. The relative
fluctuations of the number of stars per unit area hence scales as 1/v/N. For a given solid
angle dw, the corresponding area d.S depends on the angular-diameter distance D4 of
the galaxy with dS = D%dw. The larger the distance, the larger the number of stars
contained in the solid angle dw and the smaller the relative fluctuations. Once calibrated
with primary distance indicators, these surface brightness fluctuations give an estimate of
the distance.

The problem with these methods, except for the Cepheids, is that there are secondary
distance indicators, i.e. there are calibrated using primary distance indicators. Errors in
the distances estimated from the primary distance indicators will therefore directly affect
the secondary distance indicators, increasing the systematic errors. To minimize this
effect, it is crucial to obtain accurate and reliable primary distance indicators. This was
the aim of the Hubble Space Telescope (HST) Key Project (Freedman et al., 2001), which
established an accurate local distance scale using Cepheids. The project then used this
distance scale for secondary distance indicators, and obtained Hy = 7248 km s~! Mpc~!.

Alternative methods to determine Hy are independent of any distance indicators and
can directly be applied to very large distances. One of these methods is based on the
Sunyaev-Zeldovich effect (Sunyaev & Zeldovich, 1970). This effect is the result of high
energy electrons in the hot gas of galaxy clusters distorting the CMB radiation through
inverse Compton scattering, in which some of the energy of the electrons is transferred
to the low energy CMB photons. The observed distortions Algyp in the CMB intensity

Ioa s depend on the gas temperature 1" and electron density ne
Al
7’ omB| xneRT
Icvs

with R being the physical extent of the cluster along the line of sight. The surface bright-
ness of the gas X-ray radiation behaves as Ix o Rn?. The temperature T of the gas is
determined from the X-ray spectrum and thus, the length R can be determined

1 /1 |AIL 2
R o — ( [Alos| CMB’) .
Ix \T IcusB

Assuming the cluster has a spherical symmetry the observed angular extent is A§ = R/ D 4,
where D 4 is the angular-diameter distance. This distance can be used together with the
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redshift of the cluster to determine Hy. The systematic errors affecting Hy estimates
using the Sunyaev-Zeldovich effect are still large, of the order 20 km s~ Mpc™! (e.g.,
Udomprasert et al., 2004; Jones et al., 2005; Bonamente et al., 2006). However, there is
hope in the future to decrease these errors as more clusters are being observed.

Finally, we mention one further method to measure Hy without using distance indica-
tors. This method is based on the gravitational lensing of quasars and was proposed by
Sjur Refsdal (1964a). The intrinsic flux variations of a lensed quasar are seen at different
times in its lensed images, because the light seen in each image follows different deflected
paths from the source to the observer. The observed time delays between the images
are directly related to Hy and hence can be used to measure it. More details about the
application of this method are given in Section 4.6.

The Cosmic Microwave Background (CMB)

The CMB was discovered by Penzias & Wilson (1965) and gives a snapshot of the Universe
at the epoch of the recombination, when the Universe was about 400,000 years old and be-
came transparent to photons. Two great successes of modern cosmology are the prediction
of the almost perfect black-body spectrum of the CMB (nearly isotropic at a temperature
of 2.725 K) and the detailed prediction of the power spectrum of its anisotropies (reaching
an amplitude AT/T ~ 107°). These inhomogeneities were accurately measured by the
Wilkinson Microwave Anisotropy Probe (WMAP) (Hinshaw et al., 2008, see Fig. 2.2).
Multipole moment [
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Figure 2.2: Left: The CMB temperature fluctuations from the 5-year WMAP data seen
over the full sky (Hinshaw et al., 2008). Right: Power spectrum of the temperature
anisotropies measured by Hinshaw et al. (2008). This plot shows the temperature fluctu-
ations as a function of angular sizes.

The structure of the CMB anisotropies is principally determined by the Baryon' Acous-
tic Oscillations (BAO) that arise from a competition in the photon-baryon plasma in the
early Universe. The pressure of the photons tends to erase anisotropies, whereas the gravi-
tational attraction of the baryons makes them tend to collapse. These two effects compete
and create acoustic oscillations which give the CMB its characteristic peak structure. The
angular scales of these peaks depend on several cosmological parameters, and are par-
ticularly efficient in constraining them. For instance, the angular scale of the first peak
determines the curvature Qo of the Universe. The second peak (truly the ratio of the

!Baryons are particles made of three quarks. The most common baryons are the proton and the neutron.
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odd peaks to the even peaks) determines the baryon density 9. The third peak gives
information about both the baryons and dark matter densities and leads to the conclusion
that an important part of the matter in the Universe is dark and mostly non-baryonic.

Primordial nucleosynthesis

Only a few minutes after the Big Bang, protons and neutrons began to combine and
produce the first light atomic nuclei: deuterium, helium, lithium, and some traces of other
nuclei. The abundances of these primordial elements are determined

by observing astronomical objects in which very little stellar nucleosynthesis has taken
place (such as certain dwarf galaxies) or by observing objects that are very far away,
and thus can be seen in a very early stage of their evolution (such as distant quasars).
The derived abundances and their comparison with detailed models of nucleosynthesis in
the early Universe (e.g., Tytler et al., 2000) imply that the baryonic energy density is
Qpo =~ 0.04. But since €2,,0 is much larger, this result implies that most of the matter in
the Universe is dark, and that only a small fraction of it is baryonic.

Large-scale structures

The CMB anisotropies indicate very small inhomogeneities at the time of recombination.
Whereas, the inhomogeneities observed today in the form of large-scale structures, like
galaxy clusters or filaments, are massive perturbations with a mean density more than
hundred times larger than the mean density of the Universe. It is believed that the den-
sity fluctuations that we see today have evolved from much smaller fluctuations in the
early Universe. The evolution of these inhomogeneities is driven by gravitation and de-
pends on the expansion rate of the Universe, which further increases the density contrast.
As a consequence, the scale length of the fluctuations decreases with time (i.e. at smaller
redshift), while their amplitude increases. The relation between the amplitude and the
scale length defines the power spectrum and can be used to derive constraints on cosmo-
logical parameters. Large-scale fluctuations are observed in the CMB anisotropies, while
smaller scales are probed by the distribution of galaxies, which can be determined from
large surveys such as the 2 degree Field Galaxy Redshift Survey (Colless et al., 2001, see
Fig. 2.3) or the Sloan Digital Sky Survey (Stoughton et al., 2002). These surveys detect the
density fluctuations in the clustering of galaxies and use them to constrain cosmological
parameters (e.g., Eisenstein et al., 2005; Percival et al., 2007).

Other means to derive the spatial distribution of matter are based on measurements of
weak gravitational lensing. The massive structures situated along the line of sight deflect
the light emitted by background galaxies and induce distortions in the galaxy images. The
observed distortions can therefore be used to determine the intervening mass distributions.
Lensing surveys are complementary to both galaxy surveys and CMB observations as they
probe the density power spectrum at modest redshifts, i.e. at smaller scales. Over the past
few years, there has been dramatic progress in using weak lensing data as a probe of mass
fluctuations in the nearby Universe (for a recent review, see Munshi et al., 2008).

The comparison of the observed galaxy distribution with numerical simulations (e.g., the
Millenium simulation by Springel et al., 2005) implies that most of the matter must be
composed of non-relativistic Cold Dark Matter (CDM) and indicates that structures grow
hierarchically (bottom-up) with small objects collapsing first and merging in a continuous
hierarchy of more and more massive objects up to the scale of superclusters and filaments.
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Figure 2.3: Left: The spatial distribution of galaxies observed by the 2 degree Field Galaxy
Redshift Survey (Colless et al., 2001). Right: Large-scale structures obtained from the
Millenium simulation (Springel et al., 2005).

2.11 The concordance model

All the observations mentioned in the previous section give a variety of different constraints
on the cosmological parameters. Komatsu et al. (2008) have combined the WMAP data
with measurements of the Hubble constant, supernova data, and large-scale structure ob-
servations. They obtained estimates of the cosmological parameters with an unprecedented
accuracy (see Table 6 of Hinshaw et al., 2008). The combination of all these observations
is so constraining (see Fig. 2.4) that there is little room for significant modifications of the
concordance model, or ACDM model.
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Figure 2.4: Left: Constraints on the present-day spatial curvature parameter €2;¢ and dark
energy density {25¢ obtained from a combination of the WMAP data with measurements of
the Hubble constant (HST), supernova data (SN), and large-scale structure observations
(BAO) as computed by Komatsu et al. (2008). Right: Range of cosmological models
consistent with the WMAP data only (Spergel et al., 2007). The WMAP on its own
provides only highly degenerate constraints on Hy.
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In this cosmological model the Universe is flat (i.e. Qg = 0), the dark energy has
an equation of state of a cosmological constant (i.e. w = —1), a dark matter density
Qo = 0.233 £ 0.013, a baryon density (g = 0.0462 4+ 0.0015, and a dark energy density
Qa0 = 0.721 £ 0.015. The total mass density is ,,0 = 0.279 £+ 0.015 and the Hubble
constant is Hy = 70.1 £ 1.3 km s~ Mpc~!.

However, it should be noted that this value of Hj is obtained only in the case of the
ACDM model, where Q2,9 = 0 and w = —1 are imposed. Without these assumptions, the
analysis of the WMAP data on its own provides only highly degenerate constraints on
Hy (Spergel et al., 2007, see Fig 2.4) and the uncertainties on Hy are still of the order of
10%. The currently favored value is Hy = 724+ 8 kms~! Mpc~! from the HST Key Project
(Freedman et al., 2001). We will see in Chapter 4 how gravitational lensing can possibly
decrease this uncertainty by a factor of ten.

2.12 New questions

The concordance model is a remarkable achievement. Especially if one considers the huge
variety of methods and processes that have entered the determination of its parameters
and how well they all fit together. This cosmological model gives us now a more precise
picture of the past evolution of the Universe, but it has also raised a new set of questions:
What is dark matter if less than 20% of the matter is baryonic? What is the nature of
dark energy, which accounts for more than 70% of the total energy in the Universe?

Dark matter

Dark matter is by definition not directly observable, but its presence can be detected
through gravitational interactions. The existence of dark matter was already pointed out
by Zwicky (1937b) who studied the dynamics of galaxies and galaxy clusters. He showed
that the amount of visible matter is too small by several order of magnitudes to explain
the observed dynamics in these objects. These findings are confirmed by cosmological
observations such as primordial element abundances, which imply that a large fraction of
the matter in the Universe must be dark and that less than 20% is baryonic.

Gravitational lensing offers another efficient tool to detect and study dark matter (see
Chapter 4). A very impressive result was found by Clowe et al. (2006), who provided one
of the best evidence for the existence of dark matter in the Bullet Cluster 1E0657—558 (see
Fig. 2.5). This object is the result of the collision of two galaxy clusters, where the colli-
sionless stellar component and the X-ray emitting hot gas are spatially segregated. What
is striking in this object is that the mass distribution, determined through gravitational
lensing, does not trace the gas distribution as expected (the intergalactic gas is considered
to be the dominant baryonic mass component), but rather approximately traces the dis-
tribution of galaxies. This particularity can not be explained through a modification of
the gravitational force law and thus, proves that the majority of the matter in the system
has to be dark and weakly interacting.

Even though we can detect dark matter, its exact physical properties are still uncertain.
We know from large-scale structure observations that it is cold (i.e. moving slowly in
comparison with the speed of light) and weakly interacting. Likely dark matter candidates
are exotic elementary particles. Many experiments, especially in particle physics, are
currently searching for these dark matter particles, but no conclusive evidence has been
found yet. The next generation of particle accelerators, such as the Large Hadron Collider
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Figure 2.5: Left: Color image of the Bullet Cluster (Clowe et al., 2006). The white bar
represents 200 kpc at the distance of the cluster. Right: X-ray image of the cluster tracing
the hot plasma. The green contours are the gravitational lensing reconstruction of the
surface mass density. Clearly, the mass distribution does not trace the gas distribution,
but rather traces the distribution of galaxies, indicating that most of the matter in this
system has to be dark and weakly interacting.

(LHC), may reach sufficiently high energy to discover new particles and new physics, as
these new particles may lie outside the standard model of particle physics, e.g., the axion
or supersymmetric particles like the neutralino.

Dark energy

Even more surprising than the existence of dark matter is the discovery that more than
70% of the Universe consists of a mysterious dark energy. At the present time, there are no
precise ideas of what this dark energy can be and simple estimates of the density of vacuum
energy pa from quantum field theory are 120 orders of magnitudes off. The concordance
model assumes that the equation of state of the dark energy is Ppr = wppgc?® with
w = —1, but other equations of state with different w values or even time-dependent
values can not be ruled out completely.

Probing the nature of dark energy is one of the main priorities of observational cos-
mology. In the near future, new satellites such as the ESA Planck mission will measure
the CMB anisotropies with even a better precision than WMAP. Several weak lensing
surveys such as the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS), VLT
Survey Telescope Kilo-Degree Survey (VST-KIDS), Panoramic Survey Telescope & Rapid
Response System (Pan-Starrs), and the Dark Energy Survey will provide the first weak
lensing surveys covering very large sky areas and depth. In the long run, even more am-
bitious programmes such as the ESA satellite EUCLID, the NASA satellite SuperNova
Acceleration Probe (SNAP), and Large-aperture Synoptic Survey Telescope (LSST) are
planned.

As it stands now from the theoretical point of view, the investigation of the nature
of dark matter and dark energy provides one of the biggest challenges to both cosmology
and particle physics. Despite the impressive recent results in the field of observational
cosmology, tighter observational constraints are required in order to test new theoretical
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developments. In this respect, gravitational lensing has become a very efficient tool in
the past few years and it plays now an increasingly important role for providing new
observational constraints.



“The irrationality of a thing is mo argument
against its existence, rather a condition of it.”
Friedrich Nietzsche (1844 - 1900)

Chapter

Active galactic nuclei

Active galaxies are among the most exciting and challenging phenomena in modern astro-
physics. They are the most powerful and luminous objects in the Universe. They possess
in their nucleus an amazing power source, pouring out the same energy as that emitted by
a thousand galaxies like the Milky Way (up to 10%® erg s~!). It is even more amazing that
this source occupies a volume of space only the size of the Solar system (i.e. ~ 10! cm).
Many competing theories endeavoured to explain this intriguing phenomenon. It is now
commonly admitted that active galactic nuclei (AGNs) are powered by supermassive black
holes and that accretion of gas into this central black hole is at the origin of the incredible
luminosity of AGNs (e.g., Rees, 1984). The accretion flow is thought to be the source
of the X-ray, ultraviolet, and optical continuum emission. This emission ionizes the gas
located in both the broad and narrow-line regions and may also be the source of winds
and jets.

Despite the fact that much of the large-scale structure of AGNs has now been observa-
tionally verified, we still do not understand the central engine itself. The main difficulty
in achieving this goal is that the central accretion flow occurs in a region too small to be
resolved even at the distances of the nearest AGNs. However, there are some interesting
exceptions. Indeed, gravitational lensing acts like a natural magnifying glass and can be
used to resolve the most inner parts of a gravitationally lensed AGN (see Chapter 7).

Since their discovery, active galaxies have been observed through the entire electro-
magnetic spectrum and astronomers have reported numerous interesting properties of
their spectra, variability, and geometry. Although there were many similarities (a bright
compact nucleus, a wide spectral continuum, and time variability), there were also many
differences (the presence or absence of broad emission lines, the strength of radio and
X-ray emission, etc). These observational differences conducted to a complex classifica-
tion of these objects. The original classification scheme is simply based on observational
properties rather than something truly fundamental or unique about the class thereafter
named, and the boundary between two classes is often arbitrary. The ultimate goal is
thus to reorganize this classification scheme and replace it by a picture of specific physical
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processes that are believed to occur in various galaxies. This is the goal of the unified
scheme of AGNs, that must be able to explain why these processes produce the particular
classes of active galaxies that we observe.

3.1 The classification scheme

With the discovery of active galaxies, which started with the findings of Carl Seyfert during
the 1940s, astronomers also discovered how broad the diversity among these objects is.
In order to be able to better understand these objects, astronomers followed a common
method used in science: they built a classification scheme. The classification went hand
in hand with new discoveries, but unfortunately the naming of the new types was neither
systematic nor unique. Hence, the classification took many forms: after the name of
the discoverer, from the identification of unusual spectral properties, or from unusual
morphological characteristics. This conducted to a classification that seems a bit confusing
at first sight, but that permits a better understanding that may eventually lead to a re-
ordering or unification. Before discussing the unification scheme that has emerged in the
1980s, we briefly review some of the main classes of AGNs.

Seyfert galaxies

These objects were discovered by Carl Seyfert (1941). They have similar morphologies to
normal spiral galaxies, but reveal significant emission lines and continuum in their spec-
tra. Seyferts are subdivided into two categories: Seyfert 1 and 2. In Seyfert 1 galaxies,
the permitted lines, originating mainly from hydrogen but also Hel, Hell and Fe1l, are
broad with full widths at half maxima corresponding to velocities up to 10000 km/s. The
forbidden lines such as [O 1] lack the very broad wings. Whereas in Seyfert 2 galax-
ies, both permitted and forbidden lines are narrow (with velocity widths ranging up to
1000 km/s). This conducted to the inevitable conclusion that Seyfert 2 galaxies do not
possess a broad-line region. However, new observational techniques (i.e. spectropolarime-
try, see e.g., Antonucci & Miller, 1985) have revealed that at least some of them have
broad emission lines in polarized light. The mechanism is explained by a thick molecular
torus that hides the central engine, but acts like a mirror reflecting and polarizing the light
from the broad-line region. This was one of the most crucial observational discoveries in
AGN research, paving the way for the unified model of AGN activity.

Quasars or QSOs

Quasars are giants in the AGN classes. Their active nucleus is many times brighter than
their host galaxy. These mysterious objects were first discovered in the radio domain, but
were identified later, in the early 1960s, by optical astronomers who provided the obser-
vations that would eventually reveal their true nature. On the first optical photographs
these objects appeared like punctual sources, and were therefore called quasi-stellar radio
sources (abbreviated to QSRs, which became quasars). One of the most striking observa-
tional features of this new class of objects was the presence of very broad optical emission
lines with widths of up to 10000 km/s. An intriguing question arises in attempting to de-
cide at what point a quasar ceases to be a quasar and becomes a Seyfert 1. A convention
has arisen whereby if a broad-emission line object is brighter than Mp = —23 mag, then
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it is referred to as a quasar. However, there is nothing physical in this boundary and it
highlights the lack of clarification in the differentiation between the classes of AGNs.

We now know that the overwhelming majority (~ 90%) of quasars have weak radio
emission compared to the optical emission and these are often referred to as radio-quiet
quasars. Strictly speaking the name quasar was given to the radio-loud sources, while the
radio-quiet variety tended to be called quasi-stellar objects (QSOs), but it is now more
common to speak of radio-loud and radio-quiet quasars.

Radio galaxies

Observations with powerful radio arrays such as the Very Large Array have distinguished
two categories of radio loud galaxies: lobe-dominated and core-dominated sources. In core-
dominated sources the strong radio emission emanates from a compact core on a scale of
an arcsecond or less. For lobe-dominated sources the radio emission can extend over
several tens of kpc. The astronomers Fanaroff & Riley (1974) considered two sub-classes
of lobe-dominated radio galaxies: FRI and FRII. The FRI sources have lower luminosities
and exhibit very extended twin lobe structures. The FRII objects are more powerful and
their lobes are usually single-sided or, when double, one side is many times brighter than
the other. The jets have a smaller opening angle and are frequently dominated by bright
knots rather than having a smooth appearance.

Blazars

This class includes BL Lacertae objects (BL Lac) and optically violent variables (OVV). To
a first approximation these objects have strong similarities with a radio-loud flat spectrum
and strong and rapid variability. BL Lac objects were named after the first member of
the class discovered, which was previously catalogued as a variable star under the name
BL Lacertae. Further investigations revealed that the so-called star was in fact an AGN.
A simple interpretation of a blazar is that it is an object that possesses beamed emission
from a relativistic jet which is aligned roughly toward the line of sight to the observer.
This powerful jet produces the observed radio spectrum through synchrotron emission (i.e.
relativistic electrons in a magnetic field). What immediately differentiates BL Lac objects
from OVVs is that BL Lac objects have a featureless continuum spectrum, while OVVs
have very broad and strong optical emission lines.

3.2 The unified scheme

Based on decades of detailed investigations of active galaxies, a unification paradigm has
emerged in which AGNs share certain fundamental ingredients illustrated in Fig. 3.1 and
which are

1. a central supermassive black hole,

2. an accretion disk,

3. high velocity gas, usually referred to as the broad-line region,
4. lower velocity gas in the narrow line region,

5. an obscuring torus of gas and dust, hiding the broad-line region from some directions,
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6. a relativistic jet, typically formed within 100 AU of the black hole and extending
outward for tens of kpc and, in some cases, as much as one Mpc.

¥ Radio loud QSO

|
|
vy W

torus

Figure 3.1: The unified scheme of active galactic nuclei (not to scale). The central black
hole and the accretion disk are surrounded by a thick torus of dust and gas. The broad
line region is located within this torus and is composed of small clouds of gas orbiting
the central region and producing the broad emission lines. Farther out is the narrow line
region, characterized by slower orbiting clouds producing the narrow emission lines. The
orientation of the observer relative to the torus axis determines the classification of the
source. The presence or absence of radio jets determines whether the source is radio loud
or radio quiet.

The unified scheme holds that all AGNs have the same ingredients, though certainly
with intrinsic variations in black hole mass, ionization parameter, size, density, luminosity,
etc. According to unification, many of the principal observational characteristics of AGNs
such as overall spectral energy distribution and emission line type (broad or narrow)
simply stem from orientation rather than from some fundamental intrinsic difference. In
this scenario, broad line (type 1) objects are those whose core can be viewed directly,
whereas objects showing narrow lines (type 2) possess a broad-line region hidden by the
obscuring nature of the torus due to its orientation with respect to the observer.

Nevertheless, and despite its success, the unification scheme does not explain all ob-
served properties of AGNs. For instance, the unification of radio-loud and radio-quiet
objects remains problematic, particularly in explaining the vast range in radio power and
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jet extents. The presence of relativistic jets (present in radio-loud, but absent in radio-
quiet AGNs) is probably linked to the properties of the central black hole, such as accretion
rate, black hole mass and spin, and its orientation. The formation of relativistic jets indeed
requires that a sufficient amount of particles are accreted and that the electromagnetic
forces are strong enough to form and collimate the jets.

The supermassive black hole

The principal energy provider for the AGN luminosity is gravitational energy, and the
mediator of this is a supermassive (i.e. 106—10° Mg, ) black hole located at the very centre
of the host galaxy. The black hole works like an enormous engine, converting potential
energy of infalling material into kinetic and electromagnetic energy. This central engine is a
complex mixture of intense photon field, energetic charged particles and, potentially, pair
production. These numerous high-energy processes combine and generate the observed
hard X-ray (in the 2 — 20 keV range) power-law emission.

The accretion disk

Matter is inexorably attracted towards the central black hole and since this infalling ma-
terial has non-zero angular momentum, it forms an accretion disk spinning around the
central black hole. The diameter of the disk is typically ~ 100 AU ~ 1073 pc ~ 10 cm.
Interactions between the infalling material are thought to generate viscosity within the
disk and to result in an outward transfer of angular momentum, thereby allowing the
material to spiral gradually inward (Shakura & Sunyaev, 1973; Novikov & Thorne, 1973).
The nature of this viscosity is still not well understood, but it is thought to be caused
by dissipative processes that convert a significant fraction of the gravitational energy into
heat, magnetic fields, and outflowing kinetic energy in the form of winds. The heating of
the disk results in a temperature gradient, the disk being hotter towards the center. The
innermost part of the accretion disk, i.e. at a distance of ~ 1 AU ~ 107° pc ~ 10" cm
from the black hole, becomes an extremely hot (> 10° K) and intense source of thermal
emission. The temperature is such that the material emits over a wide range of wave-
length reaching up to the X-ray domain (Shields, 1978). Most of the emission of the disk
is observed as a continuum extending from the near infrared at 1 pm to past 1000A in the
ultraviolet It is called the big blue bump. In order to produce this continuum, the central
engine has to be fueled with an accretion rate of about 1 — 100 Mg/ yr.

The broad-line region (BLR)

The gas of the BLR is photoionized by the ultraviolet and X-ray emission of the central
engine and reaches temperatures in the range 15000 to 20000 K. This highly ionized gas
produces the broad emission lines, see Fig. 3.2. In order to broaden these lines to the
observed extent, the gas must have large velocities, typically reaching 5000 km/s and in
some extreme cases 15000 km/s. In addition of the broad emission lines, there are other
important spectral features produced within the BLR. For instance, the central continuum
sources ionizes singly ionized iron (Felr) producing a blend of emission lines, which forms
a continuum-like feature predominantly in the 2000 and 3000 A region. Along with the
Balmer continuum radiation, this forms a pronounced humping in the spectrum, sometimes
referred to as the small blue bump.
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Figure 3.2: Composite quasar spectrum obtained by Zheng et al. (1997) with the Hubble
Space Telescope (HST) Faint Object Spectrograph (FOS). Prominent emission lines are
labeled.

These spectral features give important informations on the structure of the BLR, e.g.,
the presence and/or absence of given semi-forbidden and forbidden lines are dependent on
the electron density of the BLR. This constrains the density to approximately 1019 cm™3.
This number can then be used as an input in photoionization models that predict the
strengths of the emission lines relative to the continuum. The observed ratios are found
to be much less than expected and, as a consequence, some of the continuum radiation
must be escaping directly into space without interacting with the gas. Therefore, the gas
in the BLR cannot be uniformly distributed, but is clumpy, i.e. probably distributed in
numerous small discrete clouds.

Because the BLR is too small to be resolved with optical and radio telescopes, our
knowledge of this region is indirect and still very sparse. One popular method used to
investigate the BLR structure is reverberation mapping. The method consists in measuring
the response of line emission to a change in the continuum as well as the changes in the
line profiles. The delay observed between a given variation in the continuum and the
subsequent variation in the line is called the time lag. Time lags are directly related to
the size of the emission region: smaller time lags corresponding to less extended regions.
Observational evidences from this technique indicate that the BLR has a size between 104
and 107! pc and that it is stratified (e.g., Kaspi et al., 2005). The stratification is such
that the high-ionization lines, e.g., Ly o, C111], C1v, Hel, He11, and N v are apparently
located closer to the central engine than lower-ionization lines such as the Balmer series
of hydrogen, Mg11, Call, and Feil. Although great advances have been made during the
last years, there is still no consensus about the structure of the BLR and it is worth to
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use alternative methods to investigate the BLR size, structure, and kinematics, e.g., with
microlensing studies as described in Chapter 7.

The narrow-line region (NLR)

All AGNs show a NLR, providing evidence for activity from a region much farther from
the central source than the BLR. The emission lines show significantly lower levels of
photoionization than the high-ionization lines of the BLR and they also have much lower
linewidths with typically a few hundred kilometers per second. This implies that the NLR
is lying at 10 — 100 pc from the central engine and is sufficiently extended that it can
be resolved spatially in the nearest active galaxies. Imaging of the NLR shows that it is
breaking up into clumps and filaments forming a bi-conical ionization structure around
the central source.

The molecular torus

The idea of a dense and compact molecular torus surrounding the central engine provides
an elegant source of orientation-dependant obscuration and is the main element of the
unification model for AGNs. The torus lies just outside the BLR but inside the NLR.
Depending on the orientation of the torus, this nicely explains why the observer might not
be able to see the BLR (as is the case for type 2 AGNs).

Ground-Based Optical/Radio Image HST Image of a Gas and Dust Disk
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Figure 3.3: The core of the active galaxy NGC 4261 observed by Jaffe et al. (1996) with
the Hubble Space Telescope suggesting a torus of gas and dust lying perpendicular to the
axis of the radio emission, which is shown in the expanded view on the left by the jets.

Dust and molecular gas must be a key ingredient of this torus in order to provide
enough extinction to hide the central engine and the BLR. The torus must lie at a sufficient
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distance from the central source to prevent evaporation of the dust grains. This gives an
inner radius of the order of a parsec. The torus is likely formed of a number of high-density
clouds in order to explain the existence of dust which would otherwise be destroyed by
too much frictional heating due to the orbital motions.

In nearby low luminosity AGNs, where high spatial resolution is possible, flattened
dusty regions can be recognized by direct imaging. Jaffe et al. (1996) have taken spectac-
ular images of the active galaxy NGC 4261 with the Hubble Space Telescope (see Fig. 3.3).
These images suggest the existence of a molecular torus of a few hundred parsecs in radius
surrounding the central engine.

3.3 The standard thin accretion disk model

Accretion is defined as the capture of matter by an object’s gravitational field, where it
is presumed that the captured material becomes coalescent with the accreting object. In
contrast to other accretion flow geometries, the accretion disk paradigm has been popular
for AGNs largely because it is difficult to imagine how matter could reach the central black
hole with so little angular momentum that it would not be rotationally supported. Hence,
the formation of an accretion disk seemed very natural (Lynden-Bell, 1969) and these
disks were first thought to be geometrically thin (Pringle & Rees, 1972). First theoretical
developments by Shakura & Sunyaev (1973) and Novikov & Thorne (1973) led to what is
now considered as the standard thin accretion disk model. In this section, we present this
standard model, which is based on the assumptions that accretion disks are stationary (i.e.
independent of time), optically thick, and geometrically thin. A detailed introduction to
accretion disks is given by Frank et al. (2002).
For the description of the disk, we will use the cylindrical polar coordinates (R, ¢, z).
In a geometrically thin disk, the matter lies very close to the plane z = 0 and is assumed
to follow circular orbits around the central black hole, which has a mass Mpgygy. The
angular velocity is Q(R) and the corresponding azimuthal velocity is vy, = RQ(R). In
addition to vy, the orbiting matter is assumed to possess a small radial velocity vg < vg,
which is negative near the black hole, so that matter is being accreted. The disk is
characterized by its surface mass density X(R,t). Following these assumptions, we can
write the conservation equations of mass and angular momentum transfer in the disk due
to the radial motions. An annulus of the disk material lying at R and having a width AR
has a total mass Mp = 2rRARY and a total angular momentum L = 27R AR Y R?*().
For the mass conservation of the annulus, we have
dMgr OMpg oMp
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where vg = dR/dt. In the limit AR — 0 we get the mass conservation equation

Raa—f + %(RZUR) =0. (3.1)
Accretion disks probably have a differential rotation law Q(R) (i.e. no solid rotation) and
material at neighbouring annuli moves with different angular velocity €2. This results in a
shear between adjacent annuli of the disk, which causes dissipative processes leading to a
transfer of angular momentum outwards, which allows the orbiting material to gradually
fall inwards. The exact nature of these processes is still not well understood and is usually
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referred to as viscosity. We suppose that this viscosity causes random motions of the
particles in the disk with a mean velocity ¢ and a mean free path A (much smaller that
the size of the disk), such that the viscosity v = Av. Because the motions induced by the
viscosity are supposed to be random, there is no net mass transfer due to the viscosity,
hence

MR (R—l—%) :MR (R—%) :MRzzﬁRZQ_J .

However, the mass from the outer disk crossing the radius R inwards has a lower angular
momentum than the mass located at R. Inversely, matter crossing the radius R outwards
has a higher angular momentum. Hence the random motions induced by the viscosity
transfer angular momentum outwards. We can write the change G(R,t) in angular mo-
mentum Lp induced by the viscosity per unit time (see Fig. 3.4)

G(R.t) =Mt (R+3)- (R=3) v (R+3) ~ Nu(R=3): (R+3)- 00 (R-3)

The first term on the right-hand side is the transfer of angular momentum from R+ /2 to
R — )\/2, while the second term is the transfer from R — \/2 to R+ A/2. Because A < R,
we can neglect the terms in A\? and get

G(R,t) = MgR?[Q(R+3) —Q(R—-2)] ~ MzR*\ — 2xrRUSR24% |

This gives the change of angular momentum Lg per unit time induced by the disk viscosity.
For a rotation law in which Q(R) decreases outwards, G(R) is negative. Hence, inner
annuli lose angular momentum to the outer annuli and the matter of the disk spirals in,
as expected.
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Figure 3.4: Illustration of the change G(R,t) in angular momentum Lp induced by the
random motions caused by the viscosity.

Let us consider the net torque on an annulus of radius R and width AR. As the

annulus has both an inner and an outer edge, it is subject to competing torques. The net

torque is the difference between the two and equals %AR. We can imagine this as a force

g—g acting perpendicularly to the radial direction and parallel to the azimuthal velocity

vy with a lever of length AR. This force acts on the material of the disk and produces
a mechanical power given by the product of the angular velocity 2 and the net torque
oG
SEAR

0G 0 dQ
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The first term on the right-hand side is the rate of transport of rotational energy through
the disk material by the torque, while the second one is the local dissipation rate. Dissi-
pation is typically due to the action of friction or turbulence and transforms mechanical
energy into internal (heat) energy. Ultimately, this energy is radiated over the upper and
lower faces of the disk. Remembering that the considered annulus has two plane faces,
each with a surface 2rRAR, we define the energy dissipation rate D(r) per unit plane
surface area as . 10

D(R) = MG iR
The conservation equation for angular momentum is similar to that of the mass conserva-
tion, except that we must include the net torque

(3.2)
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and again proceeding to the limit AR — 0, we get

R% (ZR*Q) + %(REURRQQ) = %% : (3.3)
This equation shows that angular momentum of an annulus is modified by the torque
induced by the disk viscosity and by the transfer of momentum of the general flow of
matter towards the central black hole.

We will now assume that the disk is in a steady state, i.e. that the time derivatives
are null. We get from equation (3.1) that R¥Xvr = constant. This represents a constant
inflow of mass and since vg < 0, we can define the accretion rate M = —2mRY>vR. If we
further use the steady-state assumption, we get from equation (3.3)

RYwrR*Q = G, C
2T 27
where C is a constant related to the rate at which angular momentum flows into the
black hole. We know from general relativity that there exists a minimum radius for stable
orbits around a black hole. The last stable circular orbits for a maximally spinning Kerr
black hole and a non-rotating Schwarzschild black hole have a radius of 67, and 27y,
respectively, with r, being the gravitational radius. For a black hole of mass Mpp, the
gravitational radius is

GMpn u{ Mpu
rg = 2 1.5 x 10 109M, cm

As a consequence, accretion disks have an inner edge R;, in the range 2ry < R;, < 674.
Hence, the angular velocity Q(R) increases inwards and, at a certain radius R = R, it
has to decrease. This implies %| r=pr, = 0 and C = —MQR?. The radius R, is often
approximated by the inner edge R;, of the disk (i.e. R, ~ R;y).

A particular case, which is often considered, is where the matter follows Keplerian
orbits around the central black hole. The angular velocity is then

O(R) = <G]\}/§H>1/2
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and from equations (3.1), (3.2), and (3.3) we get the energy dissipated by the disk viscosity
per unit area and per unit time
. R, 1/2
R

The dissipation increases the internal energy of the disk material. In order to remain in
a steady state, the disk releases this gained energy in the form of radiation. If the disk
is optically thick in the z-direction, then each annulus of the disk radiates roughly as a
blackbody with a temperature T'(R). The amount Iy of energy per unit surface area per
unit time per unit solid angle emitted in the wavelength range between A and A + dA by
a blackbody at temperature T is given by Planck’s law

3GMpyM
D(R) = 8T R3

2hc? 1
I(T)dr = =% A
A” exp (357) — 1

where h is Planck’s constant and k Boltzmann’s constant. Integration of the specific
intensity I, over all wavelengths and solid angles gives the flux F' = oT* (i.e. the energy
emitted per unit area and per unit time), where o is the Stefan-Boltzmann constant. If
each annulus is emitting like a blackbody, we have oT%(R) = D(R) and thus,

. 127\ /4
TR = 3CMerM (B '
STR30 R

For R > R,, we have simply T o« R=3/%. Moreover, from Wien’s displacement law we
know that A\q. 1 = constant and thus, the wavelength A4, of the peak of the blackbody
spectrum is proportional to 7!, Therefore, we expect the energy profile of the accretion
disk at R > R, to follow the power-law

Roc M3

To get the integrated spectrum from the disk one adds up all the Planck laws from each
radius. It can be shown that if 7' oc RP then F, o v372/P (Shakura & Sunyaev, 1973).
Here p = 3/4 and we get the spectrum F,, V13 where F), is the flux per frequency.

3.4 Problems with the standard thin accretion disk model

The standard model is probably the most extensively studied accretion disk model. How-
ever, given the numerous simplifying assumptions made, it is questionable if this model
accurately describes real accretion disks. A big success of the standard model is that it
predicts correctly the peak of radiation in the ultraviolet wavelengths (~ 100 — 4000A)
observed in the spectra of most AGNs. Nevertheless, there are several other observational
facts, that are not so well described by the standard model, for a review see, e.g., Koratkar
& Blaes (1999).

In particular, the standard model predicts a spectral shape F, o v!/3 from the visible
(4000 — 8000 A) to the near-infrared (~ 1—2 pm). The problem is that many studies have
shown that the general AGN spectral shape observed at optical and ultraviolet wavelengths
is much redder, with a spectral slope a,, (where F,, o v**) between —0.2 and —1 and is
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never as blue as o, = 1/3 (e.g., Zheng et al., 1997; Vanden Berk et al., 2001). Efforts
have been spent on the theoretical side to account for the observed red spectral slopes.
Some improvements have been made using sophisticated disk atmosphere models (e.g.,
Hubeny et al., 2000) for which the spectrum generally becomes slightly redder at optical
wavelengths, owing to various opacity effects and deviation from local thermodynamic
equilibrium, but discrepancies between the model and observed spectra still remain (e.g.,
Davis et al., 2007).

On the observational side, several interesting results were obtained from polarized
light studies. Optical continua of many directly visible (i.e. type 1) AGNs are known to
be linearly polarized at a level of about 1% with the polarization mostly parallel to the
rotation axis of the accretion disk determined from the orientation of the jet-like structure
of radio emission (e.g., Antonucci, 1983; Smith et al., 2004). This polarization in Type 1
AGNs is interpreted as an indication of an equatorial scattering region that is optically
thin and that surrounds the accretion disk. Polarized light therefore produces a copy of the
spectrum originating in the central region before it interacts with the broad-line region and
the molecular torus. A crucial difficulty is that, towards the infrared, the disk spectrum
starts to be hidden under strong, hot dust emission of the molecular torus. Recently,
Kishimoto et al. (2008) acquired observations of polarized light and were able to uncover
the near-infrared disk spectrum from the dust emission in several quasars. They showed
that the near-infrared disk spectrum is indeed as blue as predicted, (i.e. a,, = 1/3). This
suggests that, at least for the outer near-infrared-emitting radii, the standard picture of
the locally heated disk is approximately correct.

An important assumption of the standard model is that accretion disks are geometri-
cally thin. However, more detailed consideration of the processes going on in disks (e.g.,
Blandford & Begelman, 2004) shows that convection and mass loss due to winds cause a
substantial thickening of the disk. This is indeed seen in detailed simulations of accretion
(e.g., Stone et al., 1999; Hawley & Krolik, 2001), but even though the resulting outflows
are well established observationally (Crenshaw et al., 2002), the claim for geometrically
thick accretion disks in AGNs still requires further observational confirmation.

Despite the observational and theoretical progress, a predictive accretion disk model
which explains all the observations simultaneously does not exist yet, and the standard
thin accretion disk model still remains an important reference for AGN accretion theories.
Observations of the most inner parts of AGNs are still sparse, because of the difficulty in
spatially resolving these distant objects. However, some progress has been made in the
last years by using gravitational lensing as a natural magnifying glass to resolve the inner
regions of gravitationally lensed AGNs (see Chapter 7 for more details). For instance,
Morgan et al. (2008) analyzed the lightcurves of the lensed quasar PG 1115+080, and
found that the effective radius of the X-ray emission is 1.3:1):% dex smaller than that of the
optical emission, with the X-ray emission generated near the inner edge of the accretion
disk while the optical emission comes from scales slightly larger than those expected for
a standard thin accretion disk. Another example is given by Chartas et al. (2008) who
combined X-ray and optical data of HE 1104—1805, and reveal that the X-ray emitting
region is compact with a half-light radius smaller than six gravitational radius, i.e. smaller
than 2 x 10! c¢m, thus placing significant constraints on AGN models.



“Reality is merely an illusion,
albeit a very persistent one.”
Albert Einstein (1879 - 1955)

Chapter

Gravitational lensing

4.1 Historical background

The deflection of light passing close to a mass distribution was already mentioned by Isaac
Newton in the 18" century. However it was only after the formulation of General Relativity
by Albert Einstein that the behavior of light in a gravitational field could be studied on
a firmer theoretical ground. The first calculations related to gravitational lensing were
found in some unpublished notes from 1912, where Albert Einstein considered a star
perfectly aligned with a foreground mass, concluding that the source should be imaged
as a ring (now called the Einstein ring) around the deflecting mass. If the alignment
is not perfect, two images of the background star would be visible on either side of the
lens. Einstein (1936) computed the separation of these images and concluded that the
separation would be so small (a few milli-arcseconds) that “there is no great chance of
observing this phenomenon”.

Instead of studying stars in our Galaxy, Fritz Zwicky considered whole galaxies acting
as gravitational lenses. In two visionary papers, Zwicky (1937a,c) estimated the image
separation of a lensed background source to be of order 10”. He also computed the
probability of distant galaxies to be gravitationally lensed. He found this probability to
be of the order to a few tenths of a percent, hence making the discovery of extragalactic
lenses “practically a certainty”.

Despite the encouraging predictions of Fritz Zwicky, the field of gravitational lensing
rested until the beginning of the 1960’s, when the subject was reopened by Sjur Refsdal in
1962 with his Master degree thesis, followed by two pioneering papers (Refsdal, 1964a,b).
Although the theory was undoubted, the subject was considered by many as unrealistic
since observing the phenomenon requires unprobably bright sources located at large dis-
tances. This skepticism stopped soon after, with the discovery and identification of the
first quasars in 1963 and of several others later on. These discoveries provided a popula-
tion of compact, luminous, and very distant sources lying behind the galaxies discovered
by Fritz Zwicky. As a consequence, finding lens systems amongst them should only be

35
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a matter of time. However, it took another 15 years and several technical developments
(e.g., the first CCD detectors, the construction of large radio interferometers) until Walsh
et al. (1979) found the first extragalactic gravitational lens : the quasar Q 0957+561.

Since this discovery, gravitational lensing became more popular, and today the field is
booming. Several breakthroughs in astrophysics achieved in the past two decades can be
attributed to gravitational lensing. Some of the most impressive examples are the discovery
of a portion of dark matter in the form of low mass stars in our own Galaxy (e.g., Alcock
et al., 1993; Aubourg et al., 1993), the measurement of the mass distribution in large
galaxy clusters using giant luminous arcs (e.g., Kneib et al., 1996), a direct empirical
proof of the existence of dark matter (Clowe et al., 2006), and the detection of massive
large-scale structures in our Universe using weak-lensing techniques (e.g., Van Waerbeke
et al., 2000).

In the present chapter, we review some basics of gravitational lensing, which we will use
throughout this thesis. For a more complete introduction to the field see, e.g., Schneider
et al. (1992) or Schneider et al. (2006).

4.2 The lens equation

Gravitational lensing generally affects objects located at galactic or extragalactic distances.
This implies that the spatial extent (i.e. the apparent thickness) of the lens relative to the
large distances involved is negligible. Hence, we will assume that the lens is ”thin”, i.e.
that the mass distribution of the lens can be considered as located at one single distance
between the source and the observer. This means that we can project the mass distribution
along the line of sight and replace it by a two-dimensional mass sheet orthogonal to the
line of sight, which defines the lens plane. The geometry of a gravitational lens is depicted
in Fig. 4.1. Light rays from a source at distance D; from the observer pass a mass
concentration located at a distance D; from the observer. The light rays cross the lens
plane at position € and the corresponding two-dimensional angular position is @ = £€/D; .
The true two-dimensional position of the source in the source plane is denoted 1) and the
corresponding angular position of the source is 8 = n/D,. The latter defines the angular
position at which we would observe the source in the absence of any deflecting mass.
The distance of the source plane from the lens plane is D;;. With these definitions and
considering Fig. 4.1, we immediately get the lens equation

Dls
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where & is the deflection angle. As the observables are angular separations (e.g., the
angular position @ of the image), angular-diameter distances are the relevant distances, as
they give the ratio of the linear diameter over the observed angular diameter.

4.3 The deflection angle

The deflection of light is due to the spacetime curvature induced by the mass of the lens.
In other words, the metric g,,,,, and hence the deflection angle &, are determined by solving
the Einstein field equations. However, finding such a solution has proven to be extremely
difficult. The first exact solution of the Einstein field equations (besides the trivial flat
space solution) was given by Karl Schwarzschild (1916). It describes the gravitational
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Source plane

Lens plane

Observer

Figure 4.1: Geometry of a gravitational lens system. The lens equation is obtained from
the projection of the three angles 3, 8, and & on the source plane.

field outside a spherical, non-rotating mass M such as, e.g., a non-rotating star, planet, or
black hole. The derivation of this solution uses spherical symmetry arguments to reduce
the form of the metric to two unknown functions, which are then determined from the
vacuum Einstein field equations (i.e. Ry, = 0). The solution is the Schwarzschild metric

-1
Fdr? = gudetda? = (1= 2) a? = (1= 22) " dr? = o2 (6% + sin® 0d0?)
r r
where ry = 2GM /c? is the Schwarzschild radius. This metric is also a good approximation
to the gravitational field of a slowly rotating body like the Earth or Sun.

From Einstein field equations we know that a mass distribution modifies the geometry
of spacetime, and that light rays passing close to this mass are deflected. To determine
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how the light is deflected, we need to solve the Euler equations
d da#
d(OLN 0L o i e 4
dp \ Oz# ozt dp
where p is any parameter (e.g., t, 7, etc.) describing the path of the considered particle.
The Lagrangian is defined by
1
L= 5 Gt .

Because the metric (and hence the gravitational field) has a spherical symmetry, we can
choose 6 = /2 along the whole path z#(p), and the Euler equations lead to

1 v —1/2
wm>—wn>=/”1(1—“)”” ;2< ) ),
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where 7, is the radial coordinate of the closest approach (not the impact parameter) of
the photon relative to the deflecting mass M. The deflection angle & is defined by

()]

This last equation only holds for 7,,;, > rs, i.e. for small deflection angles (i.e. & < 1),
which is verified in most astrophysical cases, where typical deflection angles are of the order
of 1” ~ 1076 rad. This issue may become critical in the vicinity of very compact objects
(e.g., black holes), but these cases are not relevant to the present discussion. Hence, a
very good approximation of the deflection angle is given by
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If we set M = Mg and 7, = Re we get the solar deflection angle ae = 1.74”, which
was measured during the solar eclipse of 1919. The result was twice larger than the value
predicted by Isaac Newton’s law of gravitation, but was in excellent agreement with the
prediction of General Relativity, and made Albert Einstein world-famous.

We have already mentioned that the considered deflection angle is small in most rele-
vant astrophysical situations. Hence the distance of closest approach r,,;, can be approx-
imated by ||&]|, which implies that the two-dimensional deflection angle satisfying the lens
equation is

. AGM &
all)=———"7=.
=" e
This is the deflection angle for a point mass. If we use this in the lens equation we get
D, AGM € AGM D;;, 6 0%, 0
N= Dt e f=0- — (18l = 72 ) oo
Dy R ¢ DsDy |02 1011/ 16l

where we have defined the Einstein angle

o _ [IGM D
E=\N "¢ DD,
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Thus, in the case of a point-mass lens, a ring-shaped image of radius 0 is formed when
the lens, the source and the observer are aligned (i.e. 8 = 0). This ring is called an
Einstein ring.

We will use the deflection angle of a point mass to compute the deflection angle for more
complex mass distributions. Indeed, the smallness of the deflection angle also implies that
the gravitational field is weak and that the Einstein field equations can be linearized. The
deflection angle of an ensemble of point masses is then the vectorial sum of the deflection
angles of the individual mass components. In the assumed thin lens approximation, we
can consider the mass of the lens as a mass sheet having a surface mass density (&) and
being orthogonal to the line of sight. The deflection angle is then

4G [ B(€) (€-¢&) o
a(g) = — / —r e 4¢

c? 1€ —&'|1?
where & — ¢ is approximately the distance of closest approach of the light ray to the
deflecting mass element dm(¢’) = £(¢') d¢’. From the previously given definitions of the
angular coordinates, we have & = D; 8 and we define the scaled deflection angle as

. Dy . AGDLD, [ S(0)(0-0) , 1 [ x(0)(O-0)
a(f) = Sra(De) = 5 - / 6o de':W/ oo a2’

where k(0) = X(D; 0) /Xt is the dimensionless surface mass density, also called conver-
gence, and Y is the critical surface mass density defined by

¢z D,
4G D D,

2Crit =

It is called critical because the condition ¥ > ¥ (i.e. x > 1) is sufficient to produce mul-
tiple images for some source positions. The critical surface mass density is a characteristic
value between the strong and weak lensing regimes.

4.4 The deflection potential

A potential can easily be found for the scaled deflection angle using the simple identity
Vin|é—¢| = (&—-¢)/]|€—€|* The deflection potential is defined as

WO =5 [ € mle-¢| @ md  a=vi.

Similarly, we can define a scaled deflection potential

¥(0) = 1/;-@(0’) In||6—6'| d*¢ and a=Vy.

™

From these definitions, the lens equation can be rewritten
B=60—a@)=0—-Vy(0).

The deflection potential is very convenient for modeling gravitational lenses and especially
for computing the distortions and magnifications of the images, as we will see later on.
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4.5 The arrival time and Fermat’s principle

Another important quantity in gravitational lensing is the scaled arrival time defined as

which has the following interesting property

Dls
Dy

vr(0)=0 = B=60—-Vi(0)=0— a(0) .

The last equality is the lens equation. This proves that the images of a lensed source
form only at stationary points of the arrival time 7. This property is also known as
Fermat’s principle, which states that real light rays take paths that extremize the arrival
time. The scaled arrival time, visualized as a function of the images positions, defines a
three-dimensional surface and is called the arrival-time surface.

4.6 The time delays and the Hubble constant

Light having a finite propagation velocity, it takes a certain amount of time before the
light rays emitted by a distant source can reach us. This amount of time depends on the
path followed by the light rays and will differ whether the source is gravitationally lensed
or not. Cooke & Kantowski (1975) derived the expression for the time difference between
the lensed and unlensed cases, and showed that the light from a lensed source is delayed
because of two effects. First, a light ray that is bent is longer and thus, light needs more
time to propagate. This gives rise to a geometrical time delay Atgeom. If we consider a
FLRW metric and make the reasonable assumption that the scale factor R(t) does not
vary significantly during Atgeom then

DD,
2Dy,

¢ Atgeom = (1 + 2) 6 —B)°.

Second, when light rays propagate through a gravitational potential, this results in a
(general relativistic) time dilation effect, which retards them. This is the well known
Shapiro effect, which has been tested by radar echo delay experiments towards the inner
planets of the Solar System (Shapiro et al., 1971). It is important to note that this
gravitational time delay Atg,, occurs at the redshift of the lens and then gets stretched
by a factor (1 + z;) due to cosmic expansion

¢ Atgray = —(1 4 ) P(€) + constant.

Cooke & Kantowski (1975) showed that the gravitational time delay can be significant
and should not be neglected. The total time delay At is hence, the sum of the two

DD, (1

cAt =1+ z) D 5
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6—B)° - ¢(9)> + constant

where we have introduced the scaled deflection potential 1(0). Unfortunately, because
the unlensed source is not observable, the time delay At can not be measured. However,
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the difference between the time delays Aty and Atpg affecting two different lensed images
A and B of the background source can be determined

Atg — Aty =

142z D;D; <1
2

Lt D (L0n - B — (04— 87— 0(05) + v(0))

We immediately see that the time delay depends on angular-diameter distances, which
themselves depend on the density parameters 2,0 and 5, the redshifts of the source
zs and lens z;, and Hy. The dependence of the time delays on the energy densities {2pq
and €,,0 are weak, but what makes them particularly interesting is that they are, as the
angular-diameter distances, directly proportional to H; 1 As a consequence, gravitational
lensing can provide, via the measurement of time delays, a direct estimation of the Hubble
constant. This method is known as the time-delay method and was first proposed by
Refsdal (1964a).

It is also interesting to note that the difference between the time delays of two images
depends on the difference of the potential at the image positions. Thus, for a given
deflecting mass, time delays tend to be larger for steeper mass profiles. Hence, time delays
can also be used to determine the mass profiles of lensing galaxies (e.g., Kochanek, 2002).

4.7 Images and magnification of a lensed source

From the expression of the deflection angle, we know that a light ray passing closer to the
lensing mass is more deflected than a light ray passing farther away. Hence light beams are
not only deflected but are also distorted. The situation is illustrated in Fig. 4.2, where an
extended source is gravitationally lensed by a mass distribution. The source has a surface
dn; dne measured in the source plane. If no lens is present, the solid angle that the source
subtends on the sky is simply d€2s = dn; dn2/D?2. Because of the mass distribution, the
light rays are deflected and the image of the source has an apparent surface d&; d&s in the
lens plane, subtending a solid angle d€; = d&; d&y/ DIQ. Since gravitational lensing is not
linked to emission or absorption of radiation, the surface brightness (or specific intensity)
I is preserved. Although we will not prove it here, this is a consequence of Liouville’s
theorem, and of the fact that the lens equation is a gradient mapping. The flux of the
unlensed source is Fy = I d€2; and the flux of the lensed source image is F' = Id€);. The
change in flux due to the deflecting mass is called the magnification and is defined as

F_d _ d&dé (D)
D) -

"TFR T A0, T dpdn
The lens equation gives the expression of 3(6). Reminding 3 = /D, and 8 = £/Dg, we
get
dpdm (D' _dbidy o 0B(0)d01doy _  0B(6)
d¢, d& \ Dy df; dbs 00 db; dby 00

Note that the second equality is only valid if the source is much smaller than the angular
scale on which the lens properties change, i.e. if the lens mapping @ — 3 can be linearized
locally. The distortions of images are then described by the Jacobian matrix

A:M: 5.._621/’(0) _(1=r=—m —V2
00 K 6& 80] —Y2 1—/€+71
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Source plane

Lens plane

Figure 4.2: Light beams are not only deflected, but also distorted. The observed solid angle
dQ; = d&; d&;/ D} subtended by the lensed image, as seen by the observer, is different from
the solid angle dQs = dn; dnz/D? subtended by the unlensed source. As a consequence,
the image of the source is modified in brightness and in shape.

where we have used the lens equation 8 = 0 — V¢ (0), and the following definitions

L1 (9%(8) Y)Y L O*Y(8) L1 (9%)(8)  9*Y(6)
71(9)‘2( 202 062 > P20 = 59,00, “(9)_2< 062 o062 )

We have introduced the components of the shear v = /9% + ~v2. The Jacobian matrix A
has the two eigenvalues 1 — k + «. Lensed images are stretched in the two eigendirections
of A. The images are thus distorted in shape and in size. The shape distortion is due
to the shear v (i.e. the tidal gravitational field), whereas the magnification (the change
in size) is caused by both isotropic focusing due to the local surface mass density x and
anisotropic focusing due to the shear ~.
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The magnification factor p is given by the inverse of the Jacobian of the lens mapping
0 — 3 and hence,

1(0) = [det o (‘9)} B !

00 _(1—/-{)2—’72.

Since the intrinsic luminosity of the source is generally unknown, the magnification in a
lens system is not observable. However the flux ratios of different images provide a direct
measurement of the corresponding magnification ratios, and thus, can be used to constrain
the lens model.

Figure 4.3: Effect of increasing surface density x and shear v on the images of a lensed
background source. The white circles indicate the position of the lens. The surface density
is increased from left to right. The external shear added to the lens model is increased
from top to bottom. The white line in the last panel points in the direction of the mass
concentration responsible for the external shear. The shape distortions of the images are
due to the shear (internal plus external), whereas the magnification (the change in size) is
caused by both isotropic focusing due to the local surface mass density x and anisotropic
focusing due to the shear ~.

So far, we have considered isolated lenses. However, several studies (e.g., Momcheva
et al., 2006; Williams et al., 2006) have revealed that approximately two out of three lensing
galaxies are located in galaxy groups. This additional mass distribution will disturb the
gravitational potential of the lens. In most cases the disturbers are located far enough
to only have very small contributions to the total surface mass density, but they will
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nevertheless contribute to the tidal gravitational field, i.e. they will add shear to the
lensing potential. To account for such perturbations, models of a perturbed gravitational
lens have to include an external shear, cf. Section 4.11. The effect of external shear on
the lensed images are illustrated in Fig. 4.3.

4.8 Properties of ordinary images

We have seen that images of a lensed source form at stationary points of the arrival-time
surface 7(0). These stationary points can be of three types: either minima, maxima, or
saddle points. When the lensed source is intrinsically variable, its flux variations will be
observed first at a minimum, then at a saddle point, and finally at a maximum. If there
are several stationary points of the same type, the image located the farthest away from
the lens will be leading. Examples of stationary points together with contours of the
arrival-time surface, called isochrones, are illustrated in Fig. 4.4.

When the lens is absent, the isochrones are circular and the image is located at the
central minimum. For a small lensing mass, the shape changes slightly and the minimum
moves a little. But for large enough mass, a qualitative change occurs: contours become
self-crossing and produce more and more images. Each self-crossing produces two new
images, one saddle point and one minimum or maximum. Lensed quasars are typically in
three or five-image configurations. Both cases have one maximum located at the center
of the lensing galaxy. Since galaxies tend to have sharply-peaked central densities, the
central maximum is highly demagnified and is almost always unobservable. Thus, the
observed lensed quasars are mostly doubles or quads, with one incipient image hiding at
the center of the lens.

Other image properties are related to the magnification factor p(8), which is given by
the following expression

1(8) = {det 968 (9)} - !

90 T A—rZ-2

The determinant can have either sign. This sign is called the parity of an image. Schneider
et al. (1992) summarize the different characteristics of each of the three types of stationary
points.

e Minima have positive parity, the smallest time delays, v < 1 — k < 1, and thus,
k < 1and p > 1. The last inequality indicates that an image located at a minimum
is magnified. At a minimum, both eigenvalues of A are positive.

e Saddle points have negative parity, i.e. (1 — x)? < 72, and are therefore mirror-
symmetric images of the source. At a saddle point, the matrix A has one positive

and one negative eigenvalue.
e Maxima have positive parity and the largest time delays. They verify (1 — k)% > ~2

and kK > 1. At a maximum, both eigenvalues of A are negative.

4.9 Critical curves and caustics

Critical curves define the positions in the image plane where the magnification u(0) is
infinite. However, this divergence does not mean that the image of a source is actually
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Figure 4.4: A model of the lensed quasar QSO 22374-0305. The panels are centered on
the lens. Left: Source position and caustics. Middle: Image positions and critical curves.
The central image is highly demagnified and is not observed. Right: Image positions and
arrival-time contours (i.e. isochrones). The central image is located at the maximum of
the arrival-time surface. Two images are located at minima and two others at saddle
points of the arrival-time surface. The left panel (showing the source plane) has a scale
half that of the other panels.

infinitely bright, because real sources are extended, i.e. for such source, the magnification
is the weighted mean of p over the source (see Chapter 7). This always leads to finite
magnifications.

If we map critical curves back to the source plane via the lens equation, we get caustic
curves. Caustics separate regions on the source plane that give rise to different numbers
of images. An illustration is given in Fig. 4.4. In this figure, the source is well within
the inner caustic, and this results in five images. The image near the center is highly
demagnified and observationally such a system would be a quad. Note that the inner
caustic in the source plane maps the outer critical curve in the image plane.

For axially symmetric lenses (e.g., the point mass) the outer critical curve is a circle
with radius of one Einstein angle 6g. This circle corresponds to the inner caustic that de-
generates into a point: the origin 8 = 0 in the source plane. This degeneracy occurs solely
due to the highly symmetric situation of the lens model and thus, any slight perturbation
of the mass distribution will unfold this caustic point into a caustic curve of finite extent.
The inner critical curve has a corresponding outer caustic in the source plane, that is a
circle.

4.10 The mass-sheet degeneracy

Modeling of a given lens is essential for most applications of gravitational lensing (e.g.,
the determination of Hy). The models must fulfill several observational constraints that
we briefly review in the case of strong lensing.

Suppose we observe a multiply-lensed source with N images, then the image posi-
tions 6; yield 2(N — 1) independent constraints. If detected, the position 6; of the lensing
galaxy adds 2 more constraints. Further constraints are the N — 1 time-delays and N — 1
flux ratios 1;/ ;. Note, however, that the measured flux ratios can not always be used be-
cause microlensing by stars in the lensing galaxy can produce additional (de-)magnification
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of the lensed images. If we want to use the model to estimate Hy from the time-delay
method, then at least one time delay has to be subtracted from the total number of con-
straints. Hence, in total there are 4N — 3 observational constraints at best. In practice,
we may lack some of these constraints and the total number is often smaller than that.

Given the small number of observational constraints, especially for doubly-lensed
sources, it is quite easy to find a model for the lens that fits the observations. The
problem is that this model is generally not unique. A particular difficulty is the so-called
mass-sheet degeneracy (Falco et al., 1985).

Let x(6) be a mass distribution which provides a good fit to the observables. Then
the whole family of lens models

kA (0) = (1 — X) + A\x(0)

provides an equally good fit to the data. The first term corresponds to adding a homoge-
neous mass density (1 —\) to the mass distribution, whereas the second term is a rescaling
of the initial mass distribution «. The lens equation corresponding to k) reads

B=0—ay0) with a)(@)=(1-X0+ \a(0) = gze—a(e)
so that the lens equation for k) has the same form that for x, except that the coordinates
in the source are multiplied by 1/A. However, this rescaling has no consequence, since the
unlensed source position is not observable. The magnifications behave as 1) (0) = p(6) /)2,
but as only magnification ratios are observed, this can not be detected observationally.
The shear is also rescaled 7, (6) = A7), but this also has no observable effects on the
image geometries.

The only observables that are changed by the transformation x — k) are the time
delays. If we know the value of Hy from other cosmological observations, we can break
the mass-sheet degeneracy and determine the absolute surface mass density. However,
the situation becomes more problematic if the goal is to estimate Hy. If nothing sets an
absolute scale for the source (e.g., we know its intrinsic luminosity) or an absolute mass
scale (e.g., from its dynamics), one can not distinguish the model described by & from
the one described by k). One possible solution to break this mass-sheet degeneracy is
given when sources with different distances D; are lensed by the same object, because
Yerit depends on Dg. This situation is rare for strongly lensed sources and there are only
few examples (e.g., Gavazzi et al., 2008).

4.11 Modeling gravitational lenses

In Section 4.3, we have already described the point-mass lens and have shown that the
deflection angle of a more general mass distribution can be computed from

A [ RE) (€€
“(5)%2/ e—ep ¢

For some relatively simple mass distributions, analytical expressions can be obtained.
The simplest lens models are obtained when their projected mass distribution is axially
symmetric, i.e. X(&) = X(§) with £ = ||€||. In this case the deflection angle reads

_ 4G M (&) £
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where M (€) is the mass enclosed within radius . For more complicated lens models,
the integral has to be solved numerically. There are two different families of models
considered: parametric models (e.g., Keeton, 2001b) and pixelized models (e.g., Saha &
Williams, 2004). We present first some of the most commonly used parametric models
and describe some pixelized models afterwards.

The Singular Isothermal Sphere

A simple lens model which applies, at least to first order, to the lensing properties
of galaxies and galaxy clusters is the so-called Singular Isothermal Sphere (SIS). This
model describes a spherical mass distribution where the velocity distribution at all radii
is Maxwellian with a one-dimensional velocity dispersion o, (hence, the term isothermal).
The spatial density and corresponding surface mass density are

oy _ o
p(r) = G2 = () = G ¢

which yields the projected mass M (&) within radius &, and the deflection angle &(€)

= &(f) =dr (%)2 éH .

Note that the magnitude of & is constant. The Einstein angle of this lens model is

ay\2 Dy oy ? Dy
Op = dr (22) 52 =115 (oo
E="\"¢) D, 200 km/s) D,

3 2
M) =2 [ 5(e) ¢'ag = T

from which we conclude that the angular scale of the lens effect in galaxies is about an
arcsecond. In terms of the Einstein angle we have

O RS
T T T (7

Limitations to the SIS are the central singularity and the infinite total mass. The SIS
is therefore strictly speaking unphysical, but it is nevertheless commonly used in the
literature due to the simplicity of its form, and to the fact that it reproduces the basic
properties of lens systems (such as image separation) quite well.

De Vaucouleurs model

De Vaucouleurs’ law is perhaps the most widely used empirical law to describe the surface
brightness profile of an elliptical galaxy (de Vaucouleurs, 1953). This law describes lens
models where the mass distribution is assumed to follow the distribution of light. Thus,
these models have a constant mass-to-light ratio with a surface mass density

s~ (2 (£) 1)

The scale length ., known as the effective radius, contains half of the total mass (or light)
of the galaxy. De Vaucouleurs’ law, also known as the r'/4 law (because log (£(€)) o< £1/4),
is empirical in nature, and does not necessarily fit all elliptical galaxies over all ranges.
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NFW model

Navarro, Frenk, & White (1996, 1997) performed N-body cosmological simulations to
study the density profiles of dark matter halos. They found that all such profiles have
the same shape independently of the halo mass, the initial density fluctuation spectrum,
and the values of the cosmological parameters. Their profiles are well fitted by the simple

formula
2
T r
p(r) = ps [ <1 + ) ]
Ts Ts

This profile has a central singularity and a scale radius r; at which the slope of the profile
changes from p(r) o< r~1 close to the center to p(r) oc r =2 at larger radii.

-1

Non-axisymmetric models with external shear

More complicated non-axisymmetric profiles are often used to describe the mass profile
of real lenses, even though the lens equation may no longer have analytical solutions.
Breaking the symmetry leads to qualitatively new properties of the lens. Most obvious of
them, the central caustic (which is degenerated in a point for axisymmetric models) gets
unfolded into a curve of finite size. A source situated inside this curve can then have five
images. Observationally this would be a quad, as the central fainter image is generally
not observed.

Simple non-axisymmetric models are those with two lines of symmetry, such as an
ellipse has. Examples are mass distributions where x is constant on (confocal) ellipses
(e.g., Bourassa & Kantowski, 1975; Schramm, 1990), i.e. the surface mass density has the
form k = x(¢) with ¢? = 62 + Hz/qz, where 0 < ¢ < 1 is the projected axis ratio and
¢ is an ellipse coordinate!. For analytic simplicity, it is sometimes more convenient to
put the elliptical symmetry in the potential, rather than in the density (e.g., Blandford
& Narayan, 1986; Witt & Mao, 1997). However, one should keep in mind that elliptical
potentials correspond to unphysical matter distributions if the ellipticity is large (Kormann
et al., 1994).

In general, real gravitational lenses are rarely isolated (e.g., Momcheva et al., 2006;
Williams et al., 2006) and local structures, such as a group of galaxies, can perturb the
lensing potential. In most cases the disturbers are located far enough to only have small
contributions to the lensing potential ¢(@). The additional potential ¥ex (@) induced by
the external perturbations can therefore be Taylor expanded around the lens position. To
the second order, the perturbations are approximated by (Keeton, 2001a)

e (8) = L] (st — Yot €05 [2(0 — 6,))

where Kext is the convergence of the external perturbation, 7ext is the strength of the
induced external shear and ¢, indicates the “direction” of the external shear. Note that
this angle is not a standard polar angle, but it is inserted so that the shear angle points
toward the mass concentration producing the shear. The constants Kext, Vext, and ¢
are evaluated at the position of the lens. The term key is equivalent to a uniform mass
sheet with density ¥/¥¢it = Kext- The only observable effect of keyt is to rescale the time
delays by (1 — Kext), which leads to the mass-sheet degeneracy discussed in the previous

IThe ellipse is centered on the origin and aligned along the 0,.-axis
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section; hence, this term is often omitted from lens models and introduced a posteriori
using independent mass constraints (e.g., Bernstein & Fischer, 1999).

The addition of an external shear improves noticeably the modeling of most grav-
itational lenses. However, it can be difficult to disentangle the effects of the external
perturbations and those of the ellipticity, and it is important to understand any degen-
eracies between the two sources of angular structure before drawing conclusions from the
models (Keeton et al., 1997).

Non-parametric pixelized models

Gravitationally lensed quasars provide only few observational constraints, which are in
general inadequate by themselves to provide a unique reconstruction of the galaxy mass.
As a consequence, the usual methodology is to model the lens with simple parametric
models, but this strongly limits the number of considered mass distributions of the lens
and results in large systematic errors in the determination of the Hubble constant. An
alternative approach is to use non-parametric models, such as pixelized models (Saha
& Williams, 1997; Williams & Saha, 2000), where each pixel is an independent mass
element. These models have a large number of degrees of freedom (~ 1000) and thus, can
better explore physically plausible mass distributions, all of which reproduce the lensing
observables exactly. The disadvantage of this technique lies in the fact that it is an
underconstrained problem, and one ends up with a multitude of mass models reproducing
the observables. However, one can treat this ensemble of models statistically and derive
probability distribution for the parameters of interest (e.g., Hy). One can even go further
and combine the probability distributions obtained from different lensed quasars to get a
simultaneous determination of Hy (e.g., Coles, 2008).

4.12 Microlensing

In the previous sections, we have seen how a large mass distribution, like a galaxy, can
act as a gravitational lens. But smaller masses like stars or compact objects (e.g., black
holes, brown dwarfs, planets, etc.) can also act as lenses. The deflection of light and
hence, the angular separation between the lensed images of a background source are pro-
portional to the square-root of the mass of the lens. For stellar mass objects, this implies
that the image separation is typically of the order of one milli- or micro-arcsecond, hence
the term microlensing introduced by Paczynski (1986a). Such small angular separations
can not be resolved with current instruments, and the micro-images form one single un-
resolved (de-)magnified image. The only observable effect of microlensing is the global
(de-)magnification of the lensed source, which can reach several magnitudes. A very inter-
esting property of microlensing is that it is a dynamical phenomenon. The relative motions
between the observer, the source, and the microlens induce flux variations on time-scales
of a few days to several months depending on the lensed system. These evolving brightness
fluctuations are called microlensing events.

Microlensing occurs essentially on two different distance scales, either on galactic or
cosmological scales. In the context of this thesis, we will focus on cosmological microlens-
ing, but we briefly mention some applications of galactic microlensing that have conducted
to recent impressing results. Galactic microlensing involves a compact object situated in
our Galaxy passing in front of a background source, usually a star, located either in our
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Galaxy or in a nearby galaxy, like the Large Magellanic Cloud. Paczynski (1986b) pro-
posed to use such microlensing situations as a mean to detect dark matter candidates in
the form of massive compact halo objects (MACHOs). MACHOs are bodies too small to
produce their own energy by fusion and might be brown dwarfs, planets, neutron stars,
old white dwarfs, or black holes. In 1993, three different teams (MACHO, EROS, and
OGLE) obtained the first lightcurves of galactic microlensing events and found several
low-mass stars acting as microlenses (Alcock et al., 1993; Aubourg et al., 1993; Udalski
et al., 1993). The search for MACHOs is still going on, and thousands of microlensing
events in our Galaxy have already been observed. The statistics of these detected dark
objects rule out the possibility that low-mass stars make up a significant fraction of dark
matter in our Galaxy. Another important application of galactic microlensing is the search
for extrasolar planets, as first mentioned by Mao & Paczyniski (1991). The advantage of
microlensing over other methods (e.g., radial velocities or transits) is its higher sensitivity
to low-mass planets. Recently, Beaulieu et al. (2006) detected one of the smallest known
extrasolar planets with only 5.5 Earth masses.

Cosmological microlensing differs from galactic microlensing in the sense that it does
not involve one but many microlenses simultaneously. The effect of a whole galaxy act-
ing as a lens on a background source (e.g., a quasar) is usually described by a smooth
potential created by a continuous mass distribution. This mass distribution produces
the observed multiple (de-)magnified macro-images of the source. The individual stars
and compact objects of the galaxy introduce a graininess into the potential, which in-
fluences the macro-images. As described above, the microlenses produce an additional
(de-)magnification of the images, which varies in time due to the relative motion of the
microlenses. These flux variations are extrinsic to the background source and affect each
macro-image independently. As a consequence, microlensing is often regarded as a source
of noise in studies where the goal is to measure the time delays between the macro-images
(e.g., to determine the Hubble constant). However, cosmological microlensing can also be
treated as a very interesting source of information from which one can determine the size
(e.g., Wambsganss et al., 1990b; Yonehara, 2001) and shape (e.g., Mineshige & Yonehara,
1999) of the background source, as well as the transverse velocity of the lensing system
(e.g., Gil-Merino et al., 2005) and mean mass of the microlenses (e.g., Kochanek, 2004).
More details on these methods are given in Chapter 7.
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“You may delay, but time will not.”
Benjamin Franklin (1706 - 1790)

Chapter

Measuring time delays

5.1 Introduction

The Hubble constant Hy is a particularly important parameter in Friedmann-Robertson-
Walker (FRW) cosmologies (e.g., the concordance model), because it sets the length and
timescale of the Universe. Cosmological distances are directly proportional to H, 1 and
a large uncertainty in Hy implies that we are unable to precisely determine the distances
to any distant extragalactic object. This has dramatic consequences on the estimation of
other cosmological parameters such as the energy densities 2,0 and Q9. For instance,
the analysis of the WMAP data provides a well defined relation between €,,0 and Qa9
(Spergel et al., 2007, see Fig 2.4), but the actual determination of these values depends
on the value of Hy.

Numerous techniques have been developed to determine Hy, and we have reviewed some
of the commonly used methods in section 2.10. The major drawback of these methods
is that they use standard candles as distance calibrators, which increases the systematic
errors of the inferred value of Hy. Currently, the best estimation of the Hubble constant
using these techniques is obtained by the HST Key Project Hy = 72 4+ 8 kms~! Mpc—!
(Freedman et al., 2001) with uncertainties larger than 10%. Considering the efforts and
amount of telescope time necessary to accomplish a program like the Key Project, it is
clear that a better estimation of Hy will be very difficult to reach with methods based on
secondary distance indicators.

An alternative approach is offered by gravitational lensing and has the potential to in-
crease the precision of Hy determinations by as much as one order of magnitude (Kochanek
& Schechter, 2004) through the so-called time-delay method (Refsdal, 1964a). This method
is based on the property that any intrinsic variability of a lensed source is observed at
different times in the lensed images, and that the observed time delays between the images
are proportional to H ! Hence, the Hubble constant can be determined at truly cosmo-
logical distances and independently of any standard candles or local distance calibrators.

At the beginning of this thesis in 2004, there were ten lensed quasars with measured
time delays, of which nine gave Hj estimates (see Kochanek & Schechter, 2004). Unfortu-
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nately, these time delays had uncertainties of the order of 10%, and hence they could not
give competitive Hy estimates. To fully exploit the potential of gravitational lensing, it is
imperative to reduce the uncertainties of the measured time delays by devising a dedicated
and long-term monitoring program, in order to increase both the frequency and quality of
the observations.

5.1.1 Observational and theoretical challenges

Although the time-delay method was published in 1964 by Sjur Refsdal, no concerted and
long-term program has succeeded to implement the method at a level of precision really
competitive with other techniques. There are several reasons for this. In Section 4.6, we
saw that the theoretical expression for the time delay between two lensed images A and
B is given by

Atp_y =

s DU (L0n - 8 = 504 - )~ 0(62) + 0(6.))

2
where the D’s are angular-diameter distances proportional to H . From this equation, we
immediately see that a precise determination of Hy from the time-delay method requires
the following input

1. the astrometry 68 4 and @p of the lensed images relative to the lens position,
2. the time delay Atp_ 4 between the lensed images,
3. the redshifts z; and z; of the source and the lens, respectively,

4. the gravitational potential ¢(0) (i.e. the mass distribution) of the lens.

Note that the true position 3 of the unlensed source is not an observable and is determined
from the lens model 1(0), which should reproduce the observed image positions.

An accurate determination of Hy is only possible if all four points are addressed.
Although the astrometry of most gravitational lenses is now sufficiently well measured,
with precisions reaching a few milli-arcseconds (Kochanek, 2003a), the other three points
remain challenging. The required precision for time-delay measurements is of the order of
a few percents, whereas the typical accuracy reached by past monitoring programs is five
to ten times larger. Reasons for this are the high spatial resolution required to separate
the quasar images, extrinsic variability induced by stellar microlensing, and the small
amplitude of quasar intrinsic variability (a few tenths of a magnitude). An additional
difficulty is the measurement of the lens redshift z;, because the lens is often hidden by
the glare of the much brighter quasar images. In these cases, deep spectroscopy with high
spatial resolution is necessary (see Chapter 6).

Besides these observational challenges, there are also theoretical ones. The modeling
of the lens potential has proven to be difficult, because of the paucity of observational
constraints, and because of the perturbations induced by nearby structures like galaxy
groups (Schechter, 2005). The non-uniqueness of lens models reproducing the observables
is also an important issue, as it has led to contradictory results known as the central
concentration problem (see Chapter 8).

To summarize and in order to reach the target accuracy of a few percent on Hy, it is
mandatory to : (1) increase the precision of time-delay measurements, (2) determine the
lens and source redshifts, and (3) improve the lens models. We will discuss each of these
points more specifically in the following chapters.
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5.1.2 The COSMOGRALIL project

The COSmological MOnitoring of GRAvItational Lenses (COSMOGRAIL, Courbin et al.,
2005) started in April 2004 with the aim of measuring time delays for over twenty known
lensed quasars and to evaluate Hy with a precision of a few percent. Accurate time-delay
measurements are particularly demanding observationally, because the quasar images have
small angular separations (typically of one arcsecond). Such separations require a spatial
resolution of a few tenth of an arcsecond, which is reached by space telescopes like the
Hubble Space Telescope (HST) or by large ground-based telescopes like the Very Large
telescope (VLT). However, conducting a large monitoring program like COSMOGRAIL
on such highly demanded telescopes is unrealistic, and smaller telescopes of the 1m or 2m
class should be considered. The lower resolution of these telescopes imply that accurate
photometry of blended objects, sometimes with several quasar images plus the lensing
galaxy within the seeing disk, has to be performed. This difficult task is overcome with
numerical methods such as the MCS deconvolution algorithm (Magain et al., 1998) de-
scribed in Section 6.2. This algorithm increases the spatial resolution and assures that the
quasar images are spatially separated and deblended, leading to accurate photometry.

A monitoring campaign like COSMOGRAIL requires large amounts of observing time,
which are acquired with five different telescopes all located on sites with exceptional ob-
serving conditions (see Fig. 5.1). Before starting the observations, there are several issues
that need to be addressed. The first one is the selection of the targets. Not every lensed
quasar is suited for an accurate time-delay measurement. To determine which lens systems
are best suited for the project, Saha et al. (2006) modeled fourteen lensed quasars using
pixelized lens models. These models give an estimation of the expected time delay, which
helps to optimize the observational strategy, i.e. at which frequency a given lensed quasar
should be observed to use the available telescope time in the most optimal way.

Once the targets and observational strategy are defined, the observation campaign can
start and, after a few months or years of monitoring, accurate lightcurves are obtained for
the lensed quasar images. These curves are then cross-correlated to determine the time
delays and evaluate Hy from the time-delay method.

5.2 Determination of the optimal sampling of observations

The lightcurves of the images of a lensed quasar are generally shifted in time and in magni-
tude due to both the different geometrical paths followed by the light and the time dilation
caused by the gravitational potential of the lensing galaxy (see Section 4.6). Measuring
the time delay is, for several reasons, not a trivial task. First it requires regular monitoring
of the target over a long period (substantially longer than the time delay). Second, most
objects are not observable during the whole year, i.e., they will be below the horizon for
certain periods of the year. Third, there are nights with bad weather conditions when
no data can be obtained. Fourth, variations in lensed quasars may not only be due to
intrinsic fluctuations of the quasar, but also to microlensing by compact objects along the
line of sight. Such a microlensing signal, depending on its timescale and amplitude, can be
used to constrain the spatial structure in the quasar (see Chapter 7). But as long as these
extrinsic variations are not clearly distinguished from the intrinsic variations, microlensing
remains a nuisance for time delay measurements. Finally, the sampling of the observations
is crucial and has to be determined on basis of the intrinsic variations in the quasar and
the time delay estimated from the lens models (e.g., Saha et al., 2006).
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Figure 5.1: The five telescopes involved in the COSMOGRAIL project. From left to right,
and top to bottom: (1) the Swiss 1.2m Euler telescope located at the European Southern
Observatory of La Silla, Chile, (2) the Swiss-Belgian 1.2m Mercator telescope located on
the Canarian island of La Palma, Spain, (3) the 2m robotic telescope of the Liverpool
University (UK) also on La Palma, (4) the 1.5m telescope of the Maidanak Observa-
tory in Uzbekistan, (5) the 2m Himalayan Chandra Telescope of the Indian Astronomical
Observatory in Hanle.

Even though large amounts of telescope time are available for the COSMOGRAIL
project, it is of great interest to use this time in the most optimal way, as this increases the
number of lensed quasars that can be monitored simultaneously. Thus, for each individual
target a specific optimal temporal sampling has to be adopted for the observations. This
optimal sampling is determined from numerical simulations, which create artificial datasets
that allow to test the efficiency of various observing strategies. The goal is to obtain, with
the smallest number of observations, a time-delay estimation with a precision of a few
percent.
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5.2.1 Simulation of lightcurves

In order to produce realistic simulations we define several parameters, starting with the
characteristics of the quasar lightcurves, which are the amplitude and timescale of the
intrinsic variability. Typical values are found from the observed variability of unlensed
quasars (e.g., Hook et al., 1994). Based on these values, we create a continuous lightcurve
simulating the intrinsic variability of a quasar. We then shift this lightcurve by a given
time delay At;,, and interpolate the shifted and unshifted lightcurves at selected observing
dates. This produces the simulated lightcurves of two lensed quasar images.

The dates of the observations are determined following both a selected observing strat-
egy and a chosen visibility of the object along the year. We test four observing strategies
with different sampling rates: every three days, every seven days, every fifteen days, and
a forth irregular one. The visibility of a lensed quasar depends on its declination, e.g.,
equatorial objects are visible during roughly 5 months, whereas circumpolar objects are
visible all year. Finally, and, to be more realistic, we add some noise to the simulated
observations in the form of a Gaussian deviate having 0.01 mag standard deviation. This
is a reliable estimate of the expected accuracy of the COSMOGRAIL telescopes (Vuissoz
et al., 2007).

5.2.2 Extracting the time delay

Once, the lightcurves of the quasar images are simulated, we want to recover the input
time delay At;,. Many techniques are available for this task, with a variety of technical
subtleties dealing with unstable solutions, sparse sampling, and the effect of additional
perturbations of the lightcurves such as those caused by microlensing (e.g., Press et al.,
1992; Pelt et al., 1994; Beskin & Oknyanskij, 1995; Kundi¢ et al., 1997; Burud et al., 2001).
The aim of the present study is to decide which observing strategy will assure to recover
the value of the input time delay within a few percent, rather than testing the techniques
themselves. For this reason, we have adopted the cross-correlation method of Pelt et al.
(1994, 1996), also called the minimum dispersion (D?) method. This method is widely
used and combines robustness, simplicity, and low cost in terms of computing time. More
elaborated methods may be more efficient, so that our results can be considered as lower
limits on the accuracy that can actually be achieved by using a given set of lightcurves.

The minimum dispersion method can be summarized as follows: the lightcurve b(t) of
one image, e.g., image B, is shifted by a trial time delay At and compared to the lightcurve
a(t) of the other image, e.g., image A. The point is to find which curve b(t — At) best
matches the curve a(t) within the overlap region. For any curve b(t — At) the overlap
region is defined as the set of points for which there exist points in curve a(t), both
before and after in time. Curve a(t) is then linearly interpolated to these points, and
the dispersion D?(At) in the magnitude differences between the two curves provides the
measure of goodness of fit. The time delay Aty between the curves is defined as the
value that minimizes the dispersion D?.

5.2.3 Results

For every input time delay At;,, we explore a range of different combinations of observ-
ing conditions and strategies. For each combination, we run 10° simulations, each time
changing the artificial quasar lightcurve and adding randomly distributed errors to the
simulated observations, i.e. normally distributed deviates of 0.01 mag variance. From
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these 10° simulations, we obtain a distribution of the measured time delay At,y;. The
ratio between the standard deviation and the mean of this distribution defines the ac-
curacy that can be expected for the adopted observing strategy in the chosen observing
conditions.
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Figure 5.2: Histograms exploring the observational parameter space for the determination
of a time delay of 80 days. Each curve is the probability density function for the time
delay, obtained from 10° simulations, for a particular combination of the three parameters:
(1) sampling interval, four columns, from left to right: irregular, 15 days, 7 days, 3 days),
(2) wisibility period, three bands from top to bottom: 12, 8, and 5 months, and (3) peak-
to-peak variation A of the quasar lightcurve, three rows within each band, from top to
bottom,: 0.3, 0.2, 0.1 mag. Each panel is labeled with the mean and standard deviation
of the measured time delay, as well as the percentage error. The effect of microlensing is
not included in these simulations.



99

We apply this procedure to input time delays At;, from 5 to 120 days. The results for
At;, = 80 days are illustrated in Fig. 5.2, where the 36 panels correspond to the different
combination of the parameters. In each panel, the measured time delays At,,; are plotted
in histogram form, with the measured mean and standard deviation quoted.

This first set of simulations is performed without considering the effect of microlensing
by stars in the lensing galaxy. However, most quasars with measured time delays have
proved to be affected by microlensing. It is hence mandatory to introduce this effect into
our artificial lightcurves and to estimate how the time-delay measurements are modified.
Microlensing can be simulated as an additional lightcurve with a different length scale and
amplitude. We express the peak-to-peak microlensing amplitude A, as a simple function
of the quasar lightcurve amplitude A. We take it as A, = o+ A, with o = 0.01, 0.05, 0.10,
in order to mimic a microlensing amplitude of respectively 1, 5 and 10% of the amplitude
of the quasar lightcurve. The microlensing curve is smoothed using a convolution kernel
of 100 days, i.e. about three times slower than the intrinsic variations of the quasar,
and is added to the lightcurve of one of the quasar images. The choice of this image is
irrelevant because only relative differences between the lightcurves of the two components
are considered to extract the time delay. We then repeat the cross-correlation analysis.
The complete results of this study are given in the paper at the end of this chapter
(Eigenbrod et al., 2005).

5.3 Discussion

We have undertaken a set of simple but realistic numerical simulations in order to optimize
the observing strategy of the COSMOGRAIL monitoring program. The predicted error
bars on time delays compare very well with the ones obtained in optical wavelengths with
real data (see Fig. 4 in Eigenbrod et al., 2005).

From our simulations, we conclude that short time delays will never be measured with a
precision better than 2%, unless the intrinsic quasar variability is substantially larger than
0.3 mag. We find that time delays between 40 and 100 days are best suited for accurate
time-delay measurements, even in the presence of microlensing, and especially in the case
of circumpolar objects, where one can easily achieve a 2% accuracy. We also show that,
when the time delay is comparable to the visibility window of the object, a logarithmic
sampling can significantly improve the time delay determination. This is no longer true
when the time delay is shorter than the visibility window, where the logarithmic sampling
even degrades the results.

As expected, microlensing increases the error of the measured time delays. With 5%
microlensing (as defined here), the estimated error on the time delay is twice that of the
no-microlensing case. Moreover, equatorial objects should be avoided. Although they
are accessible from the north and south, they are visible under good conditions for only
5-6 months along the year. This makes it impossible to measure time delays larger than
100 days. For shorter time delays, the estimated error for an equatorial object is twice
that of the same object if it were circumpolar.

A point that is not discussed in our study is the influence of the magnitude shift between
the lightcurves of the two lensed quasar images. This shift can have a significant effect on
the determination of the time delay, especially when using the minimum dispersion method
(e.g., Vuissoz et al., 2007). Any measurement of a “real” time delay should therefore be
concerned about this issue, and more sophisticated methods should also be considered for
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the extraction of the time delay.

The present study helps to define the optimal combinations of predicted time delay,
object visibility and temporal sampling, to reach a target accuracy of a few percent. In
particular, it was used to define the observing strategies of the COSMOGRAIL targets.
Recent results are the determination of the time delay At = 49.5 + 1.9 days in the lensed
quasars SDSS J1650+4251 (Vuissoz et al., 2007), and the time delays Atg_4) = 35.5 £
1.4 days and At(p_cy = 62.6753 days in WFI 2033—4723 (Vuissoz et al., 2008). These
measurements have a precision below 4%, which is twice better than the accuracy reached
by previous time-delay measurements. Furthermore, as the monitoring continues, these
values will improve further, together with several other COSMOGRALIL time delays that
will be published soon.

Increasing the number of known time-delay lenses is important because they can be
combined to yield better estimates of Hy as when they are considered individually. For
instance, Oguri (2007) developed a statistical method to examine the dependence of time
delays on the complexity of lens potentials. They applied their method to sixteen published
time-delay quasars and found Hy = 68 & 6 (stat.) = 8 (syst.) km s=! Mpc~!. With
a different approach, Coles (2008) used pixelized models to simultaneously reconstruct
eleven time-delay lenses. He inferred Hy = 71fg km s~! Mpc~!. Adding more lenses to
these studies will reduce the uncertainties and should in the foreseeable future provide a
new determination of Hy with unprecedented accuracy.
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5.4 Paper presenting how to sample the lightcurves of grav-
itationally lensed quasars to measure accurate time de-
lays

COSMOGRAIL: the COSmological MOnitoring
of GRAvltational Lenses

I. How to sample the lightcurves of gravitationally lensed
quasars to measure accurate time delays
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Abstract. We use numerical simulations to test a broad range of plausible observational strategies designed to measure the time
delay between the images of gravitationally lensed quasars. Artificial quasar light curves are created along with Monte-Carlo
simulations in order to determine the best temporal sampling to adopt when monitoring the photometric variations of systems
with time delays between 5 and 120 days, i.e., always shorter than the visibility window across the year. Few and realistic
assumptions are necessary on the quasar photometric variations (peak-to-peak amplitude and time-scale of the variations) and
on the accuracy of the individual photometric points. The output of the simulations is the (statistical) relative error made on the
time delay measurement, as a function of 1- the object visibility over the year; 2- the temporal sampling of the light curves; and
3- the time delay. Also investigated is thezt of long term microlensing variations which must be below the 5% level (either
intrinsically or by subtraction) if the goal is to measure time delays with an accuracy of 1-2%. However, while microlensing
increases the random error on the time delay, it does not significantly increase the systematic error, which is always a factor 5
to 10 smaller than the random error. Finally, it is shown that, when the time delay is comparable to the visibility window of the
object, a logarithmic sampling can significantly improve the time delay determination. All results are presented in the form of
compact plots to be used to optimize the observational strategy of future monitoring programs.

Key words. gravitational lensing — cosmological parameters — cosmology: observations

1. Measuring time delays The project involves 5 telescopes: (1) the Swiss 1.Euter

L . L . t?lescope located at La Silla, Chile; (2) the Swiss-Belgian
Measuring time delays in gravitationally lensed quasars is di.'z m Mercator telescope, located in the Canaria islands

flcult,hbt:]ttr;]otf_z?stdnl:ic:lj_ltt ‘"ﬁ]'t f'rrSt flprgeare:j |nttfr1;a (Ijat(e)t?t'g.rr]]tla Palma, Spain); (3) the 2 m robotic telescope of the
1es when Ihe Tirst monitoring programs were started. ainig, rpool University (UK), also located at La Palma; (4) the

regular observing time on telescopes in good sites was (aln m telescope of Maidanak observatory in Uzbekistan;
is still) not easy and the small angular separations betweéarp '

th . - FI (5) the 2 m Himalayan Chandra Telescope (HCT).

e quasar images require to perform accurate photometry o

blended objects, sometimes with several quasar images plus theAll 5 telescopes, and others that will join the collaboration,
lensing galaxy within the seeing disk. are used in order to follow the photometric variations of most
known gravitationally lensed quasars that are suitable for a de-
termination ofHg. The sample of targets is described further
1.1 COSMOGRAIL in Saha et al. (2005), as well as the non-parametric models and
The COSMOGRAIL project (COSmological MOnitoring ofpredicted time delays for all of them. Our target accuracy on in-
GRAvltational Lenses), started in April 2004, addresses batividual photometric points is 0.01 mag, well within the reach
issues of carrying out photometry of faint blended source$a 1-2 m class telescope and average seeitigiila good

and of obtaining well sampled light curves of lensed quasasite. This accuracy is reached even for the blended components
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of lensed quasars, thanks to image deconvolution algorithiive consider only the time delay between two quasar images.

such as the MCS algorithm (Magain et al. 1998). Our simulations remain applicable to multiple time delays in
The results presented in the following were obtained to ofuads, but the errors on the photometric measurements of the 4

timize the observations of the COSMOGRAIL project, whickor more) components must be uncorrelated.

aims at measuring time delays, with an accuracy close to 1%

within 2 years of observations (per lensed quasar). 2. Simulated light curves

Although large amounts of time are available for ) . e
COSMOGRAIL on each telescope, optimizing the time speff'€ first step of the process is to generate artificial quasar
on each lensed quasar, depending on its luminosity and light curves whose properties mimic quasar variations in a re-

pected time delay, remains very important. The present F;zéi_stic way. A useful be_nchmark here_is the analysis by Hook
per aims at optimizing the temporal sampling to adopt in oft al. (1994), of the variability properties of a sample of some

der to derive accurate time delays for as many lensed quasid quasars. o .
as possible. They find that the variabilitydm of optically selected

The paper is organized in the following way. Section 2 dg_uasars can be represented by a function of the form:
scribes how we simulate the light curves of the quasar images. ot
In Sect. 3, we present which parameters of the simulated Iié‘m]I = (0.155+0.023Mg + 25.7)) (1 T z)
curves are varied and in which range they are varied. In Sect.

we explain how the time delays are extracted from the sir‘r’ﬁ]ereMB is the absolut® magnitudez s the redshift, andt

ulated light curves. The results of these simulations are df2 the time interval, in days, over whiaim applies. We plot

; . . {ﬁis relation in Fig. 1, for dferent luminositiesNlg = —26,
cussed in Sect. 5. Since most lensed quasar light curves aég) and redshiftsz( = 1, 2, and 3), which are typical for

probably afected by microlensing events, it is important tr?a}tensed quasars. The curves in the figure show a variation time-

our simulations include suchfects in order to evaluate thelrS ale of 10 to 100 davs for a tvpical chanae of a few tenths
influence on the determination of the time delay. This is treaté Y yp 9

in Sect. 6. Finally, Sect. 7 investigates tiffeet of logarithmic of a magnitude. Realistic simulated light curves should show

; i . a time-scale for the variations, and a total “peak-to-peak” am-
sampling on the light curves and shows how this irregular SarqftudeA — smof the variation that are in accord with these
pling can improve the time delay measurements when it is

the order of the visibility window of the object. Note that WéeSLIjrlwts(;rder to mimic these variations we first consider a time
consider here only the time delays measured from optical Ii%htr.

curves. Radio observations have characteristics that are ¢ ﬁ}-‘es ofN points spanning the total duration of the obser-

pletely diferent from the present simulations: noise propertievs ion. For each of these points we define a simulated mag-

8 . e . ; nitude in such a way that the artificial light curve follows a
better spatial resolution, less sensitivity to microlensing. : . .
random walk with an arbitrary peak-to-peak amplitude. We

next smooth the light curve with a Gaussian kernel that has a
1.2. Which accuracy? Full-Width-Half-Maximum FWHM) of 30 days to ensure that

the typical variation time-scale matches that of real quasars.
Not all lensed quasars are suited to an accurate determinapimauy the curve is renormalized so that its maximum varia-
of Ho, first because not all of them have nice lens models Wiﬁ@n is equa| toa Specified peak_to_peak amp”tﬂde
little influence of degeneracies and, second, because the er-A second light curve is then obtained, by applying a time
ror on the time delay propagates linearly into the error bughift At;, > 0. The two sets of pointstd, ma) for image A
get onHo. While the latter is not the dominant component iind (g, mg) for image B obtained in this way are the final
the error budget it can (and should) be made almost negligilignulated light curves, both sampled with 10 points per 24 h.
compared with the other sources of uncertainty. A precisiqiis sampling, very small compared with the sampling that will
of a few percent should be the goal of the photometric moBe adopted to carry out the actual observations, ensures that
itoring programs aimed at measuring time delaysidfis to  no interpolation is necessary when shifting curve B relative to
be measured with an accuracy competitive with other methogdgrve A. The precision on the shift is, then, 0.1 day, 50 times
So far, very few time delays are known with very high accusmaller than the smallest time delay we wish to simulate.
racy. Among the best examples are the double Q 8951 The curves are used to produce artificial observations, this
(Colley et al. 2003), measured in optical wavelengths, and t@e with a much sparser sampling. We defigs observing
quadruple B 1608656 (Fassnacht et al. 2002), measured jsbints at the observing datégs For each of these dates we
radio wavelengths. Most other lensed quasars have time dela¥fine the observed magnitude by selecting the closest value
known with a precision of about 10%. in time among the pairst{, my) for image A and g, mg)

The accuracy of the time delays depends critically on tfier image B, resulting in noise free, sampled, artificial light
temporal sampling, on the visibility of the object over the yeazurves. Finally, simulated photon noise is added to the data.
on the influence of microlensing, and on the good will of th€his is achieved by adding to each observing point a normally
quasar source to show photometric variations at all. Using rdistributed deviate of zero mean and varianggs Thus one
merical simulations on artificial quasar light curves, we try ihas defined a combined set Nf,s observations,tfys, Ma obs)
the present work to define the optimal observational strategyftm image A andops Me obg) fOr image B. Typical light curves
adopt in order to reach a desired accuracy on the time delase shown in Fig. 2.

0.18
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lensed quasar, or a signal-to-noise of 100 integrated over the
guasar image. We have tested some cases where the points have
larger error bars, and this led to the conclusion that the adopted
0.01 mag error is a requirement to meet in order to carry out
the project successfully. Doubling the error bars also doubles
the error on the time-delay determination. Errors above 0.05
are likely to compromise the whole feasibility of the project.

0.3

éﬂo'z We also suppose that the algorithm used to carry out the pho-
= tometry on the real data actually yields photon noise limited
g measurements. Second, we fix the total duration of the obser-

vations to two years, since one probably wants to meadyre
in a reasonable amount of telescope time.

Other parameters cannot be fixed in advance. They define
the parameter space we want to explore through the simula-
tions, and include:

0.1

1. The temporal sampling of the curves. We consider regularly

0 20 40 60 80 100 spaced sampling intervals of 3, 7, and 15 day30% due,
ot [days] e.g., to bad weather). Also, in some observatories, large
Fig. 1. Expected quasar variatioas in magnitudes as a function of ~ chunks of time are allocated rather than regularly spaced
the time intervalst (see text). The curves are plotted for Zreiient dates._ To model this, as an example, we a|_$0 carry out our
absolute magnitudedlg and for 3 quasar redshifts. experiment with a sampling of one observing point taken

every other day during 15 days, followed by 1 single point

taken in the middle of the next month, and again one point
every other day for 15 days, and so on. We refer to this type
1 of sampling as “irregular sampling”.

" ‘igi‘l | \; \
i ﬁ %E §I§ mguarigigs %}§I§E

- g ! | 2. The visibility of the object. An equatorial object is seen
oL § %ﬁﬁ R :  ogarithmic gﬁ%ﬁ wy d no more than 5 months in a row in good conditions. A
% # ﬁ%ﬁﬁ b circumpolar object is by definition visible the entire year.

J data points, e.g. non allocation of time to the project during
a full semester, which would simply hamper even a rough
estimate of the time delay.

3. The amplitudeA of variation of the quasar. We choose

1 three typical peak-to-peak variations #f = 0.1, 0.2,

0.3 mag over the two years of simulated observations, as

suggested by Fig. 1.

1 We also choose an intermediate visibility of 8 months. It
r ] . %@ should be noted that we do not allow for large losses of

©
0

Magnitude [arbitrary zero]

©
~

Determining the best combination of these parameters is the
goal of the present work, for a broad range of time delays,
from 5 to 120 days. For each time delay there are 4 temporal
samplingsx 3 visibilities x 3 amplitudes= 36 different possi-

Fig. 2. Example of simulated light curve, for a 2-year long observésle combinations of parameters.

tion and a peak-to-peak amplitude= 0.1 mag. The continuous light

curve is shown as a solid line. It has been smoothed on a length scale

of 30 days. The four samplings used in the simulations are shown Extracting the time delay

(plus the logarithmic sampling, see text), along with the error bars

of 0.01 mag. The figure is constructed for an object with a visibilitySing the light curves constructed in the previous section, we
of 8 consecutive months, hence the size of the gap in the center of i@ try to recover the time delagti, chosen in the simu-
curves is 4 months. The curve plotted for the logarithmic sampling hkedéed data. Many cross-correlation techniques are available for
the same number of data points as the curve for the 7-day samplinthis task, with a variety of technical subtleties dealing with
unstable solutions, sparse sampling, and tfieces of addi-
tional perturbations to the light curves (such as those caused
by microlensing).

In the simulations presented below, some parameters are im-The aim of the present experiment is to decide which ob-
posed on us by technical limitations. This is the case of tkerving strategy will assure us that the present typical 10% er-
maximum accuracy on the photometry of the individual quasar bar on optical time delays decreases below 2%, rather than
images. We assume that a good goal is 0.01 mag for a typitdting the cross-correlation techniques themselves. For this

400 600 800 1000
Epoch [days]

3. Parameter space
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reason, without further discussion, we have adopted the crogshle 1. Published time delays anddtuncertainties for four lensed
correlation method of Pelt et al. (1994), which is in wide us@uasars, measured from their optical light curves. The percentage er-
and which combines robustness, simplicity, and low cost fifs are given in parentheses.

terms of computing time. No other correlation technique was

used in the present simulations. More elaborated methods maybject Time delay [days] Reference

t_)e more dicient, so that our results can be c0n3|d_ered as I_owerRXJ 09140551 146+ 4 (2.7%) Hjorth et al. (2002)

limits on the accuracy that can be actually achieved using a

given set of light curves. FBQ 09512635 16+ 2 (13%) Jakobsson et al. (2004)
Although the Pelt method is well known, we briefly review PG 1115080 23.7+ 3.4 (14%) Schechter et al. (1997)

the main steps followec_i to determlne the time delay. SBS 1528530 130+ 3 (2.3%) Burud et al. (2002a)
We first define an interval of time delayatfin, Atmaxl,

which contains the true value of the time delsly,. Note that B 1600+434 512 (3.9%) Burud et al. (2000)

with real data, predicted time delays for lenses are accuratedE 2149-2745 103 12 (12%) Burud et al. (2002b)

enough to follow this approach, especially in cases where the
redshifts of the lens and source are known. We then défine
equally spaced time delays over the ranggng, Atmay, with The results for the percentage error, for the 36 parameter
interval<0.1 daysi.eNg > (Atmax—Atmin)/0.1+ 1. The interval combinations, for all the simulated time delays, are presented
is small compared with the input time delay, and ensures in a compact way in Fig. 4. Here each panel shows the results
that the precision of the results, even fatf, = 5 days, is not for 12 parameter combinations, which are the 4 temporal sam-
limited by the time resolution adopted in the simulations. ~ Plings x the 3 visibilities, and the three columns correspond
The light curve of image B is then shifted, successivellp the 3 amplitudes. Each row is for afférent time delay.
through the set oNy time delaysAt. The problem is to find I this figure are also shown the values of the quoted relative
which curveB(At) best matches curve A, within the overlagmors for six published time delays of quasars monitored in
region. For any curvB(At) the overlap region is defined as th@ptical wavelengths. These values are summarized in Table 1,
set of points for which there exist points in curve A, both befor@d have been plotted at a sampling of 15 days, which roughly
and after in time. Curve A is then linearly interpolated to theg@rrespond to theirféective sampling. Although the observa-
points, and the dispersidp?(At) in the magnitude dierences tional strategy used for these quasars is not strictly the same
between the two curves provides the measure of goodness offt.any of the ones we have defined, the predicted errors lie
Data points for which the distance from the interpolated date@her close to the real ones, with the exception of the dou-
the closest date in curve A, is greater than some specified lifii¢ quasar HE 2149-2745, but this quasar had very smooth
(i.e. where the interpolation is unreliable) are ignored in thkgriations over the two years of observations, much smoother
calculation. The search is limited, obviously, to time delays fé#an the typical variations used in our simulations (see Fig. 2).
which the two curves overlap. Time delays of the order of haffe do notinclude the twin quasar Q 09561 because it has
a year are thus only accessible for circumpolar objects. a 10-year long light curve, much longer than the two years con-
This procedure yields the dispersion spectiDfiAt). The sidered in our simulation;. Moreover its time dela){ of 423.
true time delayAtoy between the images should be evident £days (Pelt_ et al. 1996) is much larger than the highest time
a minimum in the dispersion spectrub?(At). This minimum delay used (i.e. 120 days).

is determined by fitting a parabola to the dispersion spectrum. Although the predicted relative errors on the time delay are
very close to the published values, they are usually slightly

more optimistic than the measured relative errors. The small
5. Results discrepancies can be explained bffetiences in the parameters
For every time delayt;, to be simulated, we explored the fullve use, compared with the characteristics of actual monitoring
range of 36 dierent combinations of the three parameters, déata, €.9.:
tailed in Sect. 3. For each combination, we ran 100 000 simula-

= a shorter or longer monitoring period than the supposed
tions, each time changing the quasar light curve, and modifying two years: g ap PP

the observc_ed points by a_dding randomly distrib_uted errors (i.e. different photometric errors than the suppos@d @nag;
normally distributed deviates of 0.0_1 mag va}rlance). The re- a temporal sampling thatf@érs in detail from our idealized
sults forAtj; = 80 days are summarized in Fig. 3, where the scheme.

36 panels correspond to theffdrent parameter combinations.

In each panel the measured time delays of the simulations @le most likely explanation for the simulations being too op-
plotted in histogram form, with the measured mean and stdimistic however remains the presence of microlensing in the
dard deviation (established by computing the range containiight curves of real quasars, which is the subject of the next
68% of the results) quoted. The histograms are mostly symmsgction.

rical about their mean value, indicating that no strong system-

atic error is introduced. The slight shift (0.5 days in the wor “
case) of the mean of the histogram relative to valuatf is %t Influence of

small compared with the width of the histogram, i.e., the raiNot all the photometric variations observed in the light curves
dom error dominate the error budget. of the quasar images are intrinsic to the quasar. Microlensing

slow” microlensing
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Fig. 3. Histograms exploring the observational parameter space described in the text for the determination of a time delay of 80 days. Each curve
is the probability density function for the time delay, obtained from 100 000 simulations, for a particular combination of the three variables.
These are: 1sampling intervalfour columnsfrom left to right irregular, 15 days, 7 days, 3 days;&sibility period,three band$rom top

to bottom 12, 8, and 5 months; Jeak-to-peak variation, Ahree rows within each banétom top to bottom0.3, 0.2, 0.1 mag. Each panel

is labeled with the mean and standard deviation of the measured time delay, as well as the percentage efemt ghmierolensing is not

included in these simulations, and is treated later.

by stars in the lensing galaxy introduces amplification events Microlensing can act on fierent time scales, “slow” or
that contaminate the light curves. “fast”, as compared with the time scale of the quasar’s intrin-
) sic variations. A nice example of fast microlensing has been

The severity of such events depends not only on the 10G8ynq in the light curve of HE 1104-1805 (e.g., Schechter et al.
Fion of the images relativg t.o the lens put also on whether t§903). Since the temporal sampling used in past quasar mon-
image considered is a minimum, maximum or a saddle Pojfring programmes has been rather sparse, there is no other
in the arrival time surface (Schechter & Wambsganss 200@yown example of fast microlensing. Slow microlensing, with
Consequently, the image closest to the lens, in projection on fqoth variations spanning several months or even years are
plane of the sky, and hence with the larger density of potentigh e common, or are at least better detected with existing data.
microlenses, is not necessarily the one with more microlensiAgye sjow variations in the four images of the Einstein Cross are

The doubly lensed quasar HE 1104-1805 is a typical exampiga clearest examples of slow microlensing (e.g., Wozniak et al.
where the image the further away from the lens is the one wyg).

the largest microlensing events.
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Fig. 4. Summary of the estimated percentage error on the measured time delay as a function of the observational pargeatets:deak
variation, A; 2- sampling intervalx-axis of each panel); 3#isibility period Each panel corresponds to one value of the input time delgy

The percentage error on the time delay, plotted onythgis, is calculated from 100 000 simulations. The lines connecting the points correspond
to different periods of visibility. The solid lines are for circumpolar objects, the dotted lines are for the 8-month visibility, and the long dash:
lines are for the 5-month visibility. We have used three peak-to-peak values of the amphitiatebe simulated light curves, which increases
from left to right in the three columns. The curve for the 5-month visibility and 120-day time delay has not been computed, as there are aln
no data points in common between the curves of image A and image B. The star-shaped symbols plot the percentage errors for quasar:
real measured optical time delays published in the literature. See text for further details.

Since most quasars with measured time delays have bedrinsic variations of the quasar, and is added to the light curve
shown to be fiected by slow microlensing, it is mandatory t@f one of the quasar images. The choice of this image is irrele-
introduce this &ect into our artificial light curves and to esti-vant, because only relativeftBrences between the lightcurves
mate how the time-delay measurement is modified. The sl@fithe two components are considered to extract the time delay.
microlensing events can be simulated by creatingi@olens- We then repeat the cross-correlation analysis. The mi-
ing light curve in the same manner as we did for the intrinsirolensing event, thus, acts as an additional source of noise.
variations of the quasar (i.e. by using a smooth random wafast microlensing is not considered here. Introducing it is
model), but with a dferent length scale and amplitude. We exequivalent to artificially increase the 0.01 mag error bar on the
press the peak-to-peak microlensing amplitddeas a simple individual points.
function of the quasar amplitude. We take it&s = « - A, Figure 5 plots the results for the case of the 80-day time
with ¢ = 0.01, Q05, 010, in order to mimic a microlensingdelay, and 3-day sampling, with fiBrent amplitudes of mi-
amplitude of respectively 1, 5 and 10% of the amplitude of tfeeolensing. The format is the same as in Fig. 3. It can be seen
quasar light curve. The microlensing curve is smoothed usititat no strong systematic variations are introduced. In each
a convolution kernel of 100 days, i.€3 times slower than the case the returned time delay is consistent with the input value,
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Fig. 5. Histograms exploring the observational parameter space described in the text for the determination of a time delay of 80 days, including
the dfects of microlensing. Each curve is the probability density function for the time delay, obtained from 100 000 simulations, for a sampling
interval of 3 days, and for a particular combination of the variables. These argcrblensing amplituded, = a - A, four columnsfrom left to

right: @ = 0,0.01 0.05, 0.1; 2- visibility period, three band$rom top to bottom12, 8, and 5 months); $eak-to-peak variation, Ahree rows

within each bandfrom top to bottom0.3, 0.2, 0.1 mag. Each panel is labeled with the mean and standard deviation of the measured time delay,
as well as the percentage error. While no strong systematic drifts of the histograms are seen relative to the input thye-d&aylays, the

width of the histograms are significantly broadened as microlensing increases.

but microlensing substantially increases the uncertainty in thiots). The figures are constructed for the irregular sampling as
measurement, i.e. broadens the histograms. No distortion, ivee)l as for the regular 3-day, 7-day and 15-day samplings.
skewness is apparent. The error on the time delay measuremenfye note that the time-delay determination is much more
without microlensing (left column) typically degrades by a facgfected by microlensing with the 3-day sampling than with the
tor of approximately 2 when 5% microlensing is present (i.e15-day or the “irregular” samplings: while changiadrom 0

= 0.05), and by up to a factor of 6 with 10% microlensto 0.1 increases the relative error by a factor of 8 for the 3-day
ing. However, the shift between the mean of the distributiggampling, it increases only by a factor of 3—4 with the 15-day
andAtin is not much larger than in the no-microlensing caseyr the irregular sampling. Microlensing has a strongésat on
Slow microlensing does not seem to introduce significant sygell sampled light curves than on sparser samplings.

tematic errors. Similarly a light curve with large amplitudé& will see
Figures 6 and 7 summarize all the results of our simulatioits accuracy on the time-delay measurement slightly more de-
including microlensing, in a way similar to Fig. 4, showing howgraded than one with a smaller amplitude. In both cases this
the error on the time delay degrades with increasing microlemsay simply be due to the enhanced signal-to-noise of the
ing amplitude &, plotted on thex-axis in each of the column light curves, either because more data points are available, or
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Fig. 6. Top percentage error on the time delay for thregular samplingand for three amplitudeA. In each column the results are shown for
four microlensing amplitudes, = o - A, starting on the left withr = 0, i.e., no microlensing. The flierent types of curves correspond to the
three visibilities, as in Fig. 4. The solid lines are for circumpolar objects, the dotted lines are for the 8-month visibility, and the long dash
lines are for the 5-month visibilitBottom same plot as above but for tBeday sampling
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Fig. 8. Time delay distributions for four dlierent values oAt;,, each time for 3 visibilities and a peak-to-peak variat#os 0.3. We compare

the distributions obtained for the logarithmic sampling (without microlensing), with the results for the 7-day sampling. Clear distortions of t
histograms are seen when the time delay is close to the visibility window of the object, when a regular sampling is adopted (left column in
four panels). The histograms obtained with the logarithmic sampling are well symmetrical and narrow. The systematic error is also redu
This dfect is not so evident when the time delay is much shorter than the visibility window, where the logarithmic sampling even degrac
the results.

because the quasar variations are stronger with respect totthee done allow us to quantify the error bar on the time delay
photon noise of the individual photometric points. for each sampling.

In general we can conclude that the more accurate the time- Another natural question arising is: is there an optimal way
delay determination is in the case without microlensing, the distribute a fixed number of sampling points, in order to
more it degrades when a given amounbf microlensing is reach the best possible accuracy on the time delay? This has
added: better data are more sensitive to microlensing. On tieen explored in other areas of astronomy, for example by
other hand, the data allowing accurate time delay determiralopting a logarithmic sampling of the data. We have tested the
tions in the absence of microlensing are usually also bettgfect of such a sampling on quasar light curves. Figure 8 shows
suited to the accurate subtraction of the microlensing eventshe results of the simulations, where we compare the (regular)

7-day sampling to a sampling adopting the exact same number
of data points but distributed in a logarithmic way. As for the
7. When the time delay becomes close regular case, we have introduced a small randomly distributed
to the length of the visibility window error (0.4 days) on each observing data to account for weather
conditions and scheduling. As shown in Fig. 2 the curve starts
So far we have compared light curves sampled with regulaith a very high frequency of observations and continues with
samplings, plus one irregular sampling. The maiffedence a sampling getting close to regular. An important consequence
between these samplings was the number of data points witisithat objects that have a time delay of the order of the visibil-
the period of 2 years of observations. It is then not surprisiity period will be well sampled exactly where the two quasar
that finer sampling leads to better results. The simulations Vight curves significantly overlap after correcting for the time



73

A. Eigenbrod et al.. COSMOGRAIL: The COSmological MOnitoring of GRAvltational Lenses. . 35

delay. In other words, the logarithmic scale allows to sample While microlensing increases the random error on the time
very well the (short) parts of the curves that will overlap aftatelay, it does not increase significantly the systematic error
the time delay is applied. (i.e., |Atin — Atoy), which remains low, usually 5 to 10 times
The result in Fig. 8 is striking. As soon as the time ddewer than the random error, with or without microlensing.
lay is close to the length of the visibility window, the regular Finally, adopting a logarithmic sampling step can improve
method fails to produce symmetrical histograms, whereas the accuracy on the time delay when the time delay is close to
histograms obtained with the logarithmic scale are narrowe length of the visibility window of the object. However, this
and more symmetrical about their mean. Their mean is alegarithmic sampling usually degrades the results for all other
closer toAt, than with the regular method. This is no longecombinations of time delays and visibility windows.
true when the time delay is shorter than the visibility window, The game of defining what could be a “golden” lens, at
where the logarithmic sampling even degrades the results. least in terms of quality of the time delay measurement, is not
an easy one. This is why we have attempted in this paper to
provide a grid of predicted error bars on the time delay, based
on simple assumptions. The results are presented in a compact
We have undertaken a set of simple but realistic numeric®hy in Figs. 6 and 7. We will use these plots to choose optimal
simulations in order to optimize the observing strategy of ogombinations of 1- predicted time delay; 2- object visibility and
COSMOGRAIL photometric monitoring programs aimed &8- temporal sampling, to reach a target accuracy on the time de-
measuringHo. The predicted error bars on time delays comay. Even with large amounts of telescope time, the number of
pare very well with the ones obtained in optical wavelengtimew lensed quasars is increasing quickly and one has to select
with real data. the best possible cases. We hope that the present work will be
It is immediately seen from Figs. 6 and 7 that short timeseful for the task of identifying the objects that are the most
delays will never be measured accurately, i.e., with a pretikely to be measured accurately, so that the only significant
sion better than 2%, unless the quasar amplitidesubstan- remaining source of uncertainty ¢fp will be the lens model.
tially larger than 0.3 mag. Even with no microlensing and the
3-day sampling, time delays shorter than 10 days are mea&eferences
able with 10% accuracy, at best. Time delays between 40 and, | iorth 3. Jaunsen, A. O., et al. 2000, Apd, 544, 117
100 days seem optimal, especially in the case of circump

. - d $trud, 1., Hjorth, J., Courbin, F., et al. 2002a, A&A, 391, 481
objects, where one can easily achieve 2% accuracy, even Vil |., Courbin, F., Magain, P., et al. 2002b, A&A, 383, 71

the 7-day sampling. Colley, W., Schild, R. E., Abajas, C., et al. 2003, ApJ, 587, 71
Equatorial objects should be avoided. Although they are agassnacht, C. D., Xanthopoulos, E., Koopmans, L. V. E., et al. 2002,

cessible from the north and south, they are visible under good ApJ, 581, 823

conditions for only 5-6 months along the year. This makeskHiorth, J., Burud, I., Jaunsen, A. O., et al. 2002, ApJ, 572, 11

impossible to measure time delays larger than 100 days (hehigek, I., McMahon, R. G., Boyle, B. J., & Irwin, M. J. 1994, MNRAS,

the corresponding long-dashed curve is not represented in the268, 305

relevant figures). For shorter time delays, e.g., 80 days, the &&kobsson, P., Hjorth, J., Burud, 1., et al. 2004

. L TS iv: -ph/0409444]
timated error for an equatorial object is twice that of the same [arXiv:astro-p
object if it were circumpolar. again, P., Courbin, F., & Sohy, S. 1998, ApJ, 494, 452

. . . . . . Pelt, J., H&, W., Kayser, R., et al. 1994, A&A, 286, 775
0, -
Microlensing complicates the situation. With 5% m'PeIt,J.,Kayser, R. Refsdal, S.. et al. 1096, A&A, 305, 97

crolensing (as defined here), the estimated error on the tiRgsqal S 1964, MNRAS, 128, 307

delay is twice that of the no-microlensing case. Again, optimghna, p., et al. 2005, in preparation

time delays are around 100 days, with a visibility of at leaSichechter, P. L., & Wambsganss, J. 2002, ApJ, 580, 685

8 months. Assuming an amplitude= 0.2 mag and 5% mi- Schechter, P. L., Bailyn, C. D., Barr, R., et al. 1997, ApJ, 475, 85
crolensing, an accuracy of 2% on the time delay is still possilfehechter, P. L., Udalski, A., Szymanski, M., et al. 2003, ApJ, 584,

for these objects. The long time delays also allow a sampling 657
as |ong as7?7 days to be adopted WOZniak, P. R., Udalski, A., SZymanSki, M., et al. 2000, ApJ, 540, 65

8. Conclusions
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CHAPTER 5




“There are two kinds of light - the glow that
illuminates, and the glare that obscures.”
James Grover Thurber (1894 - 1961)

Chapter

The redshift of lensing galaxies

6.1 Introduction

For the majority of all known gravitationally lensed quasars, the “distance” to the quasar is
already well determined from spectroscopy by measuring the cosmological redshift affecting
the spectrum of the quasar. On the opposite, the redshift of the much fainter lensing galaxy
is usually poorly constrained or even completely unknown.

The determination of the lens redshift is essential for several reasons. First, detailed
modeling of any gravitational lensing system requires the distance to the lens as an input.
If a time delay has been measured for a given lensed quasar, it would be hopeless to infer an
accurate estimate of the Hubble constant without knowing the redshift of the lens. Hence,
it is absolutely necessary for a program like COSMOGRAIL to know the lens redshift of
the monitored objects. Second, if a sufficiently large number of gravitational lenses with
measured redshift is established, one can compute statistics to constrain the density 259
of dark energy (e.g., Fukugita et al., 1990; Turner, 1990). Indeed, the probability that a
distant object is strongly lensed is proportional to the number of possible lensing objects
along the line of sight and thus, quite sensitive to dark energy. Increasing the number of
lensed quasar with known lens redshifts will therefore improve the statistics and hence,
the precision of the results.

The measurement of lens redshifts is difficult because of the small angular separation
between the lensing galaxy and the lensed quasar images (typically one arcsecond), and
because of the contamination of the much brighter quasar images. As a consequence, these
measurements require deep spectroscopic observations using large telescopes in combina-
tion with advanced deconvolution methods to separate the spectrum of the lens from the
glare of the much brighter quasar images. In this chapter, we present our spectroscopic
survey conducted at the Very Large Telescope (VLT) of the European Southern Obser-
vatory (ESO) with the aim of measuring unknown lens redshifts. We combine the high
quality VLT data with the MCS deconvolution method (Magain et al., 1998; Courbin
et al., 2000) to further increase the spatial resolution and hence, retrieve the lens spectra
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and determine the corresponding redshifts.

6.2 Spatial deconvolution

6.2.1 The MCS deconvolution algorithm

The resolution of astronomical images is limited by the resolution of the instruments and
by the turbulence of Earth’s atmosphere. The resolution of a telescope improves with
increasing size and when shorter wavelength are observed. Unfortunately, the resolution
of ground-based optical telescopes does not improve without limit as its size is increased.
This is due to atmospheric turbulence that produces the well-known “twinkling” of stars.
As a consequence, the image of a point source (e.g., a star) is not a point, but is blurred.
The observed blurring is described by the Point Spread Function (PSF), which depends
on both the instrumental response and atmospheric turbulence present at the time of
observation. Mathematically, the observed light distribution D(x) of a given source can
be considered as the convolution of the original light distribution F(x) with the PSF 7 (x),
plus some noise N (x).

D(x) = (T * F) (x) + N(x)

where the symbol “x” stands for the convolution. The aim of deconvolution is to invert
this equation by deconvolving the data D(x), to recover the original light distribution
F(x). However, there is no unique solution to this problem, especially in the presence of
noise, and regularization techniques have to be used in order to select a plausible solution
among the possible ones. A large variety of deconvolution methods have been proposed,
depending on the way this particular solution is chosen.

One of these methods is the “MCS image deconvolution algorithm” (Magain et al.,
1998). Unlike other traditional deconvolution methods, MCS is not violating the sampling
theorem. This theorem determines the maximal sampling interval allowed so that an entire
function can be reconstructed from sampled data (e.g., pixelized images). In other words,
sampled data can not be fully reconstructed without violating the sampling theorem.
Sampled images should not be deconvolved with the observed PSF 7 (x), but with a
narrower function S(x), chosen so that the final deconvolved image is compatible with
the sampling of the data. This means that an improved resolution rather than an infinite
one is aimed at, overcoming the well known problem of “deconvolution artefacts”, which
happen when retrieving spatial frequencies forbidden by the sampling theorem. Examples
of common deconvolution methods are illustrated in Fig. 6.1. Only the MCS algorithm is
unaffected by deconvolution artefacts.

Another strong advantage of MCS over other deconvolution methods is that it con-
serves the relative intensities of different parts of the image (e.g., different stars). Hence,
it allows the user to perform accurate astrometry and photometry.

6.2.2 The MCS deconvolution algorithm for spectra

The method for spatial deconvolution of spectra (Courbin et al., 2000) follows the same
fundamental principles as the “MCS image deconvolution algorithm”. In particular, a
sampled image should not be deconvolved with the observed PSF T (x), but with a nar-
rower function S(x), chosen so that the final deconvolved image can be properly sampled.
For this purpose, one defines the final PSF R(x) of the deconvolved spectrum and com-
putes the PSF S(x), which should be used to perform the deconvolution instead of the
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Figure 6.1: Deconvolution of a simulated image of a star cluster partly superimposed on
a background galaxy using different methods. 7Top left: True light distribution with 2
pixels FWHM resolution. Bottom left: Observed image with 6 pixels FWHM and noise.
Top middle: Wiener filter deconvolution of the observed image. Bottom middle: Fifty
iterations of the accelerated Richardson-Lucy algorithm. 7Top right: Maximum entropy
deconvolution. Bottom right: Deconvolution with the MCS algorithm.

observed PSF 7 (x). The profile S(x) is obtained by inverting the equation
T(x)=(S*R)(x) .

A straightforward consequence of choosing the shape of the PSF R(x) is that it is, in-
deed, exactly known. Such prior knowledge can be used to decompose the data into a
sum of point sources with known analytical spatial profile and a deconvolved numerical
background, so that the spectrum of extended sources in the immediate vicinity of bright
point sources may be accurately extracted and sharpened.

Computing the deconvolved spectra

A two dimensional spectrum is described by M spectral resolution elements (e.g., M
lines of pixels), each composed of N spatial resolution elements (e.g., N columns of pix-
els). Each spectral resolution element of the spectrum can be approximated as a quasi-
monochromatic one-dimensional image. This image has a deconvolved light distribution
Fj(x) that can be written

N,
Fi(w) =H;(x) + > apR(x — cry) -
k=1
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The right hand side of the equation is the sum of a numerical background H;(x) and
of N, profiles R(x) with intensities aj; and centers c; ;. The profile R(z) is chosen
to be Gaussian, with fixed width (i.e. resolution) all along the spectral direction. The
final deconvolved spectrum is therefore corrected for seeing variations with wavelength.
Moreover, the spectra may suffer from slit misalignment with respect to the physical
dimensions of the detector and from atmospheric refraction. As a consequence, the position
of a given point source on the detector is wavelength dependent. The deconvolved two
dimensional spectrum which best matches the data is obtained by minimizing the function

O = JXW:XN: <aj,j (85 F3) (@) = Dj(x)]x:x’)Q

=1 i=1

where o;; is the error representative of the noise affecting the 4t spectral resolution
element D; at position z;, and Sj(x) is the narrower PSF at the j* spectral resolution
element.

By definition, the profile R(x) can not contain spatial frequencies above the Nyquist
frequency fy = 1/(2Axz) of the adopted spatial sampling step Az, hence the deconvolved
background H;(x) may be affected by noise enhancement. Such noise amplification might
give rise to structures with frequencies forbidden by the sampling theorem. They should
therefore be filtered out by regularization. This ensures that the deconvolved background
H;(x) is smooth (in the spatial direction) on the length scale of the final resolution repre-
sented by the profile R(x). This is done by minimizing

£ =33 (@ - R @)

In spectroscopy, one may take advantage of the additional prior knowledge that the posi-
tion of a given point source at a given spectral resolution element is highly correlated with
its position in the neighbouring elements. We introduce this prior as a second constraint

N, M-W/2 W2 2
L2=D D |eka— D 97 Chats
k=1 j=1+W/2 JI=—W)2

where g is a Gaussian function for simplicity. It is defined over a box of W spectral
resolution elements centered on the j** element. Its full width at half maximum Wy =
2,/In2/b, defines the typical scale length where the correlation applies. The function is
normalized to a total flux of one and is simply written as

. W2
gj = ae_bg 7? where G= Z gj -
j=—W/2

The final algorithm for the spatial deconvolution of spectra therefore involves the mini-
mization of the function
C=ACy2+ L1+ pLls .

The optimal choice of the different Lagrange multipliers to be used is guided by the visual
inspection of the residuals. The residuals are the difference between the deconvolved
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image re-convolved by the PSF S;() and the raw data, in units of the noise. An accurate
deconvolution should therefore leave a flat residual map with a mean value of 1.

The parameter A is proportional to the smoothing of the deconvolved background
H;(x) in the spatial direction. On the one hand, a too low A produces a background
which cannot correctly fit steep extended source profiles. On the other hand, a too high
A may create a “wave-shaped” background.

The parameter p expresses the strength of the correlation of the position of a given
point source at a given wavelength with its position in the neighbouring spectral resolution
elements. Choosing a too small p multiplier leads to over-fitting of the data and to a
“noisy” deconvolved spectrum, while a larger u leads to under-fitting. The g multiplier
has to be chosen in order to maximize the signal-to-noise ratio.
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Figure 6.2: An example of the spatial deconvolution of a two-dimensional spectrum. From
left to right and top to bottom: The original data D;(z;), the extended numerical back-
ground H;(x;), the punctual sources R(z;) and the result of the deconvolution, which is
the sum of the extended background and the punctual sources.

Computing the PSF S

Deconvolving spectra requires a good knowledge of the instrumental PSF all along the
wavelength range available. This condition is fulfilled as soon as the spectrum of a star or
any other point source is recorded together with the spectrum of scientific interest. The
construction of the PSF is carried out as with the image deconvolution algorithm, i.e., the
PSF S;(x) is modeled as the sum of a one dimensional analytical Moffat profile M (z) and
of a numerical image Z;(x) containing all small residual differences between the Moffat



80 CHAPTER 6

and the observed PSF 7;(x) = (S; * R) (x)
Sj(x) = M;(x) + Zj(x) .

The analytical component of the PSF S
The analytical spatial profile at wavelength j is simply written as
Mj(@) = aj [1+ b; (2 —¢;)*]

where a; is the intensity of the profile, b; defines its width, ¢; is its center along the spatial
direction and f3; characterizes the wings of the profile. M(z) is obtained by minimizing
the x%, between the observed PSF 7;j(z) and (M; * R) (z). As a reminder, R(z) is the
chosen profile of the PSF after deconvolution. We have

M N o,y 2
X = ZZ <Ui,j (M) () = 7}(JU)]QCZ“)

j=1i=1

where the ¢ and j indices are respectively running along the spatial and spectral directions.
As for the deconvolution, the center c¢; of the spectrum at wavelength j is highly correlated
to the position at neighbouring wavelengths. The same constraint can be applied to b;
and ﬂj

M-wy2 [ LW 12

Loo= ) |g- I > 9
j=14wy2 | J=—W)2 |
M-wy2 | L W 72

Ly = D> |b- G Y 9 by
j=11wy/2 | J=W/2 |
M-W/2 LW 2

L3 = Z B — el Z g5 Bj+jr
j=14wy2 | J=—W/2

where the function g is the same as before. Constructing the analytical Moffat component
of the PSF can therefore be done by minimizing the function

Cr = X + L1+ palo + psls .

The choices of the three Lagrange multipliers p1, po, i3 are not critical, in the sense that a
PSF is never a perfect Moffat profile and an additional numerical component is mandatory
to build Sj(x) with the the required accuracy.

The numerical component of the PSF S

The small residual differences between the computed model M (x) and the observed PSF
7;(x) are given by
Kj(x) = Tj(z) = (M; * R) (z) .

These residuals are used to compute the numerical component Z;(x) by minimizing

M N o 2
=23 (R 2) @) - Ky, -
j=1i=1 N~ %I
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Figure 6.3: From left to right and top to bottom: The observed PSF 7j(x;) of a star, the
fitted analytical Moffat profile M;(x;), the residuals K;j(x;), and the slightly smoothed
residuals Z(x;). The final PSF S;(z;) is the sum of the profile M;(z;) and the residuals

The residuals Z;(x), just like the numerical background H;(x), may be affected by noise
enhancements with spatial frequencies forbidden by the sampling theorem. In order to
filter these out and to ensure that Z;(x) is smooth on the length scale of the final resolution
represented by the profile R(z), we need to minimize

M N 2
L= (B0 - ®e2)@),)

j=1i=1

Because the PSF profile Sj(x) is not expected to vary too much between neighbouring
spectral resolution elements, we will also minimize

M N L 2
Lr=> > | |Zi) - el Y 9 Zjayla)
j=1i=1 J'=—Wy/2

r=x;

The determination of the numerical component of the PSF is then done by minimizing
the function
Co =A%+ L1+ uls .

The Lagrange parameter A is chosen so that Z;(x) * R(x) matches at best ICj(x) in the
sense of a x? and the final PSF S;(x) is simply the sum of M;(z) and Z;(z).
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The result of the process is a PSF Sj(x) which incorporates seeing variations as a
function of wavelength and takes into account atmospheric refraction. Observing with a
Multi Object Spectrograph (MOS) will in most cases not only allow to observe the blended
objects, but also to obtain simultaneously the spectra of one or more foreground stars.
Observing several stars has the further advantage of allowing substantial improvement of
the spatial sampling. Higher spatial resolution can then be achieved as well as a more
accurate point source/background separation. In any case, either in long-slit spectroscopy
or MOS, particular care should be paid to the centering of objects on the slits. The
slit edges clip the PSF’s wings. Although the deconvolution procedure can handle this,
clipping has to be similar in the object spectrum and in the star spectra.

6.3 Spectroscopy with the Very Large Telescope

An essential piece of information still missing for numerous gravitationally lensed quasars
is the redshift of the lensing galaxy. In order to change this situation, we devised a
spectroscopic survey to measure these missing redshifts. The proposed survey was reviewed
and accepted by the Observing Programs Committee (OPC) of the European Southern
Observatory (ESO), which allocated us a total of 57 hours of observing time for three
programs (074.A-0563, 075.A-0377, and 077.A-0155) at the Very Large Telescope (VLT)
situated at Mount Paranal in Chile, see Fig. 6.4.

Figure 6.4: Right: The four 8m telescopes of the Very Large Telescope (VLT) of the
European Southern Observatory (ESO) located at Mount Paranal, Chile. Left: The FOcal
Reducer and low dispersion Spectrograph (FORS1) mounted on Kueyen, the second Unit
Telescope (UT2) of the ESO-VLT. Image credit: ESO.

6.3.1 Instrumental setup

The technical requirements for such a survey are high and demand both a good spatial
sampling and deep exposures. Such requirements can only be reached with large telescopes
like the VLT. Deep exposures are needed because of the faintness of the lensing galaxies
which have typical apparent I-band magnitudes of 18 — 20 mag. Good spatial sampling
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is necessary to extract the light of the faint galaxy from the glare of the much brighter
quasar images. The angular separation of the quasar images is roughly 1” with the lensing
galaxy lying in between. Consequently, we need spectra with a spatial sampling of at least
0.1” per pixel. The exposures should also be taken in good, but not exceptional, seeing
conditions (0.8 — 1.0”), which are best guaranteed in service mode. Finally, we should
mention that the observations do not require photometric conditions and thin cirrus are
acceptable. As we are mainly limited by photon noise introduced by the quasar images
on the lensing galaxy, observing with one quarter of the moon is tolerable.

Our strategy is to later improve the spatial resolution of the spectra with the MCS de-
convolution algorithm. As presented in Section 6.2, the algorithm requires the simultane-
ous observation of stars to compute the PSF. This is why we select the Multi-Object Spec-
troscopy (MOS) mode of the FOcal Reducer and low dispersion Spectrograph (FORSI,
see Fig. 6.4). We choose the high resolution collimator to improve the spatial resolution.
This instrumental configuration allows the simultaneous observation of a total of 9 objects
over a field of view of 3.4’ x 3.4 with a pixel scale of 0.1”. Several slits are centered on
foreground stars, and one is centered on the lensed system. The FORS spectrographs are
equipped with an efficient atmospheric dispersion corrector (Avila et al., 1997) that allows
to keep the same slit centering (within 0.15”) from 4450 to 8650A. The mask is rotated
to a Position Angle (PA) that corresponds to the alignment of two quasar images. This
avoids clipping of the lensed images, which is important for the later spatial deconvolution
of the spectra. The slits of the MOS mask are all 19” long and 0.7” or 1.0” wide. The
width is chosen in function of the quasar image configuration in order to minimize the
lateral contamination by the quasar. This is particularly important for quadruply imaged
quasars, where two images are aligned with the slit, while the two others lie outside but
very close to the slit.

Our aim is to determine unknown redshifts, we therefore select the low dispersion
grism G300V in combination with the GG435 order sorting filter. This favors wavelength
coverage rather than high spectral resolution. This setup has a useful wavelength range
4450 A < X\ < 8650 A and a scale of 2.69 A per pixel in the spectral direction. The
spectral resolution is given by the measured width A\ of the sky emission lines, which
yield a resolution R = A\/A\ =~ 300 at the central wavelength A = 5900 A. This translates
in velocity space to Av = cAM/A ~ 1000 km s~!, which defines the expected accuracy
of the measured redshifts z; ~ v,/c of the order of Az; ~ 0.001. This setup is hence
well adapted for the measurement of redshifts lying in the range 0.2 < z; < 0.8, which
corresponds to the most probable values for lensing galaxies.

In practice, our observation sequence consists of an acquistion image, a “through-slit”
image to check the alignment of the objects in the slits, and a spectroscopic exposure.
In order to reach a sufficiently high signal-to-noise we repeat this sequence several times
for each gravitational lens. An example of one of the raw frames obtained for the target
SDSS J0924+4-0219 is given in Fig. 6.5.

6.3.2 Data reduction

The spectra are bias subtracted and flat fielded using IRAF! standard routines. The flat
fields for each slit are created from 5 dome exposures using cosmic ray rejection. They

'IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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are normalized by averaging 60 lines along the spatial direction, rejecting the 20 highest
and 20 lowest pixels, then block replicating the result to match the physical size of the
individual flat fields.

Figure 6.5: A raw frame obtained for the lensed quasar SDSS J0924+0219 with FORS1
in the MOS mode. There are nine slits in total. Four are centered on foreground stars
and one on the images A and B of the lensed quasar. The C111] and Mg11 broad emission
lines of the quasar are well visible.

Wavelength calibration is obtained from the emission lines in the spectrum of helium-
argon lamps. The wavelength solution is fitted in two dimension to each slit of the MOS
mask. The fit uses a fifth-order Chebyshev polynomial along the spectral direction and
a third-order Chebyshev polynomial fit along the spatial direction. Each spectrum is
interpolated following this fit, using a cubic interpolation. This procedure ensures that
the sky lines are well aligned with the columns of the CCD after wavelength calibration.
The sky background is removed by subtracting a second-order Chebyshev polynomial
fitted in the spatial direction to the areas of the spectrum that are not illuminated by the
object.

Finally, we perform the cosmic ray removal. First, we shift the spectra in order to align
them spatially (this shift is only a few tenths of a pixel). Second, we create a combined
spectrum for each object (i.e. for the stars and for the lens) from the multiple exposures,
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removing the 2 lower and 2 higher pixels, after applying appropriate flux scaling. The
combined spectrum obtained in that manner is cosmic ray cleaned and used as a reference
template to clean the individual spectra. We always check that neither the variable seeing,
nor the variability of the quasar causes artificial loss of data pixels.

6.3.3 Flux calibration

The object spectra are taken in slightly different observing conditions, e.g., the airmass
and seeing change, or thin cirrus appear. This can obviously affect the observed flux of the
objects, but it can also induce color terms in the spectra. Before combining the different
exposures of a given gravitational lens, these effects have to be corrected.
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Figure 6.6: Left: The spectra of the four foreground stars observed simultaneously with
SDSS J0924+4-0219. The index on the right of each spectrum indicates the exposure num-
ber. Right: The flux ratios between the first exposure and the 5 others, along with the
third-order polynomial fits.

The task is not as easy as it may seem, because the lensed quasar images are expected
to vary in time due to the intrinsic variability of the quasar, and/or extrinsic variability
caused by microlensing. We therefore base our calibration method on the spectra of the
foreground stars observed simultaneously with the lens (see Fig. 6.6). For each star, we
compute the ratios between its spectra and the spectrum from a chosen reference exposure.
The reference exposure is the one obtained in the best observing conditions. A third-order
polynomial is then fit to the ratio spectra where we mask the small parts that are affected
by strong atmospheric absorption. The derived ratio spectra and their corresponding
polynomial fits are depicted in Fig. 6.6. For a given exposure, the ratio spectra are very
similar from one star to another proving that the stars are not variable. We use the
ratio spectra to compute the mean ratio spectrum corresponding to that exposure. For
this calculation we exclude very faint stars having particular noisy spectra. The mean
ratio spectrum is used to correct the spectrum of the objects. By repeating this for all
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exposures, we perform an accurate relative flux calibration of the object spectra. Once
this is done, we can combine the individual spectra of each object.

The final absolute flux calibration is based on the observation of spectrophotometric
standard stars obtained with the same instrumental setup as the gravitational lenses. The
spectra of the standard stars are used to determine the response curve of the instrument.
The object spectra are finally corrected from the response curve and from atmospheric
extinction using tabulated extinction curves.

6.3.4 Spatial deconvolution of the spectra

Even though the seeing on most spectra is good, the lensing galaxy is close enough to
the bright quasar images to be affected by significant contamination from the wings of
the PSF. For this reason, the spectral version of MCS deconvolution algorithm (Magain
et al., 1998; Courbin et al., 2000) is used. This efficiently separates the spectrum of the
lensing galaxy from the spectra of the quasar images. As described in Section 6.2, the
algorithm uses the spatial information contained in the spectrum of a reference PSF, which
is obtained from the slits positioned on the foreground stars. Using this reference PSF,
the algorithm recovers the spectra of the quasar images, as well as the spectrum of the
lensing galaxy.

6.3.5 Deconvolution without PSF stars

The VLT archives contain several spectroscopic data of lensed quasars, that can poten-
tially be used to determine the redshift of the lensing galaxies. Most of these data are
obtained with long-slit spectroscopy. Examples of such data are the observations acquired
during the ESO-VLT program 077.A-0197 (PI: H.-W. Rix). This program was conducted
simultaneously to our program 077.A-0155, but with a different instrumental setup. The
main difference was that our program used the MOS mode, while the latter was based on
long-slit spectroscopy. Long slits have the evident drawback that only the lensed system
is observed and hence, there are no spectra of foreground stars in the data. Spectra of
stars have proven to be very useful in the data processing described in Section 6.3, as they
are used to determine both the relative flux calibration between different exposures and
the reference PSF S;(z;) necessary for the MCS deconvolution. Without stellar spectra,
the task is more complicated and, indeed, Ofek et al. (2006) could only determine the
redshift of the lensing galaxy in those objects where either the lensed quasar images are
well separated (A6 > 1.4"), or where the lensing galaxy is bright. The other more difficult
cases require spatial deconvolution to extract the faint spectra of the lens.

In the following, we show how the spectrum of a gravitational lens can be recovered with
the MCS algorithm even in the case of long-slit spectroscopy, where no stellar spectrum
is available. Fortunately, in most cases the long slit of the spectrograph is aligned on two
lensed quasar images with the galaxy lying in between. The idea is thus to use the spectra
of the bright quasar images to infer the reference PSF. We present two test cases, where
we have successfully applied this technique: the two lensed quasars QJ 0158—4325 and
HE 0230—2130, see Fig. 6.7.

The lensing galaxy in QJ 0158—-4325

The doubly imaged quasar QJ 0158—4325 has a redshift z; = 1.290 and an image sepa-
ration of 1.22”. It was first discovered in the Caldn-Tololo Quasar survey (Maza et al.,
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Figure 6.7: HST images of the lensed quasars QJ 0158—4325 (left) and HE 0230—2130
(right) obtained by Kochanek (2003a) in the I-band. North is up, and East to the left.

1995) and was called CTQ 414. It was confirmed to be a lensed quasar by Morgan et al.
(1999). From the VLT archives we have retrieved a set of four long-slit spectra centered on
the quasar images and on the lensing galaxy. The data were acquired during the program
077.A-0197 with the FOcal Reducer and low dispersion Spectrograph (FORS2) on 2006
September 19th and 22nd. The spectra were taken through an 0.7” slit, under a mean
seeing of 1.28”. The pixel scale in the spatial direction is 0.11” /pixel. Each spectrum has
an exposure time of 1300 s, leading to a total time of 5200 s. The standard collimator
is used in combination with the grism G200l without any filter. This gives a scale of
4.86 A /pixel, from 5500 to 11000 A. The spectra were reduced using the method detailed
in Section 6.3.

The FORS2 data do not contain any stars, and the lensing galaxy is weak and lies at
0.4” of the quasar image B. This makes it particularly difficult to disentangle the light
of the lens from the glare of the quasar images. We therefore modify our deconvolution
strategy. We do not use stars, but rather the two bright quasar images to compute the
PSF reference. To do so, we proceed in an iterative way. First, we mask the inner parts of
the quasar images in the two-dimensional spectra, i.e. the parts where we expect the lens
spectrum. We also attribute artificially large errors to the masked parts, and use these
masked spectra to determine a first estimate of the reference PSF S;(z). An illustration
is given in Fig. 6.8. The quasar image B defines the left wing of the PSF, while quasar
image A defines the right wing.

We take the HST astrometry of Morgan et al. (1999) as a first guess of the position of
the lens relative to the quasar images. We then deconvolve the original data considering
three point sources. Two are for the quasar images A and B, and one is for the lensing
galaxy. Given the small apparent extent of the lens in the HST images, we do not expect a
strong signal in the extended numerical background H;(z;) and rather choose to model the
lens as a point source. Along the deconvolution, the MCS algorithm optimizes the positions
and intensities of the three point sources and, at the end, yields their individual spectra.
We then start the iterative process, i.e. we re-convolve the retrieved two-dimensional lens
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Figure 6.8: Computing the reference PSF S;(z;) from the spectra of the quasar images.
From left to right and top to bottom: The original data Dj(x;), where the Mgl broad
emission line of QJ 0158—4325 is well visible, the normalized spectrum of quasar image
B (where image A is masked) used as a PSF 7T;(z;), the normalized spectrum of image A
(where image B is masked) used as a second PSF 7T;(z;), and the derived reference PSF
S;(z;) used for the MCS deconvolution.

spectrum with the first guess PSF S;(z;) and subtract it from the raw two-dimensional
data. This provides us with a spectrum of the quasar images that is less affected by the
lensing galaxy. We recompute S;j(z;) from these lens-subtracted data and procede to a
new deconvolution based on this new PSF. We repeat this procedure three times. We show
in Fig. 6.9 the final one-dimensional spectrum of the lensing galaxy, smoothed with a 24 A
box. The accuracy of the spectral decomposition is supported by the fact that no residual
light of the quasar Mg11 broad emission line is seen in the spectrum of the lensing galaxy.
The lensing galaxy spectrum exhibits typical absorption lines of an elliptical galaxy, i.e.
the G band, Hj3, Mg band, Feir, NaD and Ha. Based on the position of these lines,
we infer the redshift z; = 0.317 4+ 0.001 of the lens in QJ 0158—4325. This value is well
compatible with the strong absorption line visible in the spectrum of quasar image B at
about 7767 A, but absent in the spectrum of A. This feature is hence identified as being
due to the NaD absorption (at 5892 A) from the lens.
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Figure 6.9: Left: Spectrum of the lensing galaxy in QJ 0158—4325. The template spectrum
of a redshifted elliptical galaxy at z; = 0.317 is shown for comparison (Kinney et al., 1996).
Right: Spectrum of the lens G2 in HE 0230—2130 with prominent [O11] emission. The
template spectrum of a redshifted Sa spiral galaxy at z; = 0.526 is shown (Kinney et al.,
1996). Atmospheric absorptions are indicated by the label atm.

The second lensing galaxy in HE 0230—-2130

In addition to the data of QJ 0158—4325, we retrieve VLT /FORS1 data from the archives
for HE 0230—2130. This quadruply imaged zs; = 2.162 quasar was discovered by Wisotzki
et al. (1999). It has a maximum image separation of 2.15” and two lensing galaxies. The
main lensing galaxy, G1, is located between the four quasar images. We have already
determined its redshift from our VLT/FORS1 MOS data. The second, fainter lens is
located outside the area defined by the quasar images, close to the faint quasar image D
(see Fig. 6.7). We show in the following how we determine the redshift of this second lens.

The archived data were acquired on October 18th 1999 for program 64.0-0259 (PI:
L. Wisotzki) in the long-slit mode with the standard resolution collimator (0.2” per pixel),
the G600R grism, and the order sorting filter GG435. The useful wavelength range is
5250 < A < 7450 A with a pixel scale of 1.08 A in the spectral direction. The long slit is
0.7 wide and aligned on quasar images B and D. We compute the approximate PSF S;(z;)
from the isolated quasar image B, and follow the same iterative procedure as described for
QJ 0158—4325. After three iterations, we obtain the final lens spectrum shown in Fig. 6.9
and determine the redshift z; = 0.526 +0.002 of the galaxy G2. The spectrum has a lower
signal-to-noise than our MOS spectra and less accurate flux calibration, but it allows to
measure well the redshift of lens G2, which displays prominent [O11] emission, contrary
to lens G1.

6.3.6 Results

We have shown how the MCS deconvolution algorithm can be used to recover the spec-
trum of faint lensing galaxies that are hidden in the glare of bright quasar images. Once
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these spectra are obtained, the redshifts of the galaxies are easily determined from the
characteristic features present in the spectra. The Cail H & K absorption lines are ob-
vious in most cases, as well as the 4000 A break, the G band typical for CH absorption,
the Mg band, and the H3 and Fe1r absorption lines. These features, except the 4000 A
break, are used to compute the redshift. The 1o error is inferred from the standard devia-
tion between all the measurements on the individual lines. We summarize the determined
redshifts in Table 6.1. All of them, except the redshift of the lens in QQ 0158—4325, have
been published (Eigenbrod et al., 2006a,b, 2007). The corresponding papers are attached
at the end of this chapter.

Table 6.1: Results for the redshift determination of the lensing galaxies of sixteen lensed
quasars. We also give the lens redshift estimates that were published prior to our analysis.
We indicate if these redshifts are determined from absorption features (abs.) observed in
the spectra of the lensed quasar or if they are estimated from photometry (phot.).

Object 2 Previously published z

1 HE 0047—1756 0.407 £0.001 > 0.6 P (Wisotzki et al., 2004)

2 Q0142—100 = UM 673 0.491 +0.001  0.493 2% (Surdej et al., 1988)

3  Q0158-4325 = CTQ 414 0.317 £ 0.001 none

4  HE 0230—2130, G1 0.523 +0.001 < 0.6 P (Wisotzki et al., 1999)
HE 0230—2130, G2 0.526 + 0.002 none

5  SDSS J0246—0825 0.723 +0.002 0.724 2% (Inada et al., 2005)

6 HE 0435—1223 0.454 +0.001 0.3 — 0.4 Pl (Wisotzki et al., 2002)

7  SDSS J0806+2006 0.573 +0.001 0.573 2% (Inada et al., 2006)

8  SDSS J0924+0219 0.394 +0.001 0.4 PRt (Inada et al., 2003)

9 FBQ 095142635 0.260 + 0.002  0.21 PP* (Kochanek et al., 2000)

10 BRI 0952—0115 0.632 +0.002 0.41 PPo* (Kochanek et al., 2000)

11 SDSS J1138+0314 0.445+ 0.001 none

12 SDSS J1226—0006 0.517 +£0.001 none

13 SDSS J1335+0118 0.440 +0.001 < 0.5 P9t (Oguri et al., 2004)

14 Q 1355—2257 = CTQ 327 0.702£0.001 0.4—0.6 phot. (Morgan et al., 2003)

15 WFT J2033—4723 0.661 +0.001 0.4 Pt (Morgan et al., 2004)

16 HE 2149-—-2745 0.603 = 0.001 0.4 — 0.5 Phot- (Kochanek et al., 2000)

6.4 The lensed quasar SDSS J0924+0219

In Section 6.3, we have presented our spectroscopic survey with a specific focus on the
determination of the lens redshifts. However, in most cases we have centered the slit of the
spectrograph on both the lensing galaxy and the quasar images. Hence, additional results
of this survey are the spectra of the lensed quasar images. Our observing strategy consists
of multiple spectroscopic exposures taken at different epochs. The exposures for a single
lensed quasar are sometimes a few weeks to months apart and are hence, interesting to
detect potential flux variations induced by microlensing. These fluctuations are expected
to occur on typical time scales of a few months and can produce chromatic effects in the
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spectra of the quasar images (see Chapter 7).

In the present section, we focus on the lensed quasar SDSS J0924+0219 discovered
in the course of the Sloan Digital Sky Survey (SDSS) and having a redshift z, = 1.524
(Inada et al., 2003). This object is particularly interesting in several aspects. First, it
has an anomalous image flux ratios, the origin of which is unclear. It has been argued
that the faintest image of SDSS J0924+0219, which is located at a saddle point of the
arrival-time surface, could be demagnified either from star microlensing (Schechter et al.,
2004; Keeton et al., 2006) or subhalos microlensing (Kochanek & Dalal, 2004). Second,
we spatially deconvolve HST images of SDSS J0924+4-0219, which reveal a double Einstein
ring. One ring corresponds to the lensed host galaxy of the quasar, while the other bluer
ring corresponds to another source. It is not excluded that this second source is at a
different redshift than the quasar. If this is true, SDSS J0924+0219 might be a unique
object to break the mass-sheet degeneracy (see Section 4.10).

From our spectroscopic data we have already determined the redshift z; = 0.394+0.001
of the lensing galaxy. These data have been acquired on two epochs separated by two
weeks. This is an interesting time span for studying the quasar variability and for the
potential detection of microlensing. For the two dates, the flux ratio between quasar
images A and B remain mostly the same in the continuum and in the broad emission lines.
However, there are obvious and asymmetric changes in some of the quasar broad emission
lines. Microlensing of the broad emission line region is the most probable explanation for
this. These variations give interesting information on the geometry of the broad emission
line region. For example and based on our data, Popovié¢ (2006) describes a two-component
model with one region contributing to the broad line cores and one additional emitting
region contributing to the broad line wings.

We have also retrieved existing HST/NICMOS and ACS images of the object from the
HST archives. We deconvolve these images with the MCS algorithm (Magain et al., 1998)
to better unveil the double Einstein ring. The lensed host galaxy adds further constraints
for the modeling of the lens, which has proven to be difficult. The lens ellipticity and
position angle measured in the HST images are hard to reconcile with simple models
without external shear. We also notice a discrepancy between the models constrained
by the rings only and the ones constrained solely by the positions of the quasar images.
These facts support the presence of substructures in the lens of SDSS J0924+0219 situated
toward the demagnified image D. Finally, the range of time delays predicted by the different
lens models is large and sensitive to the presence of external shear and to the main lens
ellipticity and position angle. The measurement of the time delays might therefore prove
extremely useful to better determine the mass distribution in this lens. The detailed
analysis of this lensed quasar is published (Eigenbrod et al., 2006a) and the corresponding
paper can be found at the end of this chapter.

6.5 Discussion

We have determined the redshift of the lensing galaxies in sixteen gravitationally lensed
quasars using both data of our spectroscopic survey and data from the VLT archives. Our
procedure combines the high quality VLT data with the MCS deconvolution algorithm,
and shows how a lens redshift can be determined even in the difficult cases where the lens
is faint and lies close to the bright quasar images.

If we compare our results with the previously published estimates of the lens redshifts,
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we see that photometric redshift estimates are in general not very accurate indicators of
the true redshift. Absorption lines seen in the spectra of the lensed quasar images are much
better indicators, especially when several lines are observed. However, caution should be
used in the identification of the lines, particularly when several absorption systems are
present along the line-of-sight of the quasar.

Our lens redshifts for the two time-delay lenses FBQ 095142635 and HE 2149—2745
are not compatible with previous estimates. We find z; = 0.260+£0.002 instead of z; = 0.21
for the first and z; = 0.603 £0.001 for the second, instead of z; = 0.495+0.010. These new
lens redshifts have a direct impact on several previous studies. Indeed, HE 2149—2745 is
one of lens systems that has been used to argue possible low Hy values from the time-delay
method (e.g., Kochanek, 2002, 2003b). The new redshift significantly increases the derived
Hj thereby weakening the possible low Hy problem (e.g., Oguri, 2007).

After submission of our results, Ofek et al. (2006) reported redshift measurements for
a number of lensed quasar systems, five of which overlap with our sample. In all five
cases, their measurements confirm ours. Their results are HE 0047—1756, z; = 0.408,
HE 0230—2130, z; = 0.522, HE 0435—1223, z; = 0.455, SDSS J0924+0219, z; = 0.393,
and WFI J2033—4723, z; = 0.658, all with uncertainties of 0.001.

The absence of emission lines in the spectra of the lensing galaxies indicate that all
the observed lenses, except maybe for the secondary lens G2 in HE 0230—2130 which has
strong [O 11] emission, are gas-poor early-type galaxies. This is not surprising as it is well
known that strong lensing favors early-type over late-type galaxies, and massive galaxies
over dwarfs (e.g., Turner et al., 1984; Fukugita & Turner, 1991). Elliptical galaxies, despite
their smaller number, are hence several times more important as lens systems than spiral
galaxies.

In analyzing data of the VLT archives, we have shown that multi-object spectroscopy
should definitely be preferred to long-slit spectroscopy, if the data is planned to be spatially
deconvolved. The additional spatial information contained in the two-dimensional spectra
of foreground stars is essential for an accurate deconvolution of the data, and can easily
be obtained in multi-object spectroscopy. Furthermore, the stars can be used to perform
a relative flux calibration between different exposures, leading to an accurate final flux
calibration of the lens spectra. In this context, integral-field spectroscopy is also not a
good alternative to multi-object spectroscopy, because of the weaker sensitivity of integral-
field spectroscopy, which is problematic for this kind of project.

During our spectroscopic survey and analysis, we have focused on the spectra of the
lensing galaxies. However, in most cases we have centered the slit of the spectrograph
on both the lensing galaxy and two quasar images. Hence, additional results of this
survey are the spectra of the lensed quasar images. The spectroscopic exposures are
taken at different epochs, and are sometimes a few weeks apart. Hence, as shown for
SDSS J0924+4-0219, these observations can be used to study the quasar variability and
potentially also chromatic flux variations induced by microlensing. The latters provide
information on the geometry and dimension of the broad-line and continuum emitting
regions (e.g., Richards et al., 2004; Popovié¢, 2006).

The problem of unknown lens redshifts is still not solved. Even though we could
contribute a little to its resolution, there are continuously new lensed quasars that are
discovered (e.g., the five new lensed quasars found by Inada et al., 2008), and not all of
them have a determined lens redshift. It will be important in the future to repeat the
experience for other lensing galaxies and hence, increase the sample of lenses with known
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lens redshifts. This is important for several applications. For instance, Vuissoz et al. (2008)
measured the time delays in WFI J2033—4723, and inferred an estimate of Hy via the
time-delay method, which requires a well determined lens redshift. Similarly, in the near
future several other lensed quasars, that are currently monitored by the COSMOGRAIL
project, will benefit from the redshift measurements. This will finally provide a robust
determination of Hy, since several time-delay lenses can be combined to infer a better
estimate of Hy (e.g., Oguri, 2007; Coles, 2008).

Another application using lens redshifts is possible, if a sufficiently large number of
gravitational lenses with measured redshifts is established. Such a lens sample can be
used to compute statistics that constrain the density of dark energy (e.g., Fukugita et al.,
1990; Turner, 1990). Indeed, the probability that a distant object is strongly lensed is
proportional to the number of possible lensing objects along the line of sight and thus,
quite sensitive to dark energy. This method has been applied in several studies (e.g.,
Kochanek, 1996; Falco et al., 1998; Chiba & Futamase, 1999), but their results have been
limited by the small size of existing lens samples, as well as poor knowledge of source
and lens populations (Maoz, 2005). Increasing the number of lensed quasars with known
lens redshifts is therefore imperative. (e.g., Kochanek, 1996; Falco et al., 1998; Chiba
& Futamase, 1999). Recently, Oguri et al. (2008) considered a larger sample of lens
redshifts (including those determined in this thesis) and obtained a better constrained
value of Q9 = 0.74 T511 (stat.) 03 (syst.) for a cosmological constant model (w = —1).
Increasing the number of known lens redshifts will further improve the accuracy of this
application, and will help to obtain better estimates of cosmological parameters.
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ABSTRACT

Aims. To provide the observational constraints required to use the gravitationally lensed quasar SDS92092dr the determi-

nation ofHy from the time delay method. We measure here the redshift of the lensing galaxy, we show the spectral variability of the
source, and we resolve the lensed host galaxy of the source.

Methods. We present our VLIFORS1 deep spectroscopic observations of the lensed quasar SDS$QEER24as well as archival
HST/NICMOS and ACS images of the same object. The two-epoch spectra, obtained in the Multi Object Spectroscopy (MOS) mode,
allow for very accurate flux calibration and spatial deconvolution. This strategy provides spectra for the lensing galaxy and for the
quasar images A and B, free of any mutual light contamination. We deconvolve the HST images as well, which reveal a double
Einstein ring. The mass distributions in the lens, reconstructed in several ways, are compared.

Results. We determine the redshift of the lensing galaxy in SDSS J80249:z.,= 0.394 + 0.001. Only slight spectral variability

is seen in the continuum of quasar images A and B, while the C Ill], Mg Il and Fe Il emission lines display obvious changes. The
flux ratio between the quasar images A and B is the same in the emission lines and in the continuum. One of the Einstein rings
found using deconvolution corresponds to the lensed quasar host galaxy1524 and a second bluer one, is the image either of

a star-forming region in the host galaxy, or of another unrelated lower redshift object. A broad range of lens models give a satisfac-
tory fit to the data. However, they predict veryfdrent time delays, making SDSS J09B219 an object of particular interest for
photometric monitoring. In addition, the lens models reconstructed using exclusively the constraints from the Einstein rings, or using

exclusively the astrometry of the quasar images, are not compatible. This suggests that multipole-like structures play an important
role in SDSS J09240219.

Key words. gravitational lensing — cosmology: cosmological parameters — quasars: individual: SDSSIPB24 dark matter

1. Introduction in the course of the Sloan Digital Sky Survey (SDSS). This ob-

. o . o . ject is particularly interesting because of its anomalous image
COSMOGRAIL is a multi-site optical monitoring campaign 0%1 P y 9 g

) b ux ratios, the origin of which is unclear. It has been argued
lensed quasars. Following the original work by Refsdal (196 i:the faintest image of SDSS J0O9@219, which is located

its goal is to measure, with an accuracy close to one perc : ot )
(Eigenbrod al. 2005), the so-called time delay between the i'%gie saddie point of the arrival-time surface, could be demag

A X d either from star microlensing (Schechter et al. 2004;
ages of most grav_ltatl_onally lensed quasars. These time del?(%%ton etal. 2006) or subhalos microlensing (Kochanek & Dalal
are used in combination with lens models and detailed 0bs§504)
vations of individual systems to infer the value of the Hubble '
parameteHo, independent of any standard candle (e.g., reviews We analyse here our deep optical spectra of
by Courbin et al. 2002; Kochanek 2005a). SDSS J09240219 obtained with the ESO Very Large

The present work is devoted to the quadruply imaged quasiflescope (VLT). These spectra are used to: 1- measure the
SDSS J09240219 (Inada et al. 2003) at= 1.524, discovered redshift of the lensing galaxy; 2- estimate the spectral variability

the quasar; 3- measure the flux ratio between images A and B

0
* Based on observations made with the ESO-VLT Unit Telescope, - : e
Kueyen (Cerro Paranal, Chile; Program 074.A-0563, PI: G. MeylaﬁiSDSS J09240219, in the continuum and the broad emission

and on data obtained with the NABASA Hubble Space Telescope_I es. Hubble Space Telegcope (HST) ACS anq NICMOS
(Program HST-GO-9744, PI: C. S. Kochanek) and extracted from t}fB2ges from the STScl archives are deconvolved using the MCS
data archives at the Space Telescope Science Institute, which is ogé@orithm (Magain et al. 1998) which unveils two Einstein rings.
ated by the Association of Universities for Research in Astronomy, Inéne of the rings corresponds to the host galaxy of the quasar
under NASA contract NAS 5-26555. source and is used to constrain the lens models. The second one
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Fig. 1. R-band VLT image of SDSS J0928219, where objects are labeled following Inada et al. (2003). The stars a, c, d, and e are used
compute the PSF spectrum (see text). Only stars a, d and e are used to derive the relative flux calibration between each MOS mask. The fie
view is 34’ x 3.4, North is to the top, East to the left.

is probably due to a star-forming region in the host galaxy of
the quasar source or to another unrelated object.

Date 1 Date 3 Date4

2. VLT spectroscopy o, gk

(o}
2.1. Observations ’ , '
Our spectroscopic observations of SDSS JGIPAI are part B %

of a low dispersion spectroscopic survey aimed at measuring
all unknown lens redshifts. They are acquired with the FOcal
Reducer and low dispersion Spectrograph (FORS1), mounted
on the ESO Very Large Telescope, used the MOS mode (Multi

ObJe:Ct Sp.eCtrOSCOpy) an(_i the high resolution _Colllmator. Thl'—‘?,g.Z. R-band images of SDSS J0924219. A short 30 s exposure
configuration allows the simultaneous observation of a total @fshown on the left, where the quasar images A, B, C and D as well
8 objects over a field of view of.8 x 3.4’ with a pixel scale as the lensing galaxy, are indicated. The seeing3g'0in this image
of 0.1” (Fig. 1). The G300V grism, used in combination withand the pixel scale is.00”. The position of the J0” slitlets is also
the GG435 order sorting filter, leads to the useful wavelengtiticated. They correspond to three epochs of observations with very
range 4450 A 1 <8650 A and to a scale of @ A per pixel different seeings (see Table 1). The slit has not moved at all between
in the spectral direction. This setup has a spectral resolutit}§ exposures, even when taken 15 days apart.
R = 2/A1 =~ 300 at the central wavelength= 5900 A, which
translates in velocity space f» = cA1/A =~ 1000 km s?.

The slitlets of the MOS mask are all’L8&ng and 07" wide,
which both avoids lateral contamination by the quasar imageThe spectra of the stars are used both to compute the reference
and matches well the seeing values during the observations. FBant Spread Function (PSF) needed for the deconvolution and
slits were centered on the foreground stars a, c, d, e, while a fifthcarry out a very accurate relative flux calibration. “Through-
slit is centered on images A and B of SDSS J002219, after slit” images acquired just before exposures #1, #3, #4 in order to
rotation of the mask to a suitable Position Angle (PA) (Fig. 2theck the mask alignment are displayed in Fig. 2.
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Spectra of star a Spectra of star ¢

2.2. Reduction and deconvolution T : T : T

The spectra are bias subtracted and flat-fielded using {RRre

flat fields for each slitlet are created from 5 dome exposures,
using cosmic ray rejection. They are normalized by averaging
60 lines along the spatial direction, rejecting the 20 highest and
20 lowest pixels, then block replicating the result to match thez
physical size of the individual flat fields. f

Wavelength calibration is obtained from numerous emission & 1 b A% ]
lines in the spectrum of Helium-Argon lamps. The wavelength+ AT S B IS P R N B WS N
solution is fitted in two dimension to each slitlet of the MOS 5000 6000 7000 8000 5000 6000 7000 8000
mask. The fit uses a fifth-order Chebyshev polynomial along® g
the spectral direction and a third-order Chebyshev polynomials [
fit along the spatial direction. Each spectrum is interpolated fol-f 1
lowing this fit, using a cubic interpolation. This procedure en- 2
sures that the sky lines are well aligned with the columns of the
CCD after wavelength calibration. The wavelength solution with
respect to the reference lines is found to be very good, with an
rms scatter better thanA for all spectra.

The sky background is then removed by fitting a second- Y T N
order Chebyshev polynomial in the spatial direction to the areas 5000 6000 7000 8000 5000 6000 7000 8000
of the spectrum that are not illuminated by the object. A [A]

Finally, we perform the cosmic ray removal as follows. FirsEig. 3. The spectra of the foreground stars. The index on the right of
we shift the spectra in order to align them spatially (this shift igach spectrum indicates the exposure number, following Table 1. Flux
only a few tenths of a pixel). Second, we create a combined spéitterences are mainly due to the presence of light clouds on observation
trum for each object from the 6 exposures, removing the 2 lowdates #3, #5 and #6.
and 2 higher pixels, after applying appropriate flux scaling. T
combined spectrum obtained in that way is cosmic ray clean SS J09240219. The seeing is measured on the spectrum of the PSF
and used as a reference t_emplate to c_Iean the |_nd|V|duaI SPEW{&s. The exposure time is 1400 s for each of the 6 epochs.

We always check that neither the variable seeing, nor the vari-
ability of the quasar causes artificial loss of data pixels. D Date Seeing]] Airmass Weather

Spectra of star d
LN

Spectra of star e
T L -

0.5 —

le 1. Journal of the VLT spectroscopic observations of

Even though the seeing on most spectra is good, the lensing 1 1401/2005 0.66 1.188  Photometric
galaxy is close enough to the brightest quasar images Aand B 2 1401/2005 0.59 1.150  Photometric
to be dfected by significant contamination from the wings ofthe 3 1401/2005 0.46 1.124  Lightclouds
PSF. For this reason, the spectral version of MCS deconvolution g 8%83//3882 8-83 i-ﬁé I'_’_hﬁioTef&'C

; i . ; ; ; . . ight clouds
algorithm (Magain et al. 1998; Courbin et al. 2000) is used in 6 01022005 0.84 1126 Light clouds

order to separate the spectrum of the lensing galaxy from the
spectra of the quasar images. The MCS algorithm uses the spa-

tial information contained in the spectrum of a reference PShain causes for thesefiirences are variable seeing and vari-
which is obtained from the slitlets positioned on the four isolategble extinction due to thin cirrus during some of the observations
stars a, ¢, d, and e (Fig. 1). The final normalized PSF is a co(ffable 1). The fiect of mask misalignment is excluded, as can
bination of the four PSF spectra. The six individual spectra appe seen from the image-through-slit of Fig. 2.

deconvolved separately, extracted, flux calibrated as explained Assuming that the intrinsic flux of the foreground stars has

in Sect. 2.3 and combined. The spectrum of the lensing galaxyist varied between the six exposures, and taking the data #1 of
extracted from the “extended channel” of the deconvolved dafable 1 as a reference, we derive the flux ratio between this ref-
while the spectra of the quasar images are extracted from #rence epoch and the six other dates, for each star. These curves,
“point-source channel” (see Courbin et al. 2000). fitted with a third-order polynomial, are shown in Fig. 4. The
corrections computed in this way are found to be very stable
across the mask: the curves obtained for twfedént stars only
showed slight oscillations with an amplitude below 2%. This is

Our absolute flux calibration is based on the spectrum of tA&0 the accuracy of the flux correction betweefedent epochs.
spectrophotometric standard star Feige 66 taken on the nighf\ginean correction curve is then computed for each epoch from
2005 January 16. The response function of the grism is detéH_star§, except star ¢ which is much fainter than the others, and
mined for this single epoch. Itis cross calibrated using stars db-applied to the deconvolved spectra of the quasars and of the
served in each MOS mask in order to obtain a very accurd@sing galaxy.

calibration across all epochs. The spectra of four stars are dis-

played in Fig. 3, without any deconvolution and having us

a 4’ aperture for extraction. We find significantffdirences in e<§i Extracted spectra
flux between the six epochs, that need to be corrected for. The. The lensing Galaxy

2.3. Flux calibration

UIRAF is distibuted by the National Optical AstronomyThe six deconvolved spectra of the lensing galaxy are extracted,

Observatories, which are operated by the Association of Universite@Mbined, and smoothed with a 5 A box (2 pixels). Figure 5
for Research in Astronomy, Inc., under cooperative agreement with §fe0Ws the final one-dimensional spectrum, where the Ca Il H
National Science Foundation. & K absorption lines are obvious, as well as the 4000 A break,
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Fig. 5. Spectrum of the lensing galaxy in SDSS J090219, as ob-
Fig. 4. Flux ratios between Date #1 and the 5 others, along with tf{@ined by combining the data for the 6 epochs, i.e., a total integra-
third-order polynomial fits. We use the ratios of the 3 stars: a, d andi@n time of 8400s. The template spectrum of an elliptical galaxy at
to determine the mean correction applied to the quasar. Star c, which 0-394 is also shown for comparison (Kinney et al. 1996). All main
is much fainter than the others, is excluded from the final calibratioptellar absorption lines are well identified. Prospects for a future deter-
The (small) parts of the spectra with strong atmospheric absorptighnation of the galaxy’s velocity dispersion are therefore excellent.
are masked during the polynomial fit. The peak-to-pedlerénces be-
tween the ratios computed using star a, d andféerdby less than 2%.
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the G-band typical for CH absorption, the Mg band, and tie H “é ‘f Tf ©

and Fe Il absorption lines. These features yield a mean redshift" 6 |-
0of Zens=0.394+ 0.001, where the I error is the standard de- =~
viation between all the measurements on the individual Iines,‘g
divided by the square root of the number of lines used. We do-
not consider the 4000 A break in these calculations. This spec{n
troscopic redshift falls very close to the photometric estimate of ®
z= 0.4 by Inada et al. (2003), and agrees with the spectroscopi¢,
redshift of Ofek et al. (2005). In addition, the absence of emis-—
sion lines confirms a gas-poor early-type galaxy. No trace of the3
quasar broad emission lines is seen in the spectrum of the lensing 2
galaxy, indicative of an accurate decomposition of the data into
the extended (lens) and point source (quasar images) channels.

| S - S S SR |

3.2. The quasar images P N B
5000

6000
The mean spectra of quasar images A and B are shown in Fig. 6, X [A)

smoothed with a_5 A bO.X' The Allll], Si ”.I]’ C I.”.]' [Ne 1V] and_ Fig. 6. Spectra of the quasar images A and B of SDSS J80249, as

Mg Il broad emission lines are clearly identified. A Gaussiagracted from the deconvolved data. These figure shows the mean of

fit to these 5 lines yield a mean redshift a624 + 0.001 for  the 6 spectra taken for the 6 epochs, after the flux calibration described
image A and 1524+ 0.002 for the fainter image B. The standardn Sect. 2.3.

deviation between the fits to the individual lines, divided by the

square root of the number of lines used, is taken as the error bar.

These results are in excellent agreement with the values obtaiggsl three spectra obtained on each date, smoothed with a 5 A
by Inada et al. (2003), as well as the redshift from the SD3px. Although the continuum shows little variation (only B has
database, who both repart 1.524. fadded slightly between our two observing dates), there are obvi-
ous changes in the broad emission lines of each quasar image. In
image A, the red wing of the Mg Il emission line has brightened,
as well as the C Il] emission line, while in image B, the center of
The spectra of quasar images A and B are shown in Fig.ttie C Ill] emission line has become double peaked and the Fe Il
for 2005 January 14 and February 1. These are the meanfedture redwards of Mg Il has fadded. A zoom on these lines

7000 8000

3.3. Variability of the quasar images
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Fig. 7. The spectra of images A and B on 14 January and 1 February ) )
2005 show a stable continuum for both images, but the broad emissfd@l- 9. Comparison between the spectra of images A and B taken on

lines do vary on a time-scale of two weeks (see Fig. 8).
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14 January 2005The top panekhows the dimensionless ratig/B
The mean ratio is .82. In the middle panela first-order polynomial
aB + B is fit to the spectra of image A. The best fit is obtained with
a = 2.80+0.05 ands = 0.37. The diference in flux between A and the
fitted aB+pB polynomial is displayed ithe bottom paneland does not
exceed a few percent of the flux.

3.4. Image flux ratio

Keeton et al. (2006) have recently observed that the flux ratio be-
tween the images of SDSS J09DPR19is diferent in the contin-
uum and in the broad emission lines. In their slitless €IS
observations, the flux ratio between A and B is 2.60 in the emis-
sion lines, and about 3.5 in the continuum, i.e., the emission lines
are 30% dfferent from the continuum.

We plot the flux ratio between quasar image B and A as a
function of wavelength at a given date (top panels in Figs. 9
and 10). This ratio is close to flat, with some smafifetiences in
the broad emission lines.

We construct the spectruaB+3 and adjust the parameters

Fig. 8. Enlargements of Fig. 7 comparing the broad emission lines oking a linear least squares fit so that it matches the spectrum
images A and B on 14 January (solid curve) and 1 February 2005 (dof-quasar A. The result is shown in the middle panels of Figs. 9
ted curve). Obvious variations are seen in the red wing of the Mg Il ind 10. Almost no trace of the emission lines are seen in the
image A, in the center of the C Ill] in image B. The Fe Il feature redyiference spectra in the bottom panels of the figure. Our spec-
wards of Mg Il in image B has also changed by 20%. These variatiogsy jnqicate no strong fierential amplification of the contin-
are asymmetric about the center of the lines. The asymmetrifésetit uum and broad emission lines in the components A and B of
in C i} and Mg Il SDSS J09240219, and the small residual seen in the emission
lines in the bottom panels of Figs. 9 and 10 are an order of mag-
nitude smaller than reported in Keeton et al. (2006).

is shown in Fig. 8. The line variations are already visible be- In the 15 days separating the observatiantas changed
fore averaging the 3 individual spectra at a given date and mégi_only 2%, For both dates the residuals of the fit are almost

not-so-blended quasar images of the raw un-deconvolved s L ) :
tra. We can therefore safely rule out any deconvolution artefaBfectly flat, indicating no continuum change. Only asymmetric
anges in the emission lines are seen.

due to PSF variations in the MOS mask. In addition, the resid
images after deconvolution (see Courbin et al. 2000, for more Finally, the flat flux ratio between image A and B shows that
details) are particularly good, indicative of little or no PSF varihere is no significant extinction by interstellar dust in the lensing
ations across the slitlet mask. galaxy.
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I e and the continuum do not vary on the same time scale. Indeed,
: Image A —_ - . . .
g ) ] the continuum of image A remains constant over the 15-day time
Function aB+f8 - ] A . . .

] span of the observations, while the broad emission lines vary.
: Detailed microlensing simulations by Lewis & Ibata (2004)
show that the correlation between the magnification of the BLR
and the continuum source exists, but is weak. Hence variations in
the broad emission lines need not be accompanied by variations
Difference (A-aB—g) 1 in the continuum. This argument has been confirmed through ob-
servations of other gravitationally lensed quasars (Chartas et al.

MWW\WWMWWWW‘NMMW 2002; Richards et al. 2004).
Another observational fact that needs some enlightening

E is the asymmetric amplification of the broad emission lines
] (see Fig. 8). Such an amplification occurs for the C II] and
5000 6000 7000 800 Mg Il emission lines in the spectra of image A. The red wings of
A [4] these lines are significantly more amplified than the blue ones.
Fig. 10.Same as in Fig. 9 but for the spectra taken on 1 February 200%'.‘ gxplanatlon for this is given by Aba!as_ et ql. (2002) and
The mean A ratio is 031, and the best fit of image A is obtained with-€Wis & Ibata (2004), who show that emission lines can be af-
@ = 2.86+ 0.05 ands = 0.43. fected by substantial centroid shifts and modification of the line
profile. Asymmetric modification of the line profile can be in-
dicative of a rotating source. Microlensing of the part of the
3.5. Intrinsic variations vs. microlensing BLR that is rotating away from us would then explain the ob-
served asymmetric line amplifications. This would imply that a
It is hard, with only two observing points, to infer the ori-microlensing caustic is passing at the edge of the broad line re-
gin of the spectral variations observed in SDSS J@9249. gion, and is far enough from the continuum to leave itfieeted.
Nevertheless, we see rapid (15 days) and asymmetric changes in
the emission lines of the quasar images, and no strong changes
in the continuum. Intrinsic variations of quasars are usually, HST imaging
stronger in the continuum than in the emission lines, and they ) )
are also longer than the two-week span we observe here. StiHical and near-IR images of SDSS J092219 are available
rapid variations due to microlensing have been seen in at lefigfn the HST archive in thE555W F814WandF160Wfilters.
one other lensed quasar: HE 1104-1805 (Schechter et al. 2038 F555WandF814Wobservations have been obtained on 18
SDSS J09240219 might be a second such case. Microlensif¢ovember 2003 with the Advanced Camera for Surveys (ACS)
variability is supported by the photometric broad-band data pd the Wide Field Channel (WFC). TH&55Wdata consist
Kochanek et al. (2005b), showing that A and B have vefiedi of two dlthereq 1094 s exposures, eaph one being split in two
entlight curves that are hard to match even after shifting them fyRSPLIT=2) in order to remove cosmic rays. Two consecutive
the expected time delay. However, microlensing usually acts 48 s exposures have been taken througtF8iet\Wfilter, one
the continuum rather than on the emission lines of quasar spBeur later, again splitting the exposure time in two. Finally, the
tra, because of the much smaller size of the continuum regi®HCMOS2 observations, taken on 2003 November 23, consist
Differential amplification of the continuum relative to the emigf 8 dithered exposures, for a total of 5312 s. The 5-day period
sion lines, as observed by Keeton et al. (2006), would be a stréifparating the.optlcal and near-IR. observations is of the order of
support to the microlensing hypothesis. Our spectra do not shiig €xpected time delay between images A and B of the quasar.
such a diferential amplification, but we note that our wavelength
range is very dterent from that of Keeton et al. (2006) and tha] ;
they observed in May 2005, i.e., 3 months after our observatior{l'sl.' Image deconvolution
Assuming microlensing is the correct interpretation of th€he MCS algorithm (Magain et al. 1998) is used to deconvolve
data, its strength depends upon the scale-size of the source, witimages. This algorithm sharpens the images and preserves the
smaller sources being more susceptible to large magnificatftux of the original data. It also decomposes the data into a set
(e.g. Wambsganss & Paczynski 1991). The continuum emittinfanalytical point sources (the quasar images) and a numerical
region and the broad-line region (BLR) of a quasar can appéaktended channel” which contains all the features other than
small enough to undergo significant magnifications. The limitingoint sources, i.e., the lensing galaxy and the Einstein ring. All
source size for microlensing to occur is given by the Einstein remages are rebinned to a common pixel scale prior to deconvolu-
dius projected onto the source plane. This means that only strtion and combined with cosmic ray rejection. The reference im-
tures in the source with sizes comparable to or smaller than thige adopted to carry out the whole deconvolution work is the first
radius will experience appreciable amplification. The Einsteimage taken through thE814Wfilter, i.e., imagej80i33031
radius, projected onto the source plane for microlenses withthe HST archive. The position angle of this reference im-
masses in the rangelM, < M < 10Mg is 7 < Re < 70 light- age relative to the North is PA—2.67. All the astrometry in
days for a cosmology witfe, = 0.3,Q, = 0.7 andhygp = 0.65. the following is given in the coordinate system of this image.

752 A. Eigenbrod et al.: COSMOGRAIL: Il. SDSS J09DR19: lens redshift, quasar source spectra, and Einstein rings
O — 't Fe?rufry, 2005 R Kaspi et al. (2000) derived sizes for active galaxy nuclei from
Tr Ratio (B/A) ] reverberation mapping of the Balmer lines. As a function of in-
o5 E 4  trinsic luminosity, they found a global scaling of the broad-line
F ] region (BLR) ranging from approximately 1 to 300 light days,
03F ] which compares well with the Einstein radius of the microlenses
E ] in the lensing galaxy of SDSS J092@219.
0.25 |- ] The observations also reveal that the broad emission lines
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Fig. 11. Left composite HST image using the observations throughF8&5W F814WandF160Wfilters. The resolution is respectively 010

in F555WandF814W and 0.158 in F160W Right deconvolved image. It has a pixel size of 0.02&nd a resolution of 0.05 The lensed host
galaxy of the quasar is clearly seen as red arcs well centered on the quasar images. A second set of bluer arcs inside and outside the area del
by the red arcs is also revealed. The field of view i$'20 a side. The image is slightly rotated relative to North, which is at PR.67. East is

to the left. The white square shows the position of the perturber found for the SIE and NFW models of Sect. 5.2.

The data used here are the pipeline-drizzled images availabdéle 2. Astrometry of SDSS J0924€219 and flux ratio between the
from the archive. The pixel scale in the deconvolved image images. All positions are given relative to the lensing galaxy in the co-
half that of the original image, i.e., 0.02%0.025'. The spa- ordinate system of our reference HST imggei33031. The 1o error

tial resolution is the same in all deconvolved images, i.e.,’0.082r on the astrometry is 0.005mainly dominated by the error on the
Full-Width-Half-Maximum EWHM). position of the lensing galaxy. The error bar on the flux ratio is of

PN : P der of 10% for images B, C and 20% for image D, and includes
As the HST PSF has significant spatial variations across the ' . age b, €
field of view, stars located far away from SDSS J09@219 on ﬁg systematic errors due to the presence of the Einstein ring (see text).

the plane of the sky are not ideal for use in the image deconvo- Object X Y F555W F814W F160W
lution. To circumvent this problem we have devised an iterative () ()

procedure. We first deconvolve the images with a fixed PSF, di- Lens ~ +0.000 +0.000 - - -
rectly measured from stars. This gives a deconvolved image of A -0.185 +0.859  1.00 1.00 1.00

B -0.246 -0.948 0.51 0.46 0.44
C +0.782 +0.178 0.39 0.34 0.32
D -0.727 +0.430 0.06 0.06 0.03

the lens and Einstein ring, that we reconvolve with the PSF and
subtract from the original data. A second PSF is re-computed
from this new lens- and ring-subtracted image, directly from
the quasar images, following the procedure described in Magain
et al. (2005). This is similar to a blind-deconvolution, where thgnalytical component of the lensing galaxy is either a two-
PSF is modified during the deconvolution process. A new decafimensional exponential disk, or a de Vaucouleurs profile. Al
volved image is created with the improved PSF, as well as a nglight departures from these two profiles are modeled in the form
lens- and ring-subtracted image. We repeat 4 times in a row @iea numerical array of pixels which includes the arcs as well.
procedure until the residual map (Magain et al. 1998; Courbin |n all bands, we find that an exponential disk fits the data
etal.1998) is flat and in average equal todfter deconvolution, much better than a de Vaucouleurs profile, which is surprising
i.e., until the deconvolved image becomes compatible with ther an elliptical galaxy, as indicated by the VLT spectra. Table 2
data in they® sense. gives a summary of our astrometry, relative to the center of the
fitted exponential disk. The mean position angle of the lensing
galaxy, in the orientation of the HST image, is PA-61.3+0.5°
(positive angles relative to the North in a counter-clockwise
The deconvolved images through the three filters are shownsiense) and the mean ellipticity &= 0.12 + 0.01, where the
Fig. 11, as a colour composite image. Two sets of arcs are cleatyor bars are the dispersions between the measurements in the
seen, corresponding to the host galaxy of the source quasar, tmmée filters. We define the ellipticity &= 1 — b/a, wherea
to a bluer object not centered on the images of the quasar. Ténislb are the semi-major and semi-minor axis respectively. Note
arc is well explained by a second lensed source (see Sect. $12} although the formal error on the lens ellipticity and PA is
which is either a star-forming region in the source, or anothemall, the data show evidence for isophote twisting. Tifiece
unrelated object. tive radius of the galaxy iR = 0.50+ 0.05".

Instead of using the conventional version of the MCS de- The flux ratios of the quasar images are derived from the de-
convolution algorithm, we use a version that involves a sentenvolved images. The MCS algorithm provides the user with
analytical model for the lensing galaxy. In this procedure, thithe intensities of all point sources in the image, decontaminated

4.2. Results
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Table 3. Best-fit parametric models for SDSS J09D219, obtained with the LENSMODEL package (Keeton 2001). The position angles of the
lensé. and of the external sheéy are given in degrees, positive angles being counted counter-clockwise relative to the North. The coordipates (

of the centres of the models are given in arcseconds, and the time delays expressed in days relative to the leading image B. The extreme
values for the time delays within the smallest-Tegion of Fig. 12 are also given. We adopt(&,(Q,) = (0.3,0.7) cosmology andh;oo = 0.65.

All models have one degree of freedom.

Model Parameters x(y) e fe % 6, Atap Atcg Atps X

SIE b=087  (-0.003 0002) 0.13 -73.1 0.053 654 .B7 9119 6272 091

de Vaucouleurs b=264  (-0004 0002) 0.16 -70.1 0096 77.3 .@° 1384% 947 141
R, = 0.50

NFW Ks = g.zg (-0003 0001) 0.10 -72.0 0.047 654 90 7827 5487 072
re=1

from the light of the extended features, such as the ring fitters). If no external shear is included in the models, we find a

SDSS J09240219 and the lensing galaxy. The error on thiens ellipticity ofe ~ 0.3 with a PAge ~ 85° and an associated

quasar flux ratio is dominated by the contamination by the ~ 200. The ellipticity and PA agree well with the models ob-

Einstein ring. If the intensity of a quasar image is overestimatedjned from the semi-linear inversion method of Warren & Dye

this will create a “hole” in the deconvolved Einstein ring at th€2003) (see Sect. 5.2).

quasar image position. If it is underestimated, the Igéait the Next, we include external shear to the model. The lens po-

position of the quasar image will become much larger than 1sjtion anglede, coordinates, and ellipticity agree better with the

The flux ratios in Table 2 are taken as the ones giving at the sameasured values in the HST images. JHResalues remain bad

time a continuous Einstein ring without any “hole”, and leading,? ~ 30), although improved with respect to the models with-

to agoody?, close to 1, at the position of the quasar images. Thit external shear. The shear orientatiom,is~ 60° which is

error bars quoted in Table 2 are taken as tifiecince between about in the direction of a bright galaxy located’9dway from

these two extreme solutions, divided by 2. They include both ti#SS J09240219 and at PA= 53°.

random and systematic errors. The main contribution to the tota® is the anomalous flux
ratios between the images of SDSS J092219. In particular,

) the extreme flux ratio between image A and image D-b§,
5. Modeling when these two images are predicted to have approximately the

Constraining the mass distribution in SDSS JOS219 is same brightness. This is not surprising because of the evidence

not trivial. Firstly, we do not have access to the true imagjé microlensing in image A (Sect. 3.5) and of possible mili-

magnifications due to contamination by microlensing and segnsing induced by massive substructures. This lead us to the
ondly, the light distribution of the lensing galaxy is not Ver)«;onﬁderatlons presented in the next section.
well constrained. The ellipticity and position angle of the lens
change with surface brightness, indicative of isophote twis§-1 2. Discarding the flux ratios
ing. Measuring the faintest isophotes on the HST data leads to
PA ~ —25°, as is adopted by Keeton et al. (2006) in his model$he modeling is similar to that of Sect. 5.1.1. External shear
However, brighter isophotes and fitting of a PSF-deconvolvé®l included but the flux ratios are discarded. In order to use
exponential disk profile yields PA -61.3°. only models that have one degrees of freedom (DOF), we have
As a blind test for the shape of the mass distribution unddxed the éfective radius of the de Vaucouleurs model to the ob-
lying the light distribution, and without using any constraint o€rved value. Given the number of observational constraints, the
the ellipticity or PA of the lens, we use the non-parametric mo®lFW model would have zero DOF if all its parameters were
els of Saha & Williams (2004). Fitting only the image positionkft free during the fit. We have therefore fixed the orientation
returns an asymmetric lens whose major axis is a|igned appr@ilhe external shear in this model to the value we fOl‘Jnd in the
imately East-West (i.e., PA= 90°). Given the discrepancy be_S!E+shear mode]. The best fit models are presented in Table 3,
tween this simple model and the observed light distribution, with (reduced)? improved to values close to 1.
test in the following a range of models withfiiring levels of We map the lens ellipticity vs. external shear plane in or-
observational constraints, in order to predict time delays. ~ der to estimate the degree of degeneracy between these two
parameters. The results are displayed in Fig. 12. It is imme-
. diatly seen that the &= ellipses of the dferent models only
5.1. Parametric models marginally overlap. This is confirmed by the time delay val-
; ; ues summarized in Table 3 where we also give the extreme val-
5-1.1. Using the flux ratios ues of the time delays within the 68% confidence interval. The
The LENSMODEL package (Keeton 2001) is used to carminimum diference between the extreme time delays predicted
out an analytical modeling of the lensing galaxy. Three lensingth a constant mass-to-light ratio galaxy (de Vaucouleurs) and
galaxy models are considered: the Singular Isothermal Ellipsdigl the more physically plausible SIE model is about 8%. Since
(SIE), the Navarro et al. (1997) profile (NFW), and the dthe error measurement on the time delay propagates linearly in
Vaucouleurs (1948) profile. In a first attempt, we constrain theee error budget, even a rough estimate of the three time de-
models with the lensing galaxy position, the relative positioriays in SDSS J09240219, with 8% accuracy will already al-
of the lensed images (Table 2) and their flux ratios (taken as tlog to discriminate #iciently between flat L models and SIE.
mean of the ratios measured in the thHF€&5W F814W F160W Distinguishing between SIE and NFW is morehdiult as time
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Fig. 12. The three plots give the reduced as a function of lens ellipticite and external sheay for the three analytic models used in the
LENSMODEL package. No constraint is used on the image flux ratios. The contours correspond to the 1, 2, aothf8ience levels. The
degeneracy between ellipticity and shear is clear. Only the NFW models are (marginally) compatible with no external shear at all, as also sugge
by the semi-linear inversion of Sect. 5.2. The black square in each panel indicated the best fit model, which parameters are given in Table 3.

delays predicted by NFW modelsfidir by only 1% from the

SIE time delays. Such an accuracy will be hard to reach in . L . o

SDSS J09240219, that has short time delays and a short vis- ’

ibility period given its equatorial position on the plane of the sky _ = . ! '

(see Eigenbrod et al. 2005). }
L .

-
L
)
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5.2. Using the arcs of the lensed sources 9 2

The HST images of SDSS J092@219 reveal two sets of arcs. .
One is prominent in the near-IR (in red in Fig. 11) and is well  °  °° ;( cccccc ;‘5 : o X*(qmm;‘s :
centered on the quasar images. It is the lensed image of the
quasar host galaxy. A second set of bluer arcs is best seerit) 13. Annular mask applied to thE160W (left) and F555W (right)
F555W It is off-centered with respect to the quasar images, idata with point sources masked out. The annulus ifFB&EWimage is
dicating either a companion to the quasar host, or an independsifted by 0.7 to the left and 0.2 to the top with respect to tHe160W
intervening object along the line of sight. image, to properly encompass the blue arc seen in Fig. 11.

We apply the semi-linear inversion method of Warren & Dye
(2003) to the arcs observed in tf&55W and F160W data.
The method incorporates a linear matrix inversion to obtain thgass component models: the singular isothermal ellipsoid (SIE),
source surface brightness distribution that gives the best fit to the elliptical NFW, and the elliptical NFW with external shear.
observed lensed image for a given lens model. This linear stefTige remaining three test for asymmetry in the lens model by in-
carried out per trial lens parametrisation in a standard non-linedliding a secondary singular isothermal sphere (SIS) mass com-
search for the global best fit. ponent that is also free to move around in the lens plane and vary

Dye & Warren (2005) successfully apply this technique tin normalization in the minimization. These models are the dual
the Einstein ring system 0042808. They demonstrate that thesS|S model, the SIESIS model and the NFWSIS model.
extra constraints provided by the image of the ring results in Since theF160Wdata have the highest signal to noise arcs,
smaller errors on the reconstructed lens model, compared to Wg-base our lens modeling on these data and applied our overall
ing only the centroids of the principal images as constraints fijgst fit model to th&555Wdata to reconstruct the source. In all
this system. cases, we reconstruct with &0x 0.5 source plane comprising

In the case of 00472808, the source is a star form-10x 10 pixels. The reconstruction is not regularised, except in
ing galaxy without any point-like emission whereas thgig. 14 where first order regularisation (see Warren & Dye 2003)
image of SDSS J0924219 is clearly dominated by theis applied to enhance visualization of the source.
QSO's central point source. To prevent the reconstruction of Taple 4 lists the minimized parameters for each model and
SDSS J09240219 from being dominated by the point sourcghe corresponding values gf. The SIEFSIS and NFW-SIS
and because in this section only the reconstruction of the Q&{dels clearly fare better than their single component coun-
host emission is of interest, we masked out the four point soukggparts, implying the lens is asymmetric. For the -SHES,
images in theF555Wand F160W data Supplied to the Semi-a decrease ||2/2 of AXZ = 33 for 3 fewer degrees of free-
linear inversion code. The astrometry of the quasar images is §8in has a significance of 5rl The decrease ofiy? = 40
used as a constraint. Figure 13 shows the masked ring imager the NFW4+SIS has a significance of 5. Both models
consistently place the secondary SIS mass component around
(-0.807,-0.05") with a normalization of only~2.5% of the
main component.
The deconvolve&#160WandF555Wdata are reconstructed with  Interestingly, the elliptical models listed in Table 4 have
6 different parametric lens models. Three of these are singlépticities close to those obtained with the LENSMODEL

5.2.1. Reconstruction results
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There are two distinct sources now visible. The QSO host
identified previously has again been reconstructed. This is be-
cause its dominant image, the bright arc in the top left quadrant
of the ring, is still present in thE555Wdata. A second source,
more difuse and lying on the rightmost cusp caustic is also vis-
ible. This second source is responsible for the blue arcs.

The redshift of the second source remains unknown. It could
be a star forming objegegion lying 02" - Dg =~ 1200hi(}0 pc
away from the quasar, i.e., it would be part of the host galaxy. It
is, however, not excluded that this second source is aterent
X foresce) X (oreaee) redshift than the quasar, e.g. located between the quasar and the
lens, as itis bluer than the quasar host galaxy. If the latter is true,
SDSS J09240219 might be a unique object to break the mass
sheet degeneracy. Unfortunately, the lens modeling alone, does
not allow to infer a redshift estimate.
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5.3. Note on the different types of models

0.5
0.5

vy The two methods used aboveffdr in several respects.
LENSMODEL has a limited number of free parameters but uses
“ooes 0 s 2 Tooos 1 s 2 only the constraints on the astrometry of the quasar images.
X (oresee) X (e While a qualitative representation of the lensed host galaxy of
Fig. 14.Reconstructed source frof160Wdata fop lef) and its lensed the quasar source can be attempted, the method does not allow
image pottom lef}. A second source lying on the rightmost cusp caust@ genuine fitting of the Einstein rings assuming a (simplified)
(top right) is reconstructed from the555Wimage corresponding to the Shape for the quasar host.
blue arc pottom righ}. The semi-linear inversion carries out a direct reconstruction
of the lensed source as a whole, where each pixel of the HST
] ] image is a free parameter. As the quasar images largely domi-
softwa_re, when no external shear is con3|d'ered. When'exter,ﬁlgﬂe the total flux of the source, they need to be masked before
shear is added to the NFW model, we do indeed obtain a sigle reconstruction. For this reason it is not possible with this
nificantly better fit compared to the NFW on its own, but thghethod, at the present stage of its development, to constrain the
results difer from those listed in Table 3. While the elliptic-lens model usingimultaneouslthe astrometry of the quasar
ity remains almost the same as in Table 3, its PAeds by jmages and the detailed shape of the Einstein rings.
approximately 25 Moreover, we find a ten times smaller am-  ajthough the two methods used in the present work are fun-
plitude for the shear using the semi-linear inversion than.usiagmema”y diferent and although they use veryfdient obser-
LENSMOD!EL. Notg, however, that the observgd quasar Imaggtional constraints, they agree on the necessity to bring extra
astrometry is used in the LENSMODEL analysis, whereas it jfass near image D of SDSS J03D219. Smooth lenses like the
not in the present semi-linear inversion. If we use the lens moggleg implemented in LENSMODEL have PAs thafeli by 10
found by the semi-linear inversion to predict the position of theom the one measured in the HST images. In the orientation of
quasar images, we find poor agreement between the predigted 11, the mass distribution found by LENSMODEL is closer
and the measured positions. The global, large scale shapgs¥orizontal (PA= —90°) than the light distribution, hence giv-
the lens found by the semi-linear inversion is well adapted {qq |arger masses next to image D. In the semi linear inversion,
model the Einstein rings, which are very sensitive to azimuthile optimal position found for the SIS perturber is also close to
asymmetry in the lens, but additional smaller scale structures gtyge D.
needed to slightly modify the positions of the quasar images and Gjyen the above discussion, the poor determination of the
make them compatible with the measured astrometry. The disys pa is a main limitation to the interpretation of the time de-
agreement between the astrometry predicted by LENSMODKys in SDSS J09240219. An alternative route is to determine
and the one predicted by the semi-linear inversion adds SUPRAH dynamical rotation axis of the lens, a challenge which is now
to the presence of multipole-type substructures in the lens (e\itin the reach of integral field spectroscopy with large tele-

Congdon & Keeton 2005). scopes and adaptive optics.
The top left plot in Fig. 14 shows the reconstructed source

corresponding to the best fit NF¥8IS model for theF160W

data. The observed arcs are explained by a single QSO h9stgnclusions

galaxy. Note that in this figure, purely to aid visualization, we

have regularised the solution and plotted the surface brightn¥¢s have spatially deconvolved deep sharp YAORS1 MOS

with a pixel scale half that used in the quantitative reconstrugpectra of SDSS J0928219, and measured the redshift of the

tion. The bottom left corner of Fig. 14 shows the image of thensing galaxyzens= 0.394+ 0.001, from numerous stellar ab-

reconstructed source lensed by the best fit NFSIS model. sorption lines. The spectrum beautifully matches the elliptical
We then take the best fit NF¥S1S model in order to recon- galaxy template of Kinney et al. (1996).

struct theF555Wdata shown on the rightin Fig. 13. Note thatthe The flux ratio between image A and Bis/Fg = 2.80+

annular mask is shifted slightly compared to B#60Wdata, to 0.05 on 2005 January 14, arkh/Fg = 2.86 + 0.05 on 2005

properly encompass the blue arc. The reconstructed source Bedruary 1, i.e., it has not changed between the two dates given

corresponding lensed image are shown on the right hand sidétaf uncertainties on the flux ratios (Table 1). For each date,

Fig. 14. this ratio is mostly the same in the continuum and in the broad
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Table 4. Minimized lens model parameters and correspongthdvodel parameters are; = mass normalization in arbitrary unit;, §) = offset

of lens model centre from lens optical axis in arcsecoadsgllipticity, y = external sheaf. andé, = PA in degrees counted counter-clockwise
from North. In the case of the NFW, the scale radius is held fixed’ ah 8he minimization. The third column gives the number of degrees of
freedom (NDOF). Subscript” refers to the secondary SIS in the dual component models (see text).

Model X%, NDOF  Minimized parameters
SIE 4280 3975 ko = 1000, (x,y) = (0.02 0.04),e=0.270,0, = 86.0
NFW 4011 3974 «o = 1000, (x,y) = (0.06,0.06),e = 0.187,6, = 84.9

Dual SIS 4385 3974 ko =492, (xy) = (0.00,0.28), kop = 5186, (X, y)p = (~0.06,-0.33)

SIE+SIS 4247 3972 «o =994, (x,y) = (0.04,0.04),e = 0.265,0, = 85.1, xop = 2.1, (X, y)p, = (=0.79, —0.03)
NFW+SIS 3971 3971 ko = 980, (x, ) = (0.05,0.08), e = 0.206,6, = 83.1, kg = 2.8, (X, ) = (~0.80, —0.09)
NFW+y 3992 3972 ko = 1000, (X, y) = (0.06,0.06), e = 0.168,0, = 86.0,y = 0.010,6, = 783

emission lines of the quasar images A and B. This may sedensing and dynamical masses, to the light distribution infered
in contradiction with Keeton et al. (2006) who sedfeliential from the HST images.
amplification of the continuum relative to the lines, but our ob-

servmg_ dates and_setup are. verﬂehent from theirs. AcknowledgementsThe authors would like to thanks Dr. Steve Warren for useful discus-
While the continuum of Images A and B has not ChanQEd Hbns and the ESO stat Paranal for the care taken with the crucial slit alignment necessary

15 days, there are obvious and asymmetric changes in some odirry out the spectra deconvolutions. The HST archive data used in this article were ob-

the quasar broad emission lines Microlensing of both A andt ined in the framework of the CfA-Arizona Space Telescope LEns Survey (CASTLES,

. . N . N T-GO-9744, PI: C. S. Kochanek). P.M. acknowledges support from the PSS Science
is compatible with this, although somewhat ad hoc assumptiafscy (8elgium) and by PRODEX (ESA). COSMOGRAIL is financially supported by the
must be done on the position of the microcaustics relative $giss National Science Foundation (SNSF).

the quasar, as well as on the relative sizes of the continuum and

broad line regions.
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6.7 Paper presenting the determination of the redshift of
the lensing galaxy in eight gravitationally lensed quasars
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ABSTRACT

Aims. We measure the redshift of the lensing galaxy in eight gravitationally lensed quasars in view of determining the Hubble param-
eter H, from the time delay method.

Methods. Deep VLT/FORSL1 spectra of lensed quasars are spatially deconvolved in order to separate the spectrum of the lensing
galaxies from the glare of the much brighter quasar images. A new observing strategy is devised. It involves observations in Multi-
Object-Spectroscopy (MOS) which allows the simultaneous observation of the target and of several PSF and flux calibration stars.
The advantage of this method over traditional long-slit observations is a much more reliable extraction and flux calibration of the
spectra.

Results. For the first time we measure the redshift of the lensing galaxy in three multiply-imaged quasars: SDS8)31438
(Ziens=0.445), SDSS J1228)006 {ens=0.517), SDSS J1339118 @ens= 0.440), and we give a tentative estimate of the redshift

of the lensing galaxy in Q 13582257 (ens=0.701). We confirm four previously measured redshifts: HE G456 @ens= 0.407),

HE 0230-2130 @ens= 0.523), HE 04351223 @ens= 0.454) and WFI J20334723 @ens= 0.661). In addition, we determine the red-

shift of the second lensing galaxy in HE 0232130 @.ns= 0.526). The spectra of all lens galaxies are typical for early-type galaxies,
except for the second lensing galaxy in HE 023Q30 which displays prominent [Oll] emission.

Key words. gravitational lensing — cosmological parameters — quasars: general

1. Introduction microlensing. Photometric monitoring of lensed quasars in sev-

I . eral bands or, better, spectrophotometric monitoring can there-
Gravitationally lensed quasars have become a trélitient fore yield constraints on the energy profile of quasar accre-

source of new astrophysical applications, since the discovgfyy gisks and on the size of the various emission line regions

of the first case by Walsh et al. (1979). These objects are R&g. Agol & Krolik 1999; Mineshige & Yonehara 1999: Abajas
tentially useful for measuring the Hubble parametegrftbm o 5 2002).

the time delay between their lensed images (Refsdal 1964), as- | the above applications of quasar lensing require the
suming a model for the mass distribution in the lensing gala%owledge of the redshift of the lensing galaxy, which is fre-
Conversely, for an assumed or measured valueftté mass g ently hidden in the glare of the quasar images. The present
distribution in the lens can be reconstructed from the time del ¥per is part of a largeffiert to carry out long term photometric
measurement. The study of lensed quasars is therefore a “Rsnitoring of lensed quasars in the context of COSMOGRAIL
lose” game, either because of its posmologlcal |mpl|cat|or@$( e.g. Eigenbrod et al. 2005). In this paper we focus on the de-
or for the study of galaxy formation and evolution through thgyrmination of the redshifts of the lensing galaxies in several
determination of detailed mass maps for lensing galaxies, esggsyitationally lensed quasars, using deep spectra obtained with
cially their dark matter content. o ~ the ESO Very Large Telescope (VLT). The targets were sim-
The second most important application of quasar lensing igty selected in function of their visibility during the period of
volves microlensing by stars in the lensing galaxy. Microlensggservation.
produce chromatic magnification events in the light curve of
the images of the source, as they cross their line of sight. The
amplitude, duration and frequency of the events depend nVLT spectroscopy
the transverse velocity of stars in the lensing galaxy, on their;. opservations
surface density, and on the relative sizes of the microlensiw ) ) o
caustics with respect to the regions of the souriected by We presentobservqtlons for elght'grawtatlonally lensed quasars,
in order to determine the redshift of the lensing galaxy. The
* Based on observations made with the ESO-VLT Unit Telesco et rgets are HE 00471756, HE 02362130, HE 04351223,
Kueyen (Cerro Paranal, Chile; Programs 074.A-0563 and 075.A-0% DSS J11380314, SDSS J1338118, Q 13552257 (also
PI: G. Meylan). and on archive data taken with the ESO-VLT Uninown as CTQ 327), SDSS J1228006 and WFI J20334723.
Telescope 1 Antu (Cerro Paranal, Chile; Program 064.0-0259(A), PI: Our spectroscopic observations are acquired with the FOcall
L. Wisotzki). Reducer and low dispersion Spectrograph (FORS1), mounted
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Table 1. Journal of the observations of HE 0047756. Grism and fil- Table 3. Journal of the observations for HE 0438223. Grism and
ter: G300V GG435. HR collimator: 0.1 per pixel. Slitlets width: 7 filter: G300V+GG435. HR collimator: 01 per pixel. Slitlets width:

(R=210 at 5900 A). 1.0” (R=210 at 5900 A).
ID Date Seeing’[] Airmass Weather — -
T 18072006 049 1281 Photometric 'lD 11/1D§/t2%o 1 Seg'_g% I A'T oo Q’gﬁ?;gtric
2 1807/2005 0.53 1.191 Photometric 2 11102004 0.45 1.028 Photometric
) ) ) 3 12102004 0.46 1.024 Photometric
Table 2.Journal of the observations of HE 023201.30. Grism and filter: 4 12102004 0.53 1.028 Photometric
G600R+-GG435. SR collimator: 0:2per pixel. Slitlets width: &” (R= 5  11/11/2004 0.57 1.093 Photometric
1910 at 6200 A). 6  11/11/2004 0.56 1.145 Photometric
ID Date Seeing’[] Airmass Weather
1 1512/2004 0.60 1.166 Light clouds
2 15122004 0.58 1248  Light clouds Table 4.Journal of the observations for SDSS J146814. Grism and
3 01/032005 0.78 1.800  Photometric filter: G300V+GG435. HR collimator: 01 per pixel. Slitlets width:
1.0” (R=210 at 5900 A).
on the ESO Very Large Telescope. Very importantly, all the =g Date Seeing]] _Airmass Weather
observations are carried out in the MOS mode (Multi Object — 75052005 0.82 1191 Photometric
Spectroscopy). This strategy allows the simultaneous observa- 5 11052005 0.70 1155  Photometric
tion of the main target and of several stars used both as flux cal- 3 11052005 0.67 1.133 Photometric
ibrators and as reference PSF to spatially deconvolve the data. 4  11/052005 0.66 1.132  Photometric
Most of our targets are observed with the high-resolutioncol- 5 13052005 0.64 1.148  Photometric

limator, allowing us to observe simultaneously eight objects over

a field of view of 34’ x 3.4’ with a pixel scale of A". However,

because few suitable PSF stars are visible in the vicinity ®ible 5.Journal of the observations for SDSS J120606. Grism and
SDSS J12260006 and HE 02362130, the observations for filter: G300V+GG435. SR collimator: 072 per pixel. Slitlets width:
these two objects use the standard-resolution collimator, whith” (R = 400 at 5900 A).

has a field of view of 8 x 6.8’ and a pixel size of 0/2

We use the GG435 order sorting filter in combination with 1D Date Seeing’[] Airmass Weather
the G300V grism for all objects, except HE 023130 for 1 16052005 0.85 1.109  Photometric
which we use the G600R grism. The G300V grism gives a use- 2 16052005 0.84 1.099  Photometric
ful wavelength range 445@ A < 8650 A and a scale of @9 A 3 14052005 0.92 1.105  Photometric
per pixel in the spectral direction. This setup has a spectral res- 4 16092005 . 1125  Photometric

. 5 16052005 0.78 1.221 Photometric
olutionR = /A1 =~ 200 at the central wavelength= 5900 A 6 16052005 0.89 1.299  Photometric
for a 10” slit width in the case of the high resolution collima- 7 16052005 0.82 1.422  Photometric
tor. The choice of this grism favors spectral coverage ratherthan 8 16052005 0.88 1.576  Photometric

spectral resolution as the observations are aimed at measuring
unknown lens redshifts. The combination of the G600R grism
with the GGA3S filter used for HI_E 023(2_130 has a Waveler.lgth Table 6.Journal of the observations for SDSS J188%518. Grism and
range of 5250< 1 < 7450 A with a pixel scale of.D8 A N filter: G300V+GG435. HR collimator: 0.1 per pixel. Slitlets width:
the spectral direction. This gives a higher spectral resolution g (R = 210 at 5900 A).

R =~ 1200 at the central wavelengih= 6270 A for a slit width

of 1.0 and with the standard resolution collimator. ID Date Seeing[] Airmass  Weather
We choose slitlets of various widths, depending on the ~ 1 03022005 0.73 1.167 Photometric
brightness of the target and on the configuration of the quasar 2 03022005 0.71 1.133  Photometric
images. The slit width is chosen so that it matches the seeingre- 3 03032005 0.69 1112 Photometric
quested for the service-mode observations and minimizes lateral g 8;8;%382 8-(75; 11?3 Eﬂgtgmgg:g
contamination by the quasar images. Our observing sequences 03032005 0.62 1198 Photometric

consist of a short acquisition image, an “image-through-slit”

check, followed by one or two consecutive deep spectroscopic
exposures. All individual exposures for all objects are 1400 s
long. The journals of the observations are given in Tables 1 to 8.

The through-slitimages are displayed in Figs. 1 to 8, where “T‘z?ole 7. Journal of the observations for Q 1358%57. Grism and fil-

epochs refer to the exposure numbers in Tables 1 to 8. ter: G300V-GG435. HR collimator: 0/1 per pixel. Slitlets width: 1"
For every object we center at least three slitlets on forgz = 210 at 5900 A).
ground stars and one slitlet on the lensing galaxy. The mask is

rotated to a Position Angle that avoids clipping of any quasar —p Date Seeing] Airmass __ Weather

image. This is mandatory to carry out spatial deconvolution of —7T 05032005 0.68 1.016 _ Photometric
the spectra. The spectra of the PSF stars are also used to cross- 2 05032005 0.73 1.040  Photometric
calibrate the flux scale as the data are takenfigrdint airmasses 3 20032005 0.63 1.038  Photometric
and at diferent dates. Three spectrophotometric standard stars 4 20032005 0.54 1.015  Photometric
are used to carry out the relative flux calibration, i.e. EG 21, 5 20032005 0.57 1105  Photometric

LTT 3218, and LTT 6248. 6 20032005 0.56 1.166 Photometric
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Table 8. Journal of observations for WFI J2038723. Grism and fil-
ter: G300V GG435. HR collimator: 0.1 per pixel. Slitlets width: 14”

(R= 160 at 5900 A).

ID Date Seeing’[] Airmass Weather

1 13052005 0.50 1.256 Light clouds
2 13052005 0.58 1.198 Light clouds
3 13052005 0.60 1.148 Light clouds
4 13052005 0.48 1.117 Light clouds
5 13052005 0.53 1.095 Light clouds

B

A

.G

761

Epoch 1 Epoch 2 Epoch 4 Epoch 6 Epoch 8

Epoch 1
y !

Fig. 1. HE 00471756. Slit width: 1.0. Mask PA: 10.

Epoch 1 Epoch 3

Blﬂ‘iz '

# G1

Fig. 2. HE 0230-2130. Slit width: 0.8. Mask PA:—60°.

Epoch 1 Epoch 3 Epoch 5

G

e

B

Fig. 3. HE 0435-1223. Slit width: 1.0. Mask PA:-164.

Epoch 1 Epoch 3 Epoch 5

A

D“G ' l '

[}

Fig.4.SDSS J11380314. Slit width: 1.0. Mask PA:—84°.

Fig.5.SDSS J12260006. Slit width: 1.0. Mask PA:—-90°.

Epoch 1 Epoch 3 Epoch 5

'G ' ' .

B

Fig. 6. SDSS J13350118. Slit width: 1.0. Mask PA: 43.

Epoch 1 Epoch 3 Epoch 5

S I B

Fig. 7.Q 1355-2257. Slit width: 1.0. Mask PA:-78".

Epoch 1 Epoch 3

- .
G

Epoch 5

.
.

Fig. 8. WFI J2033-4723. Slit width: 1.4. Mask PA:-82.

In addition to our own data, we retrieve VIHORS1 data
from the archive for HE 02362130. These data were ac-
quired on 18 October 1999 for program 064.0-0259(A). They
used the long slit mode with the standard resolution collimator
(0.2” per pixel), the G600R grism, and the order sorting filter
GG435. The useful wavelength range is the same as for the MOS
observations, i.e., 5250« 1 < 7450 A with a pixel scale of
1.08 A in the spectral direction.
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2.2. Reduction and deconvolution galaxy from the spectra of the quasar images. The MCS algo-
. . ) rithm uses the spatial information contained in the spectrum of
We carry out the standard bias subtraction and flat field correCtoforence PSF, which is obtained from the slitlets positioned
tion of the spectra using IRAEThe flat field is created for each?n the isolated stars. The final normalized PSF is a combina-

;Iitlet from fivg dome Exposures using cosmic ray rejeptior). bn of at least three éierent PSF spectra. The deconvolved
is then normalized by averaging 45 lines along the spatial diregsq 14 are not only sharpened in the spatial direction, but also

tion, rejecting the 20 highest and 20 lowest pixels. The result : “ it . - )
then block replicated to match the physical size of the individutd? c(())frr:ﬁgsqet?alsn;(r) i?nefg;) ;r;t z(r)]lér(;e“gg?ennnde;dcghn;ﬁwé?gctgﬁtgﬁ]?;g

ﬂat\f/'\?ldsi th calibration is obtained f .__.the spectra of everything in the image which is not a point-
aveliengtn calibration IS obtained Irom NUMerous émissiQly,,.cq j o in this case the spectrum of the lensing galaxy.

ines i e Specrum of el oo, T O T o specra elensng e e e
mask. The fit uses a fifth order Chebyshev polynomial along tﬁ@d smoo_thed W'th a 10 A box. Figures 9 to 16 display the_ﬂ-
spectral direction and a fourth order Chebyshev polynomial fj¢! ©ne-dimensional spectra, where the Ca Il H & K absorption
along the spatial direction. Each spectrum is interpolated follof1€S are obvious, as well as the 4000 A Balmer break, and the
ing this fit using a cubic interpolation. This procedure ensuré%band typical for CH absorption. In some cases, we identify a
that the sky lines are well aligned with the columns of the CC[§W more features that are labeled in the individual figures. The
after waveiength calibration. |dent|f|ed I_|nes are used to determine the redshift of the lensing
The sky background is then removed by fitting and subtrad@laxies given in Table 9. We compute the-Error as the stan-
ing a second order Chebyshev polynomial in the spatial directifd deviation between all the measurements of the individual
to the areas of the spectrum that are not illuminated by the dipes. The absenc_e of emission lines in all spectra |nd|cates_that
ject. the observed lensing galaxies are gas-poor early-ty_pe_galgmes_.
Finally, we remove the cosmic rays as follows. First we shift N most cases, no trace of the quasar broad emission lines is
the spectra in order to align them spatially (this shift is onl§e€n in the spectrum of the lensing galaxy, indicative of an accu-
a few tenths of a pixel). Second, we create a combined sp&te decomposition of the data into the extended (lens) and point
trum for each object from all exposures, removing the lower af@urce (quasar images) channels. Only our VLT spectrum of the
higher pixels, after applying appropriate flux scaling. The confgnsing galaxy of HE 02362130 is sifering from residuals of
bined spectrum obtained in that way is cosmic ray cleaned andh§ quasar broad emission lines, probably due to lateral contam-
used as a reference template to clean the individual spectra. iBgfion by images A and B of the quasar. This additional source
each MOS mask the object slitlet and the PSF slitlets are redu€égontamination is circumvented by subtracting a scaled version
exactly in the same way. of the spectrum of quasarimage C to th_e spectrum o]‘ the lensing
A flux cross-calibration of the spectra taken afefient air- galaxy. The flux calibration of this partlculqr lens might there-
masses or dates is needed before combining them into one ffi@4¢ be less accurate than for the other objects. Note, however,
spectrum. This is donefficiently using the spectra of the PSHhat this procedure was only applied to HE 0220.30.
stars as references, as described in Eigenbrod et al. (2006). The
reference stars are assumed to be non-variable and a ratio spec- o )
trum is created for each star, i.e. we divide the spectrum of tReNotes on individual objects

star by the spectrum of the same star in the otherexposures.This'_|E 0047-1756 a doubly imaged quasar discovered by
is done for at least two stars in each mask and we check that\%%otzki et al. (2004). It has a redshift af = 1.67 and a

response curves derived usingfeient stars are compatible. Th aximum image separation of 1/44The redshift of the lens-

dispersion between the response curves obtained in that wa
about 2%. A mean correction curve is then computed and a?ésgalaxy has recently been measured by Ofek et al. (2005) at
ct] ﬁ

- . ) A ns=0.408. We confirm this result, withe,s=0.407 + 0.001,
]E)Cl)'regatghec?t;z(:\t’v;r'gmgﬂ;'gggﬁgggtmm' The individual spe d present a much higher signal-to-noise spectrum in Fig. 9. An

The archive data of HE 023@130 consist of one single IOngelllptlcal galaxy template matches well the spectrum of the lens.

slit spectrum. The bias subtraction, flatfielding, wavelength cal- SHES%%?E;;}? tc\'/issgéak?gpg '?11%%%? Izt 551562 %’;}Zﬁ{ m
ibration and background removal are done in exactly the saff8 ad by C\TEEE ; u
way as for the MOS spectra. The cosmic ray removal is do[id29€ Separation of 2.25nd two lensing galaxies. The main
using the IRAF packages for single-image data. The flux cal zhsing galaxy, G1, is located between the four quasar images.

bration is done using three standard stars: G8g LTT 7987 second, fainter lens is located outside the area defined by the
: i ' guasar images, close to the faint quasar image D (Fig. 17). The
LTT 9239, taken on the same night as the science frame. spectrum of G1 is shown in Fig. 10. Our redshift = 0.523+

0.001) is in very good agreement with the resalis= 0.522 of
2.3. Deconvolution and extraction of the MOS spectra Ofek et al. (2005). The spectrum matches well that of an early-
. e galaxy. The spectrum of the second lensing galaxy G2 is ex-
Even though the seeing values are good for most spectra, {flieeq from the archive long-slit spectrum presented in Sect. 4.

Iensmtg %algxeytlsdogten_clq?e ertloug? to_th?brl?htertﬂuasar M HE 0435-1223 this quadruply imaged quasar, discovered
S o o ol Wsotzd e al. (2002, hs a feckhf k- 1650 and s
deconvolutibn algorithm (Ma’lgain eFt) al. 1998; Courbin et a a>§imum image separation of 2:5thence With litle contam- .
2000) is used in order to separate the.s ectrhm of the lens hation of the lens spectrum by the quasar images. The redshift
P P B4he lensing galaxy has already been measured (Morgan et al.

1 |RAF is distributed by the National Optical Astronomy2005; Ofek et al. 2005) afens=0.455. We confirm this result,
Observatories, which are operated by the Association of Universit®§h Zens=0.454+ 0.001, and present a much higher signal-to-
for Research in Astronomy, Inc., under cooperative agreement with fheise spectrum in Fig. 11. A SO galaxy template matches well
National Science Foundation. the spectrum of the lens.
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HE 0047—1756 (2,,,=0.407)
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Fig. 9. Spectrum of the lens in HE 0041756. The total integration Fig. 11. Spectrum of the lens in HE 0438223. The total integration
time is 2800 s. The template spectrum of a redshifted elliptical galatiyne is 8400 s. The template spectrum of a redshifted SO galaxy is
is shown for comparison (Kinney et al. 1996). shown (Kinney et al. 1996).

HE 0230-2130 (z,,,=0.523) SDSS J1138+0314 (z,,,=0.445)
12 R.5 — — —
— ——— — I I
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lensing galaxy

Fig. 10. Spectrum of the lensing galaxy G1 in HE 023130, as ob- Fig. 12. Spectrum of the lens in SDSS J1%38B14. The total integra-
tained by combining the data for the three epochs, i.e. a total integratt@m time is 7000 s. The absorption feature marked by the black triangle
time of 4200 s. A scaled version of the spectrum of quasar image Adgprobably residual light of the quasar images. The C 1] emission of
subtracted to the spectrum of the lensing galaxy, in order to remadbe quasar falls exactly at this wavelength.

lateral contamination by the quasar images A and B (see text).

SDSS J12260006 a doubly imaged quasar at= 1.120

SDSS J11380314 this quadruply imaged quasar was disfound in the course of the Sloan Digital Sky Survey (SDSS) by
covered in the course of the Sloan Digital Sky Survey (SDSS) byada et al. (2005). This system is doubtlessly lensed, as the lens-
Burles et al. (2005). This lensed quasar has a maximum image galaxy is seen on archival HBICS images, between both
separation of #6”. We obtain high signal-to-noise spectra ofjuasar images, at only4y away from image A. We measure
the quasar and determine its redshift 2.438. There is very lit- Zens=0.516+0.001 (Fig. 13). The spectrum of the lensing galaxy
tle doubt that this system is lensed. The lensing galaxy is seeni®mwell matched by the spectrum of an elliptical galaxy.
archival HSTNICMOS images. We measuzg,s= 0.445+0.001 SDSS J13350118 a doubly imaged quasar with a 156
(Fig. 12). separation, discovered by Oguri et al. (2004). The quasar is at
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Fig. 13. Spectrum of the lens in SDSS J12Z®H06. The total integra- Fig. 15. Spectrum of the lens in Q 1352257. The total integration
tion time is 11200 s. time is 8400 s. Given the low signal-to-noise of this spectrum we can
not securely determine the lens redshift.
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Fig. 14. Spectrum of the lens in SDSS J133B.18. The total
integration time is 8400 s. Fig. 16.Spectrum of the lens in WFI J2038723. The total integration
time is 7000 s.

z = 1.57 and the spectra of the quasar images show evidence of
strong absorption systems at lower redshifts. Based on the cdlecause the galaxy lies at only 0"28way from quasar image B
of the galaxy, Oguri et al. (2004) conclude that the lens galaayd because it is 7 mag fainter. We show the deconvolved spec-
is consistent with an early-type galaxy at< 0.5. Our spec- trum of the lensing galaxy in Fig. 15. Given the low signal-to-
trum (Fig. 14) is indeed that of an early-type galaxy. Its redshifibise of this spectrum we cannot securely determine the lens
Zens= 0.440+ 0.001 has not been measured before. redshift; we can only give a tentative estimatezgfs=0.701.

Q 1355-2257 (CTQ 327) this doubly imaged quasar has WFI J2033-4723 Morgan et al. (2004) discovered this
a redshift ofz = 1.373 and was discovered by Morgan et alquadruply lensed quasar with maximum image separation
(2003). The quasar images are separated.®y’land the red- of 2.53” and redshifz = 1.66. Ofek et al. (2005) recently mea-
shift of the lensing galaxies has been estimated by Morgan etsalred the lens redshiffens= 0.658. The lensing galaxy spec-
(2003) to lie in the redshift ranged< zens < 0.6. The extrac- trum shown in Fig. 16 is matched by an elliptical or SO galaxy
tion of the spectrum of the lensing galaxy is particularlfyidult template with a redshift afe,s=0.661+ 0.001. Our measured
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5 EJ Fig. 18. Spectra of quasar image B and D of HE 022030 (slit as in

the middle panel of Fig. 17. A strong emission feature is seen “below”
Fig. 17. Right HST image of HE 023062130 taken with thaVFPC2 the quasar image D. It extends well beyond the area delimited by the
instrument in the F814W filter. The pixel scale i%'. Middle: same duasar images, and corresponds to the [Oll] emission of galaxy G2.
image but with a position angle efL60°. We show in overlay a.@” slit

which corresponds to the observational setup used to take the long-slit

spectrum (program 064.0-0259(A) archive datagft for comparison,

we show the slit used for our MOS observations. The position angle HE 0230-2130 (z,,,,=0.526)
is —60° and the slit has a width of.B’. Negative angles are counted I R A R
clockwise from North.
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|
Table 9. Redshift values determined for the lensing galaxies in |
the eight gravitational lenses. Only a tentative redshift is given for r [
Q 1355-2257. See Section 4 for more details about the second lens__ 1
G2 in HE 0236-2130. T !

Sa galaky template

|

|
Object Zens j
HE 00471756 0407+ 0.001 |
HE 0230-2130, G1 623+ 0.001
HE 0230-2130, G2 0626+ 0.002
HE 0435-1223 0454+ 0.001
SDSS J11380314 0445+ 0.001
SDSS J12260006 0517+ 0.001
SDSS J13360118 0440+ 0.001
Q 1355-2257 0701(?)
WFI1J2033-4723 0661+ 0.001 -

|
lensinglgalaxy G2
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|
|
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ported by Ofek et al. (2005). 5500 6000 6500 7000
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redshift is compatible with but slighly higher than theonere- *C. % o 1, 110 0 F 0 00 0 0% 0 ]
A [A]
4. The second lens in HE 0230 —2130 Fig. 19. Spectrum of the second lensing galaxy G2 in HE G2&IBO0,

) . . obtained from the FORS1 long-slit spectrum. The exposure time is

The long-slit archive FORS1 spectrum of HE 022130 is 3000 s. Note the prominent [Oll] emission lines, absent from the spec-
taken with the slit centered on the quasar images B and D (mitlim of G1 (Fig. 10).
dle panelin Fig. 17). The two-dimensional sky-subtracted spec-
trum is shown in Fig. 18, where a hint of an emission line can
already be seen at the spatial location of lens G2 along the slit.

As no PSF star is available the data have to be deconvolved in
a different way than the MOS spectra. We proceed in an iterative
way. First, we cut the spectrum in two along the spectral dire&éi
tion and determine a first estimate of the reference PSF spectrd
from the brighter quasar image B directly. During this first stegy
the PSF is constructed from the upper half of the spectrum |
Fig. 18 containing the spectrum of image B. We then deconvol
the original data, we take the extended-channel part of the decon- i j ) )
volution, reconvolve it with the approximate PSF and subtractit AS can be seen in the middle panel of Fig. 17, G2 is not
from the data. This provides us with a spectrum of the quadiell centered in the slit but lies at 0.4way from the slit cen-
image that is much lessfacted by the |ensing galaxy_ A Seconder. This Smalbpatlalmlsallgnment of the ObjeCt within the slit
PSF is constructed from these new lens-cleaned spectra andimics a spectral shift of2 A to the red. This translates into
new deconvolution is carried out. We perform this cycle twice t redshift change of less thaz = 0.0004 at 6000 A and has
obtain the final spectrum presented in Fig. 19. This spectrum s efect on the redshift determination of galaxy G2. We con-
a lower signal-to-noise than our MOS spectra and less accureltgde that the observedftiérence in redshiftz = 0.003 be-
flux calibration but it allows to measure well the redshift of lensveen galaxy G1 and G2 is real. It translates into a velocity dif-
G2, which displays prominent [OlI] emission, contrary to lenference ofAv = 900+ 450 kms? typical for a galaxy group.
G1. Fig. 18 shows that the emission comes from an object lyiktiE 0230-2130 might therefore be lensed by a group of physi-
outside the region delimited by the quasar image. It therefarally related galaxies of which G1 and G2 are two of the main
clearly corresponds to lens G2. members.

The redshift of lens G2 igens= 0.526+0.002. It is measured
ng the [Oll] emission, the Ca Il H & K absorption lines, the
r-Tk‘Bamd, and the hydrogerstand H; absorption lines. The de-
onvolved spectrum of G2 is shown in Fig. 19. Although the flux
Qlibration is not optimal without a good knowledge of the PSF,
spectrum resembles that of a Sa spiral galaxy.



118 CHAPTER 6

766 A. Eigenbrod et al.: COSMOGRAIL: lll. Redshift of the lensing galaxy in eight gravitationally lensed quasars

5. Summary and conclusions AcknowledgementsThe authors are very grateful to the ESOffséd Paranal for the par-
ticular care paid to the slit alignment necessary to perform the spectra deconvolutions. P.M.

. . .acknowledge financial support from PRODEX (Belgium). COSMOGRAIL is financially
We present here the prewously unknown redshifts of the lens'agported by the Swiss National Science Foundation (SNSF). The image shown in Fig. 17

galaxies in three gravitationally lensed quasars and confirm fows obtained with the NAS/ESA Hubble Space Telescope (Program # 9744, PI: C. S.

i “hanek) and extracted from the data archives at the Space Telescope Science Institute,
others, already presented in Ofek et al. (2005)' We also mév%tl;ch is operated by the Association of Universities for Research in Astronomy, Inc., under

sure the redshift of a second lensing galaxy in HE GZRB0 nasA contract NAS 5-26555.
and give a tentative estimate of the lens redshift in
Q 1355-2257.
The MOS mode in which all observations are taken and tigferences
subsequent observation of several PSF stars is crucial to Caiyas, c., Mediavilla, E., Mufioz, J. A., PopoyL. €., & Oscoz, A. 2002, ApJ, 576, 640
out a reliable decontamination of the lens spectrum by thoseAo#. E., & Krolik, J. 1999, ApJ, 524, 49

P les, S., et al. 2005, in preparation
the quasar images. '_Fhe I_:’SF stars are also used to carry 0@\;{]‘%”’ . Magain, P.. Kirkove. M.. & Sohy, 8000, ApJ, 529, 1136
very accurate flux calibration of the spectra. Eigenbrod, A., Courbin, F., Vuissoz, C., et al. 2005, A&A, 436, 25
Contrary to long-slit observations where no PSF stars #eednb'r\jod'f\-vlcz%lggmv F-vDVevf-ve‘a'- 2006, 451, 747
H B . ada, N., etal. , IN preparation
available (Ofek et aI._ 2005), we do not need to iteratively ré‘,—nneyv A L. Calzetth D.. Bohlin, R. C., et al. 1996, ApJ, 467, 38
move a scaled version of the quasar spectra from the datagain, P., Courbin, F., & Sohy, S. 1998, ApJ, 494, 452
i i ianifi ¢ _ Mineshige, S., & Yonehara, A. 1999, PASJ, 51, 497
Because microlensing can prodqce significarffedénces be Moroan N, D G1ogg, M. B Wisoteki L. et al, 2003, AJ, 126, 696
tween the spectra of the quasar images, such a procedure RRB%An, N. . Cardvell, 3. A, R., Schechier, P. L., et al. 2004, AJ, 127, 2617
result in biased continuum slopes and wrong conclusions ab@otan, N. D., Kochanek, C. S., Pevunova, O., & Schechter, P. L. 2005, AJ, 129, 2531
the presence of dust in the lens. For this reason we fully b‘g%(’[ix?;}-’::ﬁ;iﬁ?&é&gi&' Kochanek, C. S., & Falco, E. E. 2005
our extraction on a spatial decomposition using independent P&, M., Inada, N., Castander, F. J., et al. 2004, PASJ, 56, 399
spectra. Refsdal, S. 1964, MNRAS, 128, 307
" . . . ha, P., et al. 2005, A&A, submitted
We f_|nq that all the lensing galaxies in our sam_ple are earl_ Alsh, D, Carswell, R. F., & Weymann, R. J. 1979, Nature, 279, 381
type ellipticals or SO, except for the second lensing galaxy Wsotzki, L., Christlieb, N., Liu, M. C., et al. 1999, A&A, 348, L41
HE 0230-2130. which displays prominent [o”] emission AndWisotzki, L., Schechter, P. L., Bradt, H. V., Heinmiller, J., & Reimers, D., etal. 2002, A&A,
o . A 4= . - 395,1
we do not find any evidence for significant extinction by dust ifisotzki, L. Schechter, P. L., Chen, H.-W., et al. 2004, ARA, 419, L31

their interstellar medium.



119

6.8 Paper presenting the determination of the redshift of
the lensing galaxy in seven gravitationally lensed quasars

COSMOGRAIL: the COSmological MOnaitoring
of GRAvltational Lenses

VI. Redshift of the lensing galazxy in seven gravitationally
lensed quasars

A. Eigenbrod, F. Courbin, & G. Meylan

Astronomy € Astrophysics, 2007, 465, 51



120 CHAPTER 6




121

A&A 465, 51-56 (2007) Astronomy
DOI: 10.10510004-6361:20066939 i
©ESO 2007 Astrophysics

COSMOGRAIL: the COSmological MOnitoring
of GRAvlItational Lenses

VI. Redshift of the lensing galaxy in seven gravitationally lensed quasars *
A. Eigenbrod, F. Courbin, and G. Meylan

Laboratoire d’Astrophysique, Ecole Polytechnique Fédérale de Lausanne (EPFL), Observatoire, 1290 Sauverny, Switzerland
e-mail:alexander.eigenbrod@epfl.ch

Received 15 December 20pAccepted 12 January 2007
ABSTRACT

Aims. The knowledge of the redshift of a lensing galaxy that produces multiple images of a background quasar is essential to any
subsequent modeling, whether related to the determination of the Hubble cahstarib the mass profile of the lensing galaxy. We
present the results of our ongoing spectroscopic observations of gravitationally lensed quasars in order to measure the redshift of their
lensing galaxies. We report on the determination of the lens redshift in seven gravitationally lensed systems.

Methods. Our deep VLTFORSL spectra are spatially deconvolved in order to separate the spectrum of the lensing galaxies from the
glare of the much brighter quasar images. Our observing strategy involves observations in Multi-Object-Spectroscopy (MOS) mode
which allows the simultaneous observation of the target and of several crucial PSF and flux calibration stars. The advantage of this
method over traditional long-slit observations is that it allows a much more reliable extraction and flux calibration of the spectra.
Results. We obtain the first reliable spectra of the lensing galaxies in six lensed quasars: FB@26951¢e.s = 0.260),

BRI 0952-0115 (gens = 0.632), HE 21492745 @ens = 0.603), Q 0142100 @ens = 0.491), SDSS J0248)825 (7ens = 0.723),

and SDSS J086&006 @ens = 0.573). The last three redshifts also correspond to theiMgublet seen in absorption in the quasar
spectra at the lens redshift. Our spectroscopic redshifts of HE-2I4% and FBQ 09542635 are higher than previously reported,

which means thaltly estimates from these two systems must be revised to higher values. Finally, we reanalyse the blue side of our
previously published spectra of Q 1355857 and find Mgt in absorption az = 0.702, confirming our previous redshift estimate.

The spectra of all lenses are typical of early-type galaxies.

Key words. gravitational lensing — cosmology: cosmological parameters

1. Introduction The main goal of COSMOGRAIL (e.g. Eigenbrod et al.

o . 2005) is to measure a large number of time delays from a pho-
About 100 gravitationally lensed quasars have been found singgetric monitoring campaign based on a few 2-m class tele-

the discovery of the first case by Walsh et al. (1979). An advagsopes. while this goal can be reached only in the long run, it
tage of lensed quasars resides in their possible variability, R ossible to pave the way to accurate modeling of the systems
tentially leading to the measurement of the so-called time delgy optaining the redshift of the lensing galaxies in all the sys-
between the lensed images of the source. This quantity is diregly,g currently monitored. This is the goal of the present paper,
related to the Hubble constaH and to the slope of the masshich is the continuation of our spectroscopic study of lensed

profile of the lensing galaxy at the position of the quasar imyasars, undertaken at the VLT with FORS1 (e.g. Eigenbrod
ages projected on the plane of the sky. Assuming a model for 1. 2006h).

mass distribution in the lensing galaxy, and measuring the time
delay, one can infer the value bif, (Refsdal 1964). Conversely,
for a givenHy estimate, the mass distribution in the lens can & VLT spectroscopy
recons_tructed from the time delay measurement. In both ca S Observations
one wishes to construct a large, statistically significant sample
of lensed quasars, either to reduce the random errotdppor We present new observations of six gravitationally lensed
to build a large sample of massive early-type galaxies, the magssars, in order to determine the redshift of the lensing
profile of which can be strongly constrained, thanks to gravitgalaxy, plus a re-analysis of one object previously published
tional lensing. in Eigenbrod et al. (2006b). The details of the observational
For whatever subsequent application of quasar lensing, sosetup and of the data reduction can be found in Eigenbrod et al.
of the key measurements to carry out in each individual syst€2006a,b), but we remind in the following some of the most im-
are (i) the value of the time delay; (ii) the astrometry of all quasaprtant points.
images with respect to the lensing galaxy; and (iii) the redshift Our observations are acquired with the FOcal Reducer and
of the lensing galaxy. low dispersion Spectrograph (FORS1), mounted on the ESO
Very Large Telescope at the Observatory of Paranal (Chile).
* Based on observations made with the ESO-VLT Unit Telescope”dl the observations are carried out in the MOS mode (Multi
Kueyen (Cerro Paranal, Chile; Programs 077.A-0155, PI: G. MeylanObject Spectroscopy). This strategy is the most convenientto get
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simultaneous observations of the main target and of several steatsle 1. Journal of the observations.

used both as flux calibrators and as reference point-spread func-

tions (PSF) in order to spatially deconvolve the spectra. We 1D Date Seeing{] Airmass  Weather
choose these stars to be located as close as possible to the gravi- Q 0142-100 _
tationally lensed quasars with similar apparent magnitudes. 1 11082006 0.83 1.119  Photometric
All targets are observed with the high-resolution collimator, ~ 2  1¥/082006 0.77 1078 Photometric
allowing us to observe simultaneously eight objects over a field i 1908/2006 0.78 1.709  Photometric
. : . 9082006 0.79 1.507 Photometric
of view of 34’ x 3.4’ with a pixel scale of A”. The GG435 SDSS J02460825
order sorting filter in combination with the G300V grism is used 1 22082006 0.76 1.490  Photometric
for all objects, giving a useful wavelength range 44501 < 2 220872006 0.67 1.350 Photometric
8650 A and a scale of @9 A per pixel in the spectral direction. 3 22082006 0.60 1.234  Photometric
This setup has a spectral resolutiBn= 1/A1 ~ 200 at the 4 22082006 0.58 1.161  Photometric
central wavelengtii = 5900 A for a 10” slit width in the case 5 22082006 0.61 1.103  Photometric
of the high resolution collimator. The choice of this grism favors S6DSSZ§/(?88/02602%%6 0.59 1.069 _ Photometric
spectral_ coverage rather than _spectral resolution as we aim at 1 22042006 086 1442  Photometric
measuring unknown lens redshifts. 2 22042006 0.90 1494  Photometric
We choose slitlets of .0” width, matching the seeing re- 3 23042006 0.93 1.590  Photometric
quested for these service-mode observations. Our observing se- 4 23042006 0.95 1714  Photometric
quences consist of a short acquisition image, an “image-through- "FBQ 095%2635
slit” check, followed by two consecutive deep spectroscopic 1  31/032006 0.68 1.600  Photometric
exposures. All individual exposures for all objects are 1400 s 2  31/032006 0.74 1.593  Photometric
long. The journals of the observations are given in Table 1. 3  0%042006 0.59 1.598  Photometric
The through-slitimages are displayed in Figs. 1 to 6, where the _4 01042006 0.57 1.629  Photometric
epochs refer to the exposure numbers in Table 1. BRI 0952-0115 _
For every object we center at least two slitlets on foreground % gzgfﬁggg g'gg i'gg; Eﬂg:gm:g:ﬁ
stars a_md one slitlet alon_g_ the lensed image_s of the quasar. The 3 24042006 056 1094  Photometric
mask is rotated to a‘Posmon Angle that avoids chppmg ofany 4 24/04/2006 0.50 1116  Photometric
quasar image. This is mandatory to carry out spatial deconvo- 5 24042006 0.42 1.165  Photometric
lution of the spectra. The spectra of the PSF stars are also used 6 24042006 0.45 1.225  Photometric
to cross-calibrate the flux scale as the data are takeiffatefit Q 1355-2257
airmasses and atftérent epochs (see Eigenbrod et al. 2006a). 1 05032005 0.68 1.016  Photometric
Six spectrophotometric standard stars are used to carry out the 2 05032005 0.73 1.040  Photometric
relative flux calibration, i.e. GD 108, HD 49798, LTT 377, 3 20032005 0.63 1.038  Photometric
LTT 1020, LTT 1788, and LTT 7987. 4 20032005 0.54 1.015  Photometric
5 20032005 0.57 1.105 Photometric
6 20032005 0.56 1.166 Photometric
2.2. Reduction and deconvolution HE 2149-2745
1 04082006 0.66 2.004 Photometric
We follow exactly the same procedure as described by 2 04082006 0.62 1.724  Photometric
Eigenbrod et al. (2006b). We carry out the standard bias subtrac- 3 04082006 0.62 1.461  Photometric
tion, flat field correction and sky background subtraction using 4 04082006 0.69 1.328  Photometric
IRAFL. The wavelength calibration is obtained from the spec- 5 04082006 0.52 1.204  Photometric
trum of helium-argon lamps. The cosmic rays are removed using _ 6 04082006 0.59 1134  Photometric

multiple exposures.
A flux cross-calibration of the spectra is applied before com-
bining them into one final spectrum. This is don@agently
using the spectra of the PSF stars as references.
In order to separate the spectrum of the lensing galaxy from
the spectra of the much brighter quasar images, we use the sfiged one-dimensional spectra, where thenCd & K absorp-
tral version of the MCS deconvolution algorithm (Magain et ation lines are obvious, as well as the 4000-A Balmer break, and
1998; Courbin et al. 2000) o _ ~ the G band typical for CH absorption. In some cases, we identify
This software uses the spatial information contained in thgfew more features that are labeled in the individual figures. The
spectra of several reference PSF stars. The deconvolved spggiatified lines are used to determine the redshift of the lensing
are sharpened in the spatial direction, and also decomposed Héfaxies given in Table 2. We compute the-Error as the stan-
a “point-source channel” containing the spectra of the quasgird deviation between all the measurements of the individual
images, and an “extended channel” containing the spectra of ges. The absence of emission lines in all spectra indicates that

erything in the image which is not a point-source, i.e. in this cagfese observed lensing galaxies are gas-poor early-type galaxies
the spectrum of the lensing galaxy.

The deconvolved spectra of the lensing galaxies are extracted!n MOSt cases, no trace of the quasar broad emission lines is

: ) - . en in the spectrum of the lensing galaxy, indicative of an accu-
and smoothed with a 10-A box. Figures 7 to 12 display trf%:te decomposition of the data into the extended (lens) and point

1 |RAF is distributed by the National Optical AstronomySOUrce (quasar images) channel_s. Only_our VLT spectrum of the
Observatories, which are operated by the Association of Universiti@§1sing galaxy of BRI 09520115 is stfering from residuals of
for Research in Astronomy, Inc., under cooperative agreement with fif quasar Ly emission: the presence of the stronglip the
National Science Foundation. blue side of the spectrum complicates the deconvolution process.
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Epoch 1 Epoch 3 Epoch 1 Epoch 3 Epoch 5

’ . 'fr . . .

# B

Fig. 5. BRI 0952-0115. Slit width: 1.0. Mask PA:-45°.
Fig. 1. Q 0142-100. Slit width: 1.0. Mask PA:+75°.

Epoch 1 Epoch 3 Epoch 5

Epoch 1 Epoch 3 Epoch 5 B

$ii "

A

Fig. 6. HE 2149-2745. Slit width: 1.0. Mask PA:~32".
Fig. 2. SDSS J02460825. Slit width: 1.0. Mask PA:+55'. '9 tw

Epoch 1 Epoch 3 components, Inada et al. (2005) estimate the redshift of the lens-
ing galaxy to bezens = 0.724. Our direct redshift measurement
Zens = 0.723+ 0.002 is in very good agreement with this value.
The spectrum matches well that of an elliptical galaxy.
SDSS J08062006: this two-image gravitationally lensed
quasar £ = 1.540) was recently discovered by Inada et al.
(2006). The two quasar images are separated.4y’1Several
absorption lines are found in the quasar spectra, such as the
] o (Mg 1, Carr H&K and Fen) lines, at a redshift ofens = 0.573.
Fig. 3. SDSS J08062006. Slit width: 1.0. Mask PA:-56". The redshift we obtain from our spectrunzijg,s = 0.573+0.001.
The spectrum (see Fig. 9) matches very well the template spec-
trum of an elliptical galaxy.
FBQ 095%2635: a double-image quasarzat 1.246 with
1.1” image separation found in the course of the FIRST Bright
QSO Survey (FBQS) by Schechter et al. (1998). A time delay
" > ' ' estimate ofAt = 16+ 2 days between the quasar images is given
B by Jakobsson et al. (2005), but the redshift of the lensing galaxy,
by the same authors, is found to be elusive. Schechter et al.
(1998) detect absorption lines attributed to Mgt z = 0.73
andz = 0.89 in both spectra of the quasar components. From the
; T . position of the lens on the fundamental plane, Kochanek et al.
Fig. 4. FBQ 095%2635. Slit width: 1.0. Mask PA:+53. (2000) SUGGEStns =~ 0.21. We Measuréen = 0,260+ 0.002
for this early-type lensing galaxy. This also corresponds to the
3. Notes on individual objects photometric redshiﬁ 0f_0.27 m_easured by Wi_IIiams et al. (2006)
for a group of galaxies in the field of the lensing galaxy.
Q 0142-100 (UM 673 or PHL 3703): this object was first dis- BRI 0952-0115: this gravitational lens was discovered by
covered by Macalpine & Feldman (1982) as a high redshiktcMahon et al. (1992) as a pair af= 4.50 quasars separated
quasar withz = 2.719. A few years later Surdej et al. (1987)py 0.9”. Kochanek et al. (2000) found that the lens galaxy ap-
identified Q 0142100 as a gravitational lens with two quasapears to be a typical early-type lens galaxy, with a fundamental
components separated by22. No spectrum of the lensing plane redshift estimate dens ~ 0.41. We measure a signifi-
galaxy has ever been obtained, butiGand Nat absorption lines cantly higher value, nameby,s = 0.632+ 0.002 (Fig. 11), and
are detected in the spectrum of the fainter quasar image B, stige spectrum of the lensing galaxy is well matched by that of an
gesting that it is located at a redslis = 0.493 (Surdej et al. elliptical galaxy. With this new redshift, the lensing galaxy can
1988). From our spectrum of the lensing galaxy we confirm that longer be considered as a member of the group of galaxies
it is the object responsible for the quasar absorption lines. Qdentified by Momcheva et al. (2006), but possibly of another
best estimate of the redshiftas,s= 0.491+0.001. The observed small group in the field at ~ 0.64.
galaxy spectrum is typical for an early type galaxy. Q 1355-2257 (CTQ 327): this two-image quasar, discovered
SDSS J02460825: this double-image quasar was discoly Morgan et al. (2003), has a redshift of= 1.373, and an
ered in the course of the Sloan Digital Sky Survey (SDSS) lipmage separation 0f.23”. The redshift of the lensing galaxies
Inada et al. (2005). The quasar has a redshift 1.68 and has been estimated by Morgan et al. (2003) to lie in the range
an image separation of.’. From the Mgr and Mgr ab- 0.4 <zens < 0.6. Ofek et al. (2005) note that their spectrum of
sorption lines observed in the spectra of the two quadhe quasar component B shows an excess of emission longward

Epoch 1 Epoch 3

A
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shown for comparison (Kinney et al. 1996). Atmospheric absorptions
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Fig. 8. Spectrum of the lens in SDSS J024825. The total integration
time is 8400 s.

of ~5870 A. They associate the location of this emission excess
to the 4000-A break of the lensing galaxy leading to a redshétprobable redshift range 8f0.3-0.5. Kochanek et al. (2000)
of zens = 0.48. In a previous paper (Eigenbrod et al. 2006byive a fundamental plane redshift estimate .8f0< zens < 0.50.
we gave a significantly higher tentative redshift valuegf = Burud et al. (2002) measure the time delay between the two im-
0.701. A re-analysis of our data allows to extend slightly ouages At = 103+ 12 days) and report a tentative redshift of
spectra to the blue side and to unveil the iMgbsorption line zens= 0.495+ 0.010 by cross-correlating the lens spectrum with
in the spectrum of the quasar component B. The absorptioraisemplate spectrum of an elliptical galaxy, but they notice that
seen at the redshift we estimate for the spectrum of the lens, ite signal-to-noise of the correlation function is poor. Our direct
Zens= 0.702+0.001. Figure 13 displays the new quasar spectruspectroscopic result disagrees with all previous estimates, with
with an enlargement on the region around theiMapsorption. the new value ofens = 0.603+ 0.001. This value corresponds
HE 2149-2745: Wisotzki et al. (1996) found this brightto the photometric redshift~ 0.59 (later spectroscopically con-
gravitationally lensed quasarat 2.033, with two images sep- firmed atz = 0.603) of a galaxy group in the field (Williams et al.
arated by I71”. They gave first estimates of the redshift of th@006; Momcheva et al. 2006). Faure et al. (2004) also reported
lensing galaxy, refined later by Lopez et al. (1998), who infeéhis group of galaxies at the photometric redshit 0.7 + 0.1.
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Fig. 11. Spectrum of the lens in BRI 0952115. The total integration
time is 8400 s. The emission feature marked by the black triangle is
residual light of the quasar images. Thealgmission of the quasar

falls exactly at this wavelength.
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Fig. 12. Spectrum of the lens in HE 2142745. The total integration

time is 8400 s.

4. Summary and conclusions
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Fig. 13. Spectrum of the images of quasar Q 132357. The total in-
tegration time is 8400 s. In the inlet, we show the WMgbsorption lines
present in the spectrum of component B and which is due to the lensing
galaxy.

identify three lensing galaxies as members of small groups of
galaxies. A re-analysis of the spectra of Q 138857, which
lens spectrum has a low signal-to-noise ratio in Eigenbrod et al.
(2006b), allows to detect the Mgdoublet in absorption in the
quasar spectrum and confirm our previous redshift estimate, i.e.
Zens= 0.702+ 0.001.

Finally, our probably most exciting results are our new red-
shift measurements for the two lensed quasars with time-delay
determinations FBQ 0952635 and HE 21492745, that are
not compatible with previous estimates. We fipgds = 0.260+
0.002 instead ofiens = 0.21 for the first andiens = 0.603+0.001
for the second, instead af,s= 0.495+ 0.010. This implies that
previous estimates &y based on these two systems must be re-

We present straightforward VLT spectroscopic observations aéed to higher values, for a given lens model. While the impact
six gravitationally lensed quasars and we measure the redshifobthe change in redshift is negligible for FBQ 0982635 given

the lensing galaxy directly from the continuum light spectrurthe present uncertainties on the measured time delay (Jakobsson
and several sets of absorption lines. The MOS mode in which etlal. 2005), it is sfiiciently large in the case of HE 2149745
observations are taken and the subsequent observation of se\{@uaud et al. 2002) to justify some new modeling of the system.
PSF stars are crucial to carry out a reliable decontamination of These new lens redshifts have a direct impact on several
the lens spectrum by those of the quasar images. The PSF pagsious studies. More specifically the inferred value K

are also used to carry out a very accurate flux calibration of them the multiple-lens models of Saha et al. (2006) should be

spectra.

updated with these new redshifts, as well as with the recently

Three of our redshifts measurements also correspond to aieasured time delay of SDSS J168@51 by Vuissoz et al.
sorption lines seen in the quasar spectrum. Following the wq2007). In other studies (e.g. Kochanek 2002, 2003; Oguri 2006),
of Williams et al. (2006) and Momcheva et al. (2006), wélE 2149-2745 is one of lens systems that has been used to
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argue possible lowH, values from time delays. The new leninney, A. L., Calzetti, D., Bohlin, R. C., et al. 1996, ApJ, 467, 38
redshift significantly increases the derividg, thereby weaken- Kochanek, C. S. 2002, ApJ, 578, 25

ing the possible loviH, problem.
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“Where the telescope ends the microscope begins,
and who can say which has the wider vision?”
Victor Hugo (1802 - 1885)

Chapter

Microlensing: a natural telescope

In section 4.12, we gave a brief introduction about microlensing on cosmological scales,
and described how microlenses (i.e. stars and other compact objects) located in a strong
lensing galaxy can produce extrinsic and uncorrelated flux variations in the images of a
lensed background quasar. We will now describe in more detail, how this phenomenon can
be used as a natural telescope to probe the central emission region of a lensed quasar.

Extended sources

In the previous chapters, we have generally considered that the lensed background source
is a point. This leads to lensed images which are also reduced to points. The total
magnification p,(8) of such a source located at 3 is given by the sum of the magnifications
over all its images, i.e.

mp(B) = > 11(6:)

where n is the number of lensed images. The total magnification p,(3) is a function of
the source position and defines, in the source plane, the so-called magnification pattern.
A magnification pattern obtained for a distribution of point-like microlenses is illustrated
in the upper left panel of Fig. 7.1. An interesting point to investigate is the case of an
extended source. Let us assume that the source is located at 3 and that the surface
brightness profile of the source is I(3). The total magnification p(3) of this source is
given by the weighted mean over the source area

n(pB) = (/ 1(8) d25’> 1/up(ﬂ’)f(ﬁ’ - B) d*p’.

The integral corresponds to the convolution of the surface brightness profile 1(3) and the
magnification pattern j,(3). This last equation is very interesting, because it shows that,
for the same lens, different surface brightness profile will have different total magnifications
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Figure 7.1: Example (top left) of a magnification pattern 1, (3) for a random distribution
of 1 Mg point-like lenses obtained with the inverse ray-shooting method (Wambsganss,
1999). The total magnification u(3) of an extended source is given by the convolution of
the magnification pattern j,(3) with the surface brightness profiles 1(3) of the source.
Displayed are the total magnification p(3) obtained for three different Gaussian source
profiles with FWHM = 0.05 rg (top right), 0.2 rg (bottom left), and 1 rz (bottom right).

w(B). In Fig. 7.1, we illustrate this effect for Gaussian surface brightness profiles with
different sizes, i.e. with different full widths at half maximum (FWHM).

Chromatic effects

Whereas gravitational lensing is achromatic, because the deflection of photons does not
depend on their wavelength, the magnification of an extended source can lead to color
terms in practice, since the surface brightness profile I(3) might be different at different
wavelengths (e.g., Kayser et al., 1986; Wambsganss & Paczyniski, 1991). A typical example
for such a source is a quasar accretion disk, where high-energy photons are emitted closer
to the quasar’s center than low-energy photons. For example, we have seen in Section 3.3,
that for a standard thin accretion disk, the expected source size Rs emitting at wavelength
A scales as Rg(\) oc A3,
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An important point is that these chromatic effects can only be observed if the mag-
nification pattern f,(3) varies on scales comparable with the source size. The scale on
which the magnification pattern varies is given, to the first order, by the Einstein radius
in the source plane

TE:DSHE:DS\/CTDSDl:lelO M—@cm

where typical lens and source redshift of z; = 0.5 and z; = 2.0 are assumed for the
numerical value on the right-hand side.

As can be seen in Fig. 7.1, if Ry > rp, the convolution of u,(8) and I(3) will produce
a total magnification p(/3) that is strongly smoothed leading to (8) >~ (1), where p(8) is
independent on the source profile I(3). In the other extreme case of Ry < rg, the source
profile can be assimilated to a “Dirac function”, i.e. I(8) ~ §(3). The total magnification
is then given by the magnification pattern u(8) ~ p,(8) and is, again, independent of the
source profile. Hence, chromatic effects in the total magnification of an extended source
are only possible if the source size Rs is comparable to rg.

From the definition of rg, we see that if the considered lens is a star (or a compact
object) with a mass M comparable to the mass of the Sun, then the Einstein radius rg
has about the same size as a quasar accretion disk, i.e. about 10'® cm. Accretion disks of
lensed quasars are thus excellent candidates for the observation of chromatic microlensing.

The effective relative transverse velocity

Because of the relative motion between the source, the lens and the observer, the source
moves relatively to the magnification pattern and, consequently, the micro-magnifications
vary in time. The velocity V of the source measured by the observer is called the effective
relative velocity and is given by (Kayser et al., 1986)

1 1 D n 1 Dy
= vg — v — v
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where v is the velocity of the source measured in the source frame, v; is the velocity of
the lens measured in the lens frame, and v, is the velocity of the observer measured in
the observer frame.

Besides these velocities, there is a further dynamical effect that we have to consider,
namely the individual motions of the microlenses in the lensing galaxy. These motions
imply that the magnification pattern is changing while the source crosses it. In practice,
this effect is difficult to simulate, because it requires time-evolving magnification patterns,
which demand important computational resources. Kundi¢ & Wambsganss (1993) and
Wambsganss & Kundié (1995) have studied such time-evolving patterns and show that,
in a statistical sense, the overall effect can be approximated by an increase of the motion
of the lensing galaxy. If the microlens has a one-dimensional velocity dispersion o, and,
if the bulk velocity of the galaxy is vy, then

v =y vl?ulk + (a Uv)2

where a ~ 1.3 represents the effectiveness of microlensing produced by the velocity dis-
persion versus the bulk motion.
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The transverse component of V' is noted V| and is called the effective relative trans-
verse velocity. This velocity describes how fast the source is moving through the magni-
fication pattern, and can be used to estimate the time scale of the microlensing-induced
flux variations. This time scale is given by the time it takes the source to cross a caustic
line. The reason is that the sharp caustic lines separate regions of low and high magni-
fication. Hence, if a source crosses such a caustic line, we can observe a large change in
magnification. The crossing time t..,ss is the time it takes the source to cross its own
diameter. In cosmological microlensing we have typically

R, R, Vo
beross = v, 4 <1015 cm> (103 km/s> months.

This value shows that microlensing induced flux variations can only be observed if a given
lensed quasar is monitored during several months or years.

Microlensing techniques

The possibility for individual stars of a lensing galaxy to act as microlenses has been
studied for the first time by Chang & Refsdal (1979). This study was limited to low optical
depths, i.e. to cases where only one star strongly affects the properties of the macro-images,
as this seemed to be the only case that could be treated analytically. However, in real
cases, the optical depth at the image positions is of order unity, and numerous microlenses
have to be considered simultaneously. The exact arrangement of these microlenses in a
distant galaxy can not be determined. Thus, microlensing simulations have to deal with
this problem in a statistical way. The microlenses are distributed randomly in the lens
plane, according to a given surface mass density and shear, both being obtained from the
macro-model of the lensed system.

Investigations of these situations necessarily require time consuming numerical sim-
ulations. Young (1981) was the first to study microlensing at large optical depth. He
computed the shape of the image of an extended source viewed through the star field
of a lensing galaxy. In a different approach, Paczynski (1986a) developed a method to
numerically find all micro-images of a source lying behind a star field by solving the lens
equation. Using this method, he derived the lightcurves of a point source that is moving
relative to the microlenses. He showed that microlensing introduces considerable scatter
in the intensity of the microlensed source, up to three magnitudes. One drawback of his
method is that it only applies to point sources and that the computation must be done
for every particular position of the source.

A significant improvement was achieved with the inverse ray-shooting method (Kayser
et al., 1986; Schneider & Weiss, 1987), which has become, and still is, the workhorse
for quasar microlensing studies. This method does not attempt to find the images of a
point source, but instead shoots lightrays from the observer through the lens back to the
source plane. The density of the collected rays at a certain position in the source plane
is proportional to the magnification at this position. Hence, the method computes the
total magnification for a whole range of source positions simultaneously (see, e.g., the
magnification pattern illustrated in Fig. 7.1). One drawback of the ray-shooting technique
is that no information about the positions of the micro-images is obtained, but this is not a
major issue because micro-images are not resolved with current instruments. Wambsganss
(1990) and Wambsganss et al. (1990a) further improved the inverse ray-shooting method
by implementing a hierarchical tree code (Barnes & Hut, 1986), where stars are organized
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into a nested hierarchy of cells, and weighted according to their distance to the ray. This
greatly simplifies the calculations and improves the computing efficiency by a factor of one
hundred.

An alternative and semi-analytical technique to simulate microlensing lightcurves,
called the contouring method, was developed independently by Lewis et al. (1993) and
Witt (1993). The basic idea of this method is that it is easier to find the images of a
straight line than the images of a point. But in the case of extended sources, this tech-
nique rapidly becomes analytically intractable, and numerical approaches are required
(Wyithe & Webster, 1999).

Applications of quasar microlensing

Parallel to the growing complexity of microlensing techniques, the astrophysical appli-
cations of microlensing gained more and more interest. The amplitude, duration, and
frequency of micro-magnifications depend on several parameters: the effective relative
transverse velocity V|, the surface density k, of stars, the surface density k. of contin-
uously distributed (dark) matter, the shear v, and the relative sizes of the microlensing
caustics with respect to the regions of the source affected by microlensing (e.g., Wambs-
ganss et al., 1990b). We know that the typical size of the microlensing caustics is given by
the Einstein radius rg, which depends on the square root of the mass of the microlenses.
The surface densities and the shear are usually determined from the macro-model and
thus, there are essentially three unknown parameters for the microlensing simulations:

- the size R; of the source,
- the effective relative transverse velocity V,
- the masses M of the microlenses.

The aim of microlensing studies is to determine these three parameters through detailed
investigations of the observed microlensing lightcurves. Roughly speaking, there are two
different approaches to study microlensing lightcurves. One approach is to focus on one sin-
gle high-magnification event, the other is statistical and based on the analysis of long-term
monitoring data. The first approach consists in modeling the observed high-magnification
event as a single caustic crossing (e.g., Wyithe et al., 2000b; Yonehara, 2001). It is assumed
that only one single microlens plays a significant role in the high-magnification event and
that contributions from other lens objects are negligible. This assumption is questionable
as, even for relatively small values of the convergence and shear, the pattern of caustics is
very complicated (e.g., Wambsganss et al., 1990b).

The second, statistical, approach is based on the study of the lightcurves of lensed
quasar images spanning several years. There are different ways to interpret these light-
curves. It can be done by studying the structure or auto-correlation function (e.g., Seitz
& Schneider, 1994; 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), or obtaining probability distributions with lightcurve derivatives (e.g., Wyithe
et al., 1999). In general, the results of these methods are either probability distributions,
or upper or lower limits for the source size, the effective transverse relative velocity, and
the masses of the microlenses.
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A third approach was developed by Kochanek (2004). He developed a general method
for analyzing the lightcurves of microlensed quasars by fitting a large number of simu-
lated lightcurves to the data, and by using Bayesian analysis to simultaneously infer the
probability distributions for the effective transverse velocity, the average stellar mass, and
the size of the quasar accretion disk. The advantage of his method is that it uses long
lightcurves (spanning several observing seasons), rather than isolated high-magnification
events. Furthermore, the entire lightcurves are used to infer the probability distribution
of the parameters, instead of some of their statistical characteristics.

Besides the flux variations, microlensing can also induce chromatic effects in the images
of a lensed quasar. As mentioned earlier, this is due to the variation of the spectrum of
a quasar accretion disk from its center to its edge (Kayser et al., 1986). Photometric
monitorings of lensed quasars in several bands or spectrophotometric monitorings can
therefore yield constraints on the structure of quasar accretion disks (e.g., Agol & Krolik,
1999). This effect is also interesting when comparing the luminosity of the continuum
with that in the emission lines. Since the continuum source is smaller than the emission
line region, it should be affected differently by microlensing. Furthermore, if the emission
line profile varies over the source (for instance due to rotation), the observed line profiles
are also expected to vary in time (e.g., Agol & Krolik, 1999; Mineshige & Yonehara, 1999;
Abajas et al., 2002).

7.1 The Einstein Cross QSO 2237+0305

The gravitational lens QSO 223740305, also known as the Einstein Cross or Huchra’s lens,
was discovered by Huchra et al. (1985) during the Center for Astrophysics redshift survey.

Figure 7.2: The Einstein Cross QSO 223740305 with the four lensed quasar images ar-
ranged in a cross-like pattern around the nucleus of the lensing galaxy. Left: an R-band
image of the spiral lensing galaxy obtained with FORS1 of the ESO-VLT during the pre-
imaging of our spectroscopic monitoring program. Right: an HST image of the center of
the lensing galaxy obtained by Kochanek (2003a) in the V-band.

It consists of a z; = 1.695 quasar gravitationally lensed into four images arranged in a
cross-like pattern around the nucleus of a z; = 0.039 bared Sab galaxy. The quasar images
have a separation of about 0.89” from the galaxy center. The corresponding Einstein
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radius is
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for a concordance cosmology (2,0, Qag) = (0.3, 0.7) and Hy = 70 km s~! Mpc~!. This is
comparable to the typical size of quasar accretion disks and, therefore, makes microlensing
in this object very likely.

Three years after its discovery, Schneider et al. (1988) and Kent & Falco (1988) com-
puted first simple models of the system from which they drew several interesting conclu-
sions. First, the time delays between the lensed images will be very difficult to measure
because the delays are expected to be very short (only of the order of a day). This is an
evident drawback if the goal is to measure Hy using the time-delay method, but it is a
great advantage for microlensing studies. Indeed, the intrinsic variability of the quasar
can be easily distinguished from the microlensing-induced variations as the former should
appear almost at the same time in all four images, while microlensing does not. Second,
the redshift of the lens being small, the quasar images are located very close to the center
of the lensing galaxy. Lightrays from the background quasar pass through the bulge of
the lens, where the density of stars is high, making microlensing very likely. The small
lens resdhift also leads to a large projected transverse velocity of the source relative to the
magnification pattern resulting in a shorter timescale for microlensing. Given all these par-
ticularities, it is not surprising that an impressive number of observational and theoretical
studies have been focused on this unique gravitational lens.

The macro-model of the lensing galaxy

Many lens models have been proposed for the lensing galaxy in QSO 223740305 (see
Table 2 in Wyithe et al., 2002, and references therein). Most of them are parametric
models and are based on the galaxy and quasar image positions. Optical flux ratios cannot
be used as model constraints because of microlensing and uncertain differential extinction.
Measurements of the flux ratios in the radio or infrared should be more reliable because the
more extended emission regions are less affected by microlensing, and because extinction is
less important at these wavelengths. Unfortunately, the measured radio flux ratios (Falco
et al., 1996) have large uncertainties and provide only weak constraints on the models.
Infrared observations obtained by Agol et al. (2000, 2001) are compatible with the radio
data and determine the flux ratios with an accuracy of about ten percent. These flux
ratios provide three additional constraints, but there is still a large variety of lens models
that describe the observables equally well.

On the one hand, theses studies show that parametric lens models do not uniquely
define the image magnifications, nor the total magnification. Indeed, different models
predict total magnifications ranging from a few to a few hundred (e.g., Wambsganss &
Paczynski, 1994; Witt et al., 1995; Chae et al., 1998). On the other hand, the total mass
inside the Einstein ring is consistently measured at 1.55 x 1010 h;ol Mg with an accuracy
of a few percent (e.g., Rix et al., 1992; Wambsganss & Paczyniski, 1994; Chae et al., 1998).

In a more detailed analysis, Schmidt et al. (1998) used HST images to model the bulge
and bar of the lensing galaxy. Their models assume a constant mass-to-light ratio, and
the observed light distribution in the lensing galaxy is used to infer further constraints on
the model. They derived a detailed model for the lens, and determined the values of the
convergence x and shear v at the image positions. These values are comparable to several
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other studies. We give some examples in Table 7.1.

Table 7.1: Macro-lensing parameters for the quasar images. Images C and D are saddle
points, image A and B are minima (see also Fig. 4.4).

Image K ol W Reference

A 0.36 0.44 4.63  Schneider et al. (1988)
B 0.45 0.28 4.46

C 0.88 053 -3.75

D 0.61 0.66 -3.53

A 0.47 041  8.87 Wambsganss & Paczynski (1994)
B 0.46  0.40 7.60

C 0.56 0.63 -4.92

D 0.51 0.58 -10.38

A 0.36  0.40 4.01  Schmidt et al. (1998)
B 0.36 0.42 4.01

C 0.69 071 -245

D 0.59 0.61 -4.90

A 0.394 0.395 4.73 Kochanek (2004)

B 0.375 0.390 4.19

C 0.743 0.733 -2.12

D 0.635 0.623 -3.92

Photometric monitorings

Soon after the discovery of QSO 223740305, photometric monitoring of the individual
quasar images revealed that they possessed uncorrelated variability. This was interpreted
as an effect of gravitational microlensing and represents the first detection of microlensing
in the lightcurves of a lensed quasar (Irwin et al., 1989). Despite broad interest in this
object, the photometric data of QSO 2237+0305remained sparse until the end of the
1990s. Typical lightcurves contained only a few epochs per season and covered at most
five observing seasons (Corrigan et al., 1991; Ostensen et al., 1996). Reasons for that were
the difficulties in measuring with reasonable accuracy the magnitudes of the lensed quasar
images because of the proximity of the images, and because of significant blending due to
the lensing galaxy.

At the end of the 1990s, several groups started to monitor QSO 223740305more reg-
ularly. Data sets were obtained by Alcalde et al. (2002) on the Canary Islands for the
Gravitational Lensing International Time Project (GLITP), by Vakulik et al. (1997) and
Koptelova et al. (2005) at the Maidanak Observatory, and by Schmidt et al. (2002) at
the Apache Point Observatory. The situation further improved in 1997, when the Optical
Gravitational Lensing Experiment (OGLE) (WoZniak et al., 2000a,b; Udalski et al., 2006)
started a very regular (i.e. every few nights) monitoring of the Einstein Cross. To date,
the OGLE project provides the most homogeneous and extensive photometric coverage of
the gravitational lens QSO 2237+0305, spanning more than ten years (see Fig. 7.3).



137

17 - .

L™
e
e
™
it

@ k3

E Iy, %f
< 18 | Py . g% .
T Mg ENT
Dg !..: 7
19F i 1

L 1 L L L L 1 L L L L 1 L L L L 1 L
1000 2000 3000 4000
HJD-2450000

Figure 7.3: OGLE lightcurves in the V-band of the four images of QSO 223740305 span-
ning twelve observing seasons from 1997 to 2008 (Wozniak et al., 2000a,b; Udalski et al.,
2006).

7.2 Spectrophotometric monitoring of QSO 2237+0305

Most of quasar microlensing studies are based exclusively on broad-band photometric
monitorings (e.g., Wozniak et al., 2000a; Schechter et al., 2003; Colley et al., 2003). These
data are usually obtained in one single broad photometric band. They can hence provide
constraints on the source size, but not on its inner structure. In order to do so, monitoring
in several bands or in spectroscopy are required. For this reason, we proposed to perform a
spectrophotometric monitoring of the Einstein Cross at the Very Large Telescope (VLT).
Our proposal was reviewed and accepted by the Observing Programs Committee (OPC)
of the European Southern Observatory (ESO), which allocated us a total of 108 hours of
observing time for four programs (073.B-0243, 074.B-0270, 075.B-0350, 076.B-0197) and
one large program (177.B-0615) spanning 4 additional semesters.

Such a long-term monitoring program can only be conducted in service mode, which
implies to spent some effort on communicating with the staff observing at the VLT in
order to reach the necessary regularity of the observations, i.e. one observation every
fifteen days. Regular observations are not trivial to obtain at highly demanded telescopes
like the VLT, and require a detailed planning of the observations taking into account the
position and phase of the moon, as well as the schedule of the service runs. This issue
was problematic for the first observing semester, when our project was assigned a priority
B, which led to only two observing epochs instead of the ten planned. The situation
notably improved in the following semesters, when we were granted time in priority A,
which helped getting data regularly.

A further difficulty rised in the beginning of the year 2007, when the CCD of FORS1
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was replaced with a new one, which is more sensitive to the blue part of the optical
spectrum. However, this change has only a limited influence on our data, since we perform
a relative flux calibration between the observing epochs using foreground stars (see below)
to minimize the effect of changing observational conditions.

At the end of our monitoring, we gathered a total of forty-three epochs, starting in
October 2004 and ending in December 2007, with a mean sampling of one epoch every
fifteen days.

7.2.1 Instrumental setup

The technical requirements for the spectrophotometric monitoring are very similar to those
of our spectroscopic survey described in section 6.3, and demand both a good spatial
sampling and relatively deep exposures. The chosen instrumental setup is essentially the
same as the one used for the lens redshift measurements. One particular difficulty of the
monitoring is to accurately deblend the quasar images from the light of the extended and
bright lensing galaxy. This problem is the opposite of the one encountered with the lens
redshift measurements, where the lenses were affected by the glare of the much brighter
quasar images. The images of QSO 223740305 are separated by roughly one arcsecond,
and we use the MCS deconvolution technique to both improve the spatial sampling and
separate spatially the quasar images and the lensing galaxy.

Our observations are acquired with the FOcal Reducer and low dispersion Spectro-
graph (FORS1) in the Multi-Object Spectroscopy (MOS) mode using the high resolution
collimator. Four slits are centered on foreground stars, and one is centered on the lensed
system. T'wo masks are designed in order to observe the two pairs of quasar images. The
stars observed in both masks are the same. The first mask is aligned on quasar images
A and D, while the second is aligned on images B and C. The masks are rotated to po-
sition angles that avoid clipping of any quasar image, which is important for the spatial
deconvolution of the spectra.

Our observing sequence consists of a short acquisition image, a “through-slit” image,
followed by a consecutive deep spectroscopic exposure. All individual exposures are 1620 s
long. We choose a slit width of 0.7”, approximately matching the seeing (the mean seeing
is 0.8”) and avoiding contamination of a quasar image by the others.

The G300V grism is used in combination with the GG375 order sorting filter. For our
slit width, the spectral resolution is A\ = 15 A, as measured from the FWHM of night-
sky emission lines, and the resolving power is R = A\/AX ~ 400 at the central wavelength
A = 5900 A. The useful wavelength range is 3900 < A < 8200 A with a scale of 2.69 A
per pixel in the spectral direction. This configuration favors spectral coverage rather than
spectral resolution, allowing to follow the continuum over a broad spectral range, starting
with the very blue portion of the optical spectrum. In spite of R ~ 400, a detailed profile
of the BEL is still accessible. Finally, we observe spectrophotometric standard stars in
order to remove the response of the telescope, CCD, and grism.

7.2.2 Data reduction

We use the same procedure as described in section 6.3. The spectra are bias subtracted
and flat fielded. Wavelength calibration is obtained from the emission lines in the spectrum
of helium-argon lamps. For the cosmic-ray rejection we use the L. A. Cosmic algorithm
(van Dokkum, 2001). The cosmic-ray corrected images are inspected visually in order to
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check that no data pixel is affected by the process, especially in the emission lines and in
the data with the best seeing.

The sky background is removed in a different way in the spectra of the stars than in
those of the lensed quasar. For the stars, which are small compared with the slit length
(19"), we proceed as described in section 6.3. We fit a polynomial in the spatial direction
to the areas of the spectrum that are not illuminated by the object and subtract it from
the data. As the lensing galaxy in QSO 223740305 is larger than the slit length, this
procedure is not applicable. Instead, we use the slits positioned on empty sky regions
located next to the quasar. The sky background is fitted to these slits and removed from
the slit containing the images of QSO 2237+0305.

7.2.3 Flux calibration

We first apply a relative flux calibration to the spectra as described in section 6.3, using
the four stars. This procedure corrects the effect of varying observational conditions (e.g.,
changes in airmass, seeing, or thin cirrus) that can induce color terms in the spectra.
The high stability of the applied corrections across the field demonstrates that all residual
chromatic slit losses due to the atmospheric refraction are fully corrected. The compu-
tation of the correction is eased by several facts. First, the position angle of the masks
is the same for the quasar images and for the stars, i.e. the PSF clipping is the same
for the target and the reference stars. Second, we avoid observations at large airmasses,
i.e. never larger than 2.5. Finally, the atmospheric refraction corrector on FORS1 is very
efficient (Avila et al., 1997). Again, the final absolute flux calibration is based on the
spectra of spectrophotometric standard stars obtained with the same instrumental setup
as QSO 22374-0305.

7.2.4 Spatial deconvolution of the spectra

The lensing galaxy in QSO 223740305 is extended and its nucleus has an apparent R-band
magnitude of about 18 mag, which is comparable to the magnitudes of the quasar images.
The quasar images are hence affected by significant contamination from the lensing galaxy.
We use the spectral version of MCS deconvolution algorithm (Magain et al., 1998; Courbin
et al., 2000) to efficiently remove the spectrum of the lensing galaxy from the spectra of
the quasar images, as described in section 6.2.

7.2.5 Results

Our spectrophotometric monitoring started in October 2004 and lasted till December 2007.
It has a mean sampling of about one epoch every fifteen days. We acquired the spectra of
images A and D of QSO 223740305 on forty-two epochs, and the spectra of images B and
C on forty epochs. The detailed journal of the observations is given in the two papers by
Eigenbrod et al. (2008b,a), which are reproduced at the end of this chapter.

As a sanity check of our flux calibration, we compare our results with the OGLE-III
photometry of QSO 223740305 (Udalski et al., 2006). We integrate our quasar spectra in
the corresponding V-band to estimate, from the spectra, the photometric lightcurves as
if they were obtained from imaging. The overall agreement is very good and verifies the
quality of our flux calibration.

We know that spectral emission features coming from smaller regions in the source
are more affected than features emitted in more extended regions. In order to study
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the variation of each feature in our spectra independently, we decompose the spectra
into their individual components following the multi-component decomposition (MCD)
approach (Wills et al., 1985; Dietrich et al., 2003). This decomposes the spectra into a
power-law continuum f,, < v* | a pseudo-continuum due to the merging of the Fe emission
blends, and an emission spectrum due to the individual broad emission lines.

We find that all images of QSO 2237+0305 are affected by microlensing in both the
continuum and the broad emission lines. On short timescales of a few months, images A
and B are the most affected by microlensing during our monitoring campaign. Image C
and especially D are more quiescent. Image A shows an important brightening episode
in June 2006 (HJD ~ 2453900 days), and image B in May 2005 (HJD ~ 2453500 days).
We show that the continuum of these two images becomes bluer as they get brighter, as
expected from microlensing of an accretion disk.

We also report microlensing-induced variations of the broad emission lines, both in
their integrated line intensities and in their profiles. Variations in the intensities are
detected mainly in images A and B. Our measurements suggest that higher ionization
lines like C1v and C111] are more magnified than lower ionization lines like Mg11. This
is compatible with reverberation mapping studies and a stratified structure of the broad
line region (e.g., Peterson, 1993; Kaspi et al., 2000). Variations in the line profiles are
present but weak. In image A, we find that the profile of the Ci| line is broadened
during the brightening episode of June 2006. The C111] line profile in image C seems also
to be broadened at several epochs. Broadening of the broad emission lines in image B is
less obvious.

Finally, we estimate the differential extinction between pairs of quasar images due to
dust in the lensing galaxy to be in the range 0.1 — 0.3 mag, with images C and D being
the most reddened. This amount of differential extinction is too small to explain the
large microlensing magnification ratios involving images A and C. Long-term microlensing,
beyond the duration of our observations, is therefore present in these images.

The very different behaviors of the broad emission lines and the continuum, with
respect to microlensing, offer considerable hope to infer quantitative information on the
internal structure of the lensed quasar, and to probe the two types of regions indepen-
dently (e.g., Kochanek, 2004). We show in the following sections how the observed varia-
tions in the continuum can be used to infer the spatial structure of the accretion disk in
QSO 2237+0305.

7.3 Energy profile of the accretion disk

We already mentioned that microlensing depends on the surface densities of both stars s,
and continuously distributed matter k., on the shear ~, on the masses M of the microlenses,
on the effective relative transverse velocity V|, and on the source size Rs. We summarize
in the following some important results concerning these quantities with a specific focus
on the Einstein Cross. We then show how microlensing simulations fitting the data of
our spectrophotometric monitoring can be used to infer the energy profile of the quasar
accretion disk of QSO 2237+0305. The main difficulties reside in the degeneracies existing
between M, V|, and Rs. Therefore, most studies use some priors limiting the values of at
least one of these quantities, usually V| based on what we know from general galaxy and
cluster dynamics (e.g., Mould et al., 1993).



141

7.3.1 Previous studies
Smoothly distributed matter versus compact objects

The behavior of microlensing lightcurves depends on both the density k., of compact (stel-
lar) objects and the density k. of the smoothly distributed (dark) matter (Paczynski,
1986a). Schechter & Wambsganss (2002) showed that, contrary to naive expectation, di-
luting the stellar component of a lensing galaxy with smoothly distributed matter increases
rather than decreases the microlensing fluctuations caused by the remaining stars. They
also demonstrated that for a bright pair of images straddling a critical curve, the nega-
tive parity image, i.e. the saddle point of the arrival time surface, is much more strongly
affected by microlensing fluctuations than the associated minimum. This effect may ex-
plain the highly demagnified saddle points observed in some gravitational lenses (e.g.,
image D in SDSS J0924+0219). Congdon et al. (2007) extended these studies by consid-
ering various source sizes and a power-law mass function for the microlenses. They came
to the conclusion that, for saddle points, diluting the stellar population with smoothly
distributed matter increases the magnification dispersion for small sources and decreases
it for large sources. This implies that the quasar continuum and broad-line regions may
experience very different microlensing in negative-parity images.

The dependance of the image flux ratios on image parities suggest that in most lensed
quasar, the stars must represent only a modest fraction of the total density (e.g., Schechter
& Wambsganss, 2002; Kochanek & Dalal, 2004). Lewis & Gil-Merino (2006) found that
depending on the size of the source, low-mass objects (with 10™* M) can mimic the
effect of a smooth component. However, in the case of the Einstein Cross the situation
is different because the quasar images are located within the bulge of the lensing galaxy,
where we do not expect a large contribution from smoothly distributed matter (Kochanek
et al., 2007). The study of van de Ven et al. (2008) combines gravitational lensing with
dynamics and shows that dark matter has only a small contribution to the central surface
mass density. Thus, the density k. is small in QSO 223740305, and the convergence at
the image positions is principally due to stars (i.e. kK = k).

The mass of the microlenses

Most investigations of microlensing at high optical depth that have explored the effect
of multiple microlens mass components have led to the conclusion that the probability
distribution of the micro-magnification is not very sensitive to the mass function of the
microlenses (e.g., Wambsganss, 1992; Wyithe & Turner, 2001; Congdon et al., 2007). Lewis
& Irwin (1995) found that the characteristic timescale for variability due to microlensing
does also not depend on the detailed shape of the mass function. Thus, microlensing is
relatively insensitive to the microlens mass spectrum, but it does depend on the mean
microlens mass (M). The mean mass is a very important parameter because it sets the
scale of the Einstein radius rg o< (M >1/ % and hence, the characteristic size of the caustics.
For example, a four times bigger (M) yields a magnification pattern that is “zoomed in”
by a factor two.

The determination of (M) is not trivial because of the degeneracy existing between
the effective transverse velocity and (M). Strong microlensing variability can be explained
either by a large transverse velocity or a small (M). Wyithe et al. (2000a) studied the
distribution of lightcurve derivatives and, by comparing the observed microlensing rate
with their simulations, they determined lower limits for the average mass of the microlenses
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in the bulge of QSO 2237+40305. Their study shows that a significant contribution of
Jupiter-mass (i.e. 107* M) compact objects can unambiguously be ruled out with a
lower mass limit of typically 0.01 Mg. This result is confirmed by Lewis & Irwin (1996)
and Wambsganss et al. (1990b) who found 0.1 < ((M) /M) (v, /600 km/s)* < 1.

A comparable mass range is also obtained from studies of other lensed objects. Schmidt
& Wambsganss (1998) investigated a lack of microlensing in the lightcurves of Q 0957+561
and ruled out microlenses having (M) < 0.01 (v;. /600 km/s)* Mg. The MACHO col-
laboration (Alcock et al., 1997a,b) recorded microlensing events in the Milky Way. They
derived 0.1 < (M)/Mg < 1.0 towards the Galactic bulge and (M) > 0.05 M, in the halo.
All these studies show that a likely value for (M) is of the order 0.1 Mg, which is well
comparable with the mean mass of about 0.3 M derived from the initial mass function
of Kroupa (2002).

The effective relative transverse velocity

We have already seen that the variability of microlensing is caused by relative motion
between the observer, the lens and the source. For a concordance cosmology (2,0, Qa0) =
(0.3, 0.7) and Hy = 70 km s~ Mpc~!, we get for QSO 223740305

V = 0.37 v, — 10.3 v; + 9.9 vy (7.1)

Bennett et al. (2003) determined the Sun’s motion relative to the cosmic microwave back-
ground and found that the Sun moves in a direction almost parallel to the direction to
QSO 223740305, so that the last term on the right hand side of equation (7.1) can be ne-
glected, because the transverse part is very small. Assuming that the peculiar velocities of
the quasar and the lensing galaxy, vs; and v;, are of the same order, the first term in equa-
tion (7.1) can be neglected as well, since its weight is only about 4% of the total. Hence,
the effective relative transverse velocity is V| ~ 10.3v;; and is expressed in distance per
unit observed-frame time.

In number of microlensing studies, the lens velocity has been assumed to be v;; ~
600 km/s (e.g., Witt, 1993; Kundi¢ & Wambsganss, 1993), a quantity obtained through
probabilistic arguments based on general cluster dynamics (e.g., Mould et al., 1993).
Wyithe et al. (1999) presented the first determination of an upper limit for the effective
transverse velocity in QSO 22374-0305. They used photometric data with a monitoring
spanning almost ten years, but with a poor sampling rate (61 points in total). They found
vy < 500 km/s based on considerations of the distribution of lightcurve derivatives. Later,
Kochanek (2004) determined a higher upper limit of 1800 km/s, but the significant vari-
ability of the quasar images during the considered OGLE monitoring period may be the
cause of the relatively high velocities found in his work. Gil-Merino et al. (2005) exam-
ined the distribution of quiescent periods in the lightcurves and found an upper limit of
625 (M/0.1Mz)'/? km/s (90 percent confidence) for vy .

Witt & Mao (1994) described a theoretical height-duration correlation during high
magnification events. Considering observed high magnification events, they determined
an upper limit of 600 km/s, but the correlation and hence the derived limit are dependent
on the source size assumed. Indeed, a degeneracy exists between the source size and the
velocity (Kochanek, 2004). When the source is large, the magnification pattern is heavily
smoothed and a high velocity is required because the smoothing also increases the scale
length of the variations in the magnification pattern. For smaller source sizes the scale
length of the variations are shorter and the velocities correspondingly smaller.
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Except for a few studies (e.g., Paczyniski, 1986b; Kundi¢ & Wambsganss, 1993; Schramm
et al., 1993; Wambsganss & Kundi¢, 1995) the random star field is generally considered
to be static, i.e. it is assumed that the proper motions of the stars is much smaller than
the effective transverse velocity, which appears to be a good approximation in the case
of QSO 22374+0305. As already mentioned, Kundi¢ & Wambsganss (1993) and Wambs-
ganss & Kundié¢ (1995) show that the velocity dispersion of the stars can statistically be
interpreted as a bulk velocity artificially increased by an efficiency factor a ~ 1.3.

The size and energy profile of the source

An important application of quasar microlensing is to infer the size of the emission region
in the lensed quasar (e.g., Nemiroff, 1988; Grieger, 1990), as well as its spatial struc-
ture from color variations observed in the quasar images (e.g., Wambsganss et al., 1990b;
Wambsganss & Paczynski, 1991). First analyses focused on isolated high magnification
events. High magnification events occur when a compact source crosses a critical curve.
The smaller the source, the higher the peak luminosity and the smaller the timescale for
the sudden rise to (or fall from) maximum luminosity. Therefore one can determine the
relative size of the source at different wavelengths by observing throughout the peak at
the corresponding wavelengths. Furthermore, if the transverse velocity V) is known, one
can also estimate the “absolute” source size.

Following this method, several studies estimated the size of the optical continuum
source in QSO 223740305 based on one poorly sampled high magnification event that was
observed in image A during late 1988 (e.g., Wambsganss et al., 1990b; Rauch & Blandford,
1991; Wyithe et al., 2000b). The result of these studies is an upper limit for the source
size of about 2 x 10'® ¢cm assuming a transverse velocity of v;; = 600 km/s. Shalyapin
et al. (2002) analyzed another high magnification event observed in late 1999 in image
A of QSO 223740305 by the GLITP collaboration. They obtained a larger source size
of 3.7 x 10'6 ¢cm. A further event in image C, this time, was observed in 1999 by the
OGLE team, and Yonehara (2001) derived a conservative upper limit for the source size
of 5.7 x 10'6 ¢cm assuming a mean microlens mass of 0.1 M.

However, the mode of analysis of single high-magnification events is only valid in the
case of a source that is much smaller than the typical caustic spacing, which is questionable
in the case of QSO 22374+0305. With a much larger data set and a more sophisticated
analysis of the microlensing lightcurves of QSO 223740305, Kochanek (2004) showed that
thermal emission from an accretion disk is consistent with the size 1.4 x 10® b= cm <
R, < 4.5x10' h~! cm inferred from microlensing. Nevertheless, microlensing in a sample
of gravitationally lensed quasars has led to a different conclusion: the size of the optical
and ultraviolet emission region inferred from microlensing is too large compared to the
predictions of accretion disk models based on the quasar luminosity (Pooley et al., 2007;
Kochanek et al., 2007). This contradictory results indicate that additional observations
and a more careful comparison to theory is required. In particular, the determination of
the size as a function of wavelength will prove most useful.

Multi-wavelength or spectroscopic monitorings of lensed quasars used to be rare, but
have recently begun to become more common. Wyithe et al. (2002) compared optical and
mid-infrared data of QSO 223740305 and found that the mid-infrared emission region
is mostly unaffected by microlensing, leading to the conclusion that the corresponding
emission region must have a size 2 1 rg, which demonstrated that the infrared emission in
radio-quiet quasars is due to thermal emission by dust rather than to synchroton emission.
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More recently, Anguita et al. (2008) analyzed R and G-band lightcurves of the 1999 high-
magnification event of image C of QSO 223740305 following the method of Kochanek
(2004). They derived a relative size between the R and G-band emission regions of 1. 45+8 gg
based on the velocity prior determined by Gil-Merino et al. (2005). This value is in good
agreement with the standard thin accretion disk model of Shakura & Sunyaev (1973). From
photometric observations of HE 1104—1805 in 11 bands, Poindexter et al. (2008) derived
the spatial structure (or energy profile) of the quasar accretion disk with 5 = 0.61 8%%,
where 3 is the logarithmic slope of the temperature profile T o« R~2. Their result is
consistent with the standard value # = 3/4 (Shakura & Sunyaev, 1973), but is limited by
the poor sampling and large uncertainties of the analyzed data.

Several other studies compared microlensing in the X-ray and optical domain, and
further demonstrated the efficiency of microlensing in probing the inner emission region of
lensed quasars. For instance, Morgan et al. (2008) analyzed the lightcurves of the lensed
quasar PG 11154080 and concluded that the effective radius of the X-ray emission is

tH % dex smaller than that of the optical emission. They found that the X-ray emission
is generated near the inner edge of the accretion disk, while the optical emission comes
from scales slightly larger than those expected for a standard thin disk. Another example
is given by Chartas et al. (2008), who combined X-ray and optical data of HE 1104—1805
and revealed that the X-ray emitting region is compact with a half-light radius smaller
than 2 x 10'° cm

Eventually, we should mention one important property concerning the source surface
brightness profile. Several studies (e.g., Mortonson et al., 2005; Congdon et al., 2007) have
shown that the microlensing-induced flux variations are relatively insensitive to the exact
form of the source profile, and that they principally depend on its characteristic size. The
size of the source controls the smoothing of the magnification pattern. For example, very
large source sizes (> 5 rg) produce magnification patterns that are so strongly smoothed
that they are unable to account for the amplitude (> 1 mag) of the flux variations observed
in QSO 223740305 (Refsdal & Stabell, 1993). On the contrary, very small source sizes
(< 0.01 rg) give very moderately smoothed magnification patterns, which lead to sharp
magnification events that are not observed in the lightcurves. The lower bound found in
that way is 0.01 rg (e.g., Kochanek, 2004; Anguita et al., 2008).

To summarize the results of the numerous studies cited, we expect the optical/UV
emission region of QSO 2237+0305 to have a size between 10'® and 10'® c¢m, and an
energy profile that should resemble the profile predicted by the standard thin accretion
disk model.

About degeneracies

As mentioned earlier, the scales of the magnification patterns are defined in terms of the
Einstein radius rg, which depends on the square root of the mean mass of the microlenses.
Thus, the computational variables for the source size and velocity are in fact the scaled
source size Ry = R,/(M/Mg)'/? and the scaled transverse velocity V) = Vi /(M/Mz)"/2.
Following these definitions, R, is the relative size of the source with respect to the Einstein
radius, and V| is the velocity with which the source is moving across the magnification
pattern.

The determination of the three parameters Rg, V| and (M) is not easy because of the
degeneracies existing between them. As reported by Kochanek (2004), there is a strong,
essentially linear, correlation between Ry and V|, ie. Ry VL where x ~ 1. Furthermore,
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R, and V| are both defined as functions of (M), which imply degeneracies between (M),
V., and R,. However, since Ry = Ry (M/Mz)"/? and (M) « (V| /V})?, the physical size
of the source R; < V| fol ~ V| depends essentially on our estimate of the physical
velocity V| and avoids the degeneracies between (M), V., and R,.

7.3.2 Inverse ray-shooting

The inverse ray-shooting method was first developed by Kayser et al. (1986) and Schneider
& Weiss (1987) and has become very popular in microlensing studies. Wambsganss (1990)
and Wambsganss et al. (1990a) further improved this method by implementing a hierar-
chical tree code (Barnes & Hut, 1986), which greatly improves the computing efficiency.
The basic idea of the method is to shoot lightrays from the observer through the star field
of the lensing galaxy and back to the source plane.

The microlenses are distributed randomly according to the stellar density it <«. The
deflection angle for a given lightray is computed from the sum of the deflection angles of N,
individual stars acting like microlenses, plus the perturbing effect of the lensing galaxy.
The gravitational field of the galaxy changes very little over the distance scale of the
microlens distribution. It is thus natural to Taylor expand the field of the galaxy. Note
that this perturbation is not assumed to be small. The lowest-order, non-trivial term in
the expansion is the quadratic term (tidal field). The deflection angle for a given lightray
at position £ is hence given by

) 4G N €& . 4nG </~ec+v 0 )
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where the origin of the coordinate frame is chosen so that it coincides with the center of
the microlens distribution. The orientation of the coordinate frame is chosen such that
the shear v acts along one of the coordinate axes. The first term on the right-hand side
describes the deflection due to the N, microlenses. The second term is the deflection
angle at the position of the macro-image due to the lensing galaxy, and the third term
is the quadrupole contribution of the galaxy. We remind that + is the shear and that
Yicrit Ke 1s the smoothed or continuously distributed surface density, which contributes to
the total deflection as an additional constant deflection. The parameters k4, ke, and =
are determined from the macro-model of the lensing galaxy. In the case of the Einstein
Cross, we have k. ~ 0 and Kk ~ k.. Some values of x and v for QSO 223740305 are given
in Table 7.1. In the present study, we use the recent values given by Kochanek (2004).
The inverse ray-shooting method does have some drawbacks. The practical limitations
inherent to the method are finite resolution and the problem of fair sampling of the source
plane. Ideally, one would like to have a very large magnification pattern with side length
of about 1000 rg, covered by many pixels (at least 100 pixels per Einstein radius rg) so
that small sources, compared to the Einstein radius, can be considered. In order to be
able to detect small fluctuations, these pixels should contain many lightrays (> 1000). It
is of course not possible to meet all these requirements with current computing facilities,
and one has to find an intermediate solution. We adopt a side length of 10* pixels that
corresponds to 107g. The smallest possible source size, 0.001 rg, is determined from the
pixel size. For magnification patterns with small side length, the mean magnification (u)
may not be exactly representative for the parameter set. Its value may differ a little from
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the real one due to statistical fluctuations. In practice, these deviations are small (less
than one percent), and are thus negligible for our analysis.

Once all these parameters are defined, we compute the deflection angle of the lightrays
passing through the random star field using the numerical code of Wambsganss (1999). We
have already seen that microlensing is relatively insensitive to the microlens mass spectrum
and that it mainly depends on the mean microlens mass (M). We can hence consider the
same mass (M) for all microlenses in the field. A likely value for this mass is 0.1 Ms.
We will consider this value from now on. We shoot approximately 10! lightrays through
the field of microlenses and collect the deflected rays in the 10* x 10* pixel grid located
in the source plane. The density of the collected rays is proportional to the magnification
and thus, defines the magnification pattern p,(8) (see Fig, 7.1 for a small cutout of the
pattern). We compute the magnification patterns of all four images of QSO 2237+0305
based on the macro-model of Kochanek (2004), assuming (M) = 0.1 M.

7.3.3 Observed microlensing lightcurves

Observations of microlensing-induced flux variations are usually obtained from long-term
photometric monitorings like the OGLE experiment (Wozniak et al., 2000a,b; Udalski
et al., 2006). The observed flux variations in the quasar images are due to both microlens-
ing and intrinsic variations of the quasar. In order to extract the microlensing signal,
we need to remove the intrinsic quasar fluctuations from the lightcurves. In practice, we
do this by considering the difference between the lightcurves of two images as described
below.

In the following, we focus exclusively on the lightcurves of image A and B of the
Einstein Cross, because they are the two images undergoing the strongest flux variations
within the time span of our spectrophotometric monitoring. We know that the observed
flux F; of a lensed quasar image 7 is the product of the unlensed flux Fy of the source, the
extinction e~ "%, and the macro and micro-magnification fimacros and fmicro,:

_— . . . —T;
F; = Hmicro,i Mmacroi € " Fy .

In the case of QSO 223740305, we can neglect the time delays between the images, because
they are expected to be of the order of one day or less (see Section 7.1). The difference in
magnitude Am between image A and B is hence simply given by Am = —2.5log(Fa/Fp).
The extinction and macro-magnifications remain constant in time. As a consequence, the
time variability that is observed in Am is only due to microlensing

Am = —2.5log (MWWOA> + mg

MHmicro,B
where my is a constant due to the combined effect of the macro-magnifications and differ-
ential extinction between the quasar images.

We use two different data sets for the present study. The first one is the well sampled
V-band lightcurves of the OGLE experiment (Udalski et al., 2006) and the second one is
our deep spectrophotometric monitoring. In order to study in more detail the chromatic
fluctuations in the continuum of the spectra of images A and B, we define six wavelength
ranges that we will use as photometric bands. For each of these bands, we compute the
observed lightcurve by integrating the continuum in the corresponding wavelength range.
By subtracting the magnitude of image B from that of image A, we obtain six 39-epoch
difference lightcurves Am. More details can be found in the paper reproduced at the end
of this chapter (Eigenbrod et al., 2008a).
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7.3.4 Simulated microlensing lightcurves

We have already seen that in the case of an extended source, the magnification u(3)
at the source position 3 is given by the convolution of the source surface brightness
profile I(B) and the magnification pattern p,(3). As mentioned earlier, microlensing is
relatively insensitive to the exact source profile. For simplicity, we choose a Gaussian
surface brightness profile with a scaled source size R, specified by the Gaussian width
o or equivalently by the Full Width at Half Maximum (FWHM= 2.35¢). Simulated
microlensing lightcurves are then obtained from source trajectories (i.e. one-dimensional
cuts) through the convolved magnification pattern.

|

| | J
3500 4000 4500

HJID—-2450000

Figure 7.4: Example of a simulated microlensing difference lightcurve. Left: Source tra-
jectory through the convolved magnification patterns of image A and B. The considered
source has a Gaussian surface brightness profile with a FWHM of Ry = 0.16 rp. The
masses of the microlenses are 0.1 My. Right: The observed OGLE difference lightcurve
Am between image A and B of QSO 223740305 (black dots) and the simulated difference
lightcurve Am’ (red curve).

Each of these simulated lightcurves is characterized by two kinds of parameters: physi-
cal and trajectory parameters. The physical parameters are the local magnification tensor
k and +y, the mass (M), the scaled source size RS, and the scaled effective transverse ve-
locity V| of the source. The trajectory parameters are 6 and 3, where 6 is the direction
angle and B, the coordinates of the starting point of the source trajectory.

In order to compare our microlensing simulations with the observed difference lightcurve
Am between image A and B of QSO 2237+0305, we first have to compute a simulated
difference lightcurve. We do this by tracing the source trajectory through the convolved
magnification patterns of both images, and by extracting the corresponding simulated mi-
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crolensing lightcurves for A and B. We subtract the lightcurve of image B from that of
image A and obtain a simulated difference lightcurve Am/(p), see Fig. 7.4.

The simulated difference lightcurve Am/(p) is characterized by the chosen parameter
set p = (k,7, (M),RS,VL,mo,H,,607A,,607B), where 3y 4 and B p are the coordinates of
the starting point in the convolved magnification pattern of image A and B, respectively.
The trajectory is constrained to have identical directions 6 and velocities V| across the
patterns of images A and B. The direction is set to be the same in both patterns since the
shear direction between images A and B is approximately the same (Witt & Mao, 1994),
and because we assume the motion of the source to be primarily due to the bulk motion
of the lensing galaxy rather than to the individual motions of the stars.

7.3.5 Bayesian analysis

We have just seen how to generate a simulated difference lightcurves Am/(p) from a
particular choice of the parameters p. We now want to compare these simulations with
the observations in order to estimate the source size and spatial structure of the quasar
accretion disk. To do so, we follow the method developed by Kochanek (2004). His
method, based on Bayesian analysis, compares large numbers of trial lightcurves with an
observed data set to simultaneously estimate R, V), and (M). The main idea of the
method is to construct an ensemble of model (i.e. of simulated Am’(p)), which, given the
data D = Am, can then be used to infer the probability distributions of Rg, V|, and (M).
From Bayes’ theorem, we known that the probability of the parameter set p, given the
data D, is
P(Dlp) P(p) _ L(D|p)
P(D) N
where P(p) is the prior, L(D|p) is the likelihood and N is a normalization constant. We
define each of these in more detail in the following. The prior probability P(p) refers to
any information we have on the parameters p prior to our study. We define the relative
likelihoods L(D|p) of the parameters p based on the y? statistics. Usually, this is done
following the standard approach for ensemble analysis (e.g., Sambridge, 1999), which uses
the maximum likelihood estimator

P(p|D) = P(p)

)

L(DJp) = exp (— !

where x?(p) is determined by computing the x? between the data D = Am and the
simulated lightcurve Am/’(p)

. <Amk —Am;<p>>2

o
k=1 k

where o, are the uncertainties of the OGLE data, and n.s is the number of observations.
Finally, all Bayesian parameter estimates have to be normalized by the requirement that
the total probability is unity, i.e. | P(p|D) dp =1 and hence

N = [ LD P dp.

In practice, the integral is computed by summing the probabilities for our sampling of
trajectories, which is equivalent to using Monte Carlo integration methods to compute
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the integral over the ensemble of all possible trajectories. The sum over the random
trajectories will converge to the true integral, provided we consider a sufficiently large
number of trajectories. For instance, the probability of a particular trajectory j (defined
by the set of parameters p;) given the data D is
P(p;|D) = L(Dlp;) P(pj) _  L(Dlpj) P(p;)
’ N >_i1 L(Dlpj) P(p;)

where n is the total number of simulated lightcurves.

We compute the probability distributions for the physical parameters of interest by
marginalizing over the other parameters. For instance, the probability distribution of the
scaled source size R, is obtained by integrating over all other parameters, that we write

P, hence, p = (Rs, p’) and

P(R,|D) x / P(Ry, /D) dpf =3 P(Ry, pID) .
j=1

As already mentioned in Subsection 7.3.1, the physical size of the source R depends
essentially on our estimate of the physical velocity V , and avoids the degeneracies between
(M), V|, and R,. Estimates of V|, i.e. the prior P(V}), can be obtained from the
observations of the motion of other galaxies or galaxy clusters (e.g., Benson et al., 2003).
More details can be found in the paper at the end of this chapter (Eigenbrod et al., 2008a).

7.3.6 Results

We apply the Bayesian analysis to the OGLE difference lightcurve between image A and B,
and compute the probability distributions of R and VJ_. We derive a scaled source FWHM
of Ry = (0.16f8:%%) gz, and a scaled velocity of V| = (3.9J_r:1)’:g) x 103 (M/0.1Mx)'/? km/s.

We find a linear correlation Rs o VJ_. This correlation determines the time scale of
the observed microlensing-induced fluctuations, which is given by the half-light radius
divide by the effective transverse velocity, i.e. 0.5 Ry / VJ_ = 4.0 £ 1.0 months, and which
is independent of (M) and of the velocity prior P(V).

Based on the six lightcurves computed from our spectroscopic data in six photometric
bands, we infer the probability distribution of the source-size ratio RZ / Rm f, where R; is the
size of the source emitting at the mean wavelength \; of band ¢ = 1,2,..,6. The reference
radius Rre ¢ at the reference wavelength A,.; can be chosen arbitrarily. We simply define
the middle band #3 as our reference. We plot the ratio R;/R,.s against the corresponding
wavelength ratio A; /A,y in Fig 7.5, and determine the slope of the energy profile by fitting
a power law R oc AS . The final energy profile obtained from the whole sample of source

trajectories is shown in Fig. 7.5 and yields ( = 1.2 £0.3.

7.4 Discussion

Our result for the source FWHM R, = (0.16f8:¥)) rg is well compatible with the upper
limit of 0.98 rg given by Yonehara (2001). It is also in good agreement with the FWHM
derived by Anguita et al. (2008), Ry = (0.06 = 0.01) rg and by Kochanek (2004), R, =
(020°93) .

We confirm the linear correlation Ry o V| found by Kochanek (2004) and determine
the time scale of the observed microlensing-induced fluctuations to be 4.0£1.0 months. The
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Figure 7.5: Left : The final energy profile obtained from the whole ensemble of source
trajectories. The reference wavelength is A\..y = 2125 A measured in the source frame.
The error bars give the 1o uncertainties. The solid line indicates the linear regression
across the points. The dashed line shows the relation R o A\*/3 expected for the standard
thin accretion disk of Shakura & Sunyaev (1973). Right : The corresponding probability
distributions of the R; values obtained in the six bands i = 1,2, ..., 6.

strong correlation between R, and V| implies that the choice of the velocity prior can bias
our estimate of the source size because R oc V| . The selection of the observation period
can also bias the derived source size. As reported by Kochanek (2004), if the considered
period is very active in terms of microlensing, the simulations will favor high transverse
velocities and/or small source sizes. One possible solution to minimize the bias induced
by the selection of the observation period is to consider the longest possible lightcurves.
This has the evident drawback of dramatically increasing the computing effort, making
the problem rapidly intractable. However, as discussed in the following, the estimate of
the physical source size R has only a limited effect on the determination of the index (.

From the analysis of our spectroscopic data, we determine the energy profile R oc AS
of the quasar accretion disk with ( = 1.2 £0.3, which is in good agreement with the value
of ( = 4/3 expected from the standard thin accretion disk model (Shakura & Sunyaev,
1973). Our findings are also in good agreement with Anguita et al. (2008), who obtained
¢ = 1.2'_%8 for QSO 223740305, and with ( = 1.64f8:ig obtained by Poindexter et al.
(2008) from multi-band photometry of the lensed quasar HE 1104—1805.

We observe that the determination of the power-law index ¢ is almost independent on
the velocity prior used. This is easily explained by the fact that the scaling between R,
and Rs is independent of the considered wavelength and hence, R;/Ryef = RZ / ]%re r- Asa
consequence, the determination of relative source sizes, and thus the energy profile, is not
expected to depend on the assumed microlens mass (M). This is further confirmed by the
fact that Anguita et al. (2008) obtain a value for ¢ which is in good agreement with ours,
even though they consider a more restrictive velocity prior and derive a slightly smaller
source size.
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7.5 Paper presenting the spectrophotometric monitoring of
QSO 223740305 with the Very Large Telescope

Microlensing variability in the gravitationally lensed
quasar QSO 2237+0305 = the Einstein Cross

1. Spectrophotometric monitoring with the VLT

A. Eigenbrod, F. Courbin, D. Sluse, G. Meylan, & E. Agol

Astronomy € Astrophysics, 2008, 480, 647
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ABSTRACT

We present the results of the first long-term (2.2 years) spectroscopic monitoring of a gravitationally lensed quasar, namely the
Einstein Cross QSO 223D305. The goal of this paper is to present the observational facts to be compared in follow-up papers with
theoretical models to constrain the inner structure of the source quasar.

We spatially deconvolve deep VIFORS1 spectra to accurately separate the spectrum of the lensing galaxy from the spectra of the
quasar images. Accurate cross-calibration of the 58 observations at 31-epoch from October 2004 to December 2006 is carried out with
non-variable foreground stars observed simultaneously with the quasar. The quasar spectra are further decomposed into a continuum
component and several broad emission lines to infer the variations of these spectral components.

We find prominent microlensing events in the quasar images A and B, while images C and D are almost quiescent on a timescale of
a few months. The strongest variations are observed in the continuum of image A. Their amplitude is larger in the blue (0.7 mag)
than in the red (0.5 mag), consistent with microlensing of an accretion disk. Variations in the intensity and profile of the broad
emission lines are also reported, most prominently in the wings of tinea@d center of the @/ emission lines. During a strong
microlensing episode observed in June 2006 in quasar image A, the broad component of thenGre highly magnified than the

narrow component. In addition, the emission lines with higher ionization potentials are more magnified than the lines with lower
ionization potentials, consistent with the results obtained with reverberation mapping. Finally, we find tabahe diferential

extinction by the lens, between the quasar images, is in the raitg8.8 mag.

Key words. gravitational lensing — galaxies: quasars: general — galaxies: quasars: emission line —
quasars: individual: QSO 2230305, Einstein Cross

1. Introduction likely in the Einstein Cross and very rapid, with timescales of a
o few weeks to a few months. Indeed, Irwin et d1989 reported

The gravitational lens QSO 2280305, also known as gjgpificant brightness variations of the brightest quasar image A,
Huchra’s lens” or the “Einstein Cross’, was discovered byhich they interpreted as the first detection ever of microlensing
Huchra et al. 1989 during the Center for Astrophysics Redshiff, o images of a multiply-imaged quasar.

Survey. It consists of a; = 1.695 quasar gravitationally lensed Since then, microlensing events have been observed in sev-

into four images arranged in a crosslike pattern around the pU o
- ; al other gravitationally lensed quasars, and are expected to
cleus of az = 0.0394 barred Sab galaxy. The average prolect%%cur in virtually any quadruply lensed quasar (Witt et al.

distance of the images from the lens center.8'0 : :
S . 1995. Probably the most compelling examples of microlens-

A few years after this discovery, Sphne!der et dlogg ing light curves are given by the Optical Gravitational Lensing
and Kent & Falco 1989 computed the first simple models ofg, o fiment (OGLE) (Waniak et al2000a Udalski et al2008.
the system, leading to the co_nclusmn that this system was VR, o in 1997, this project monitors regularly the four quasar
promising to study mlcrolensm_g. Indeed, the predicted time dI iages of QSO 22370305, showing continuous microlensing-
lays between the four quasar images are of the order of a uced variations in the Ii,ght cUIVes
(Rix et al. 1992 Wambsganss & Pacagki 1994, meaning that . Lo
intrinsic variability of the quasar can easily be distinguishe Most of the quasar microlensing studies so far are based ex-

; : o . ively on broad-band photometric monitoring (e.g.2Wak
from microlensing events. In addition, the particularly small red-4YSVe ;
shift of the lensing galaxy implies large tangential velocities it al.2000b Schechter et aR003 Colley & Schild2003. These

the microlenses. Furthermore the quasar images form rightopServations, even though dominated by variations of the contin-
m, make it very dficult to disentangle variations in the con-

the bulge of the lens where the stellar density is the highest. ™ um from variations in the broad emission lines (BELs). Both

combination of these properties makes microlensing events v{ing‘es of regions areféected by microlensing, but in fierent

* Based on observations made with the ESO-VLT Unit TelescofﬁéayS depending on their size.

# 2 Kueyen (Cerro Paranal, Chile; Proposals 073.B-0243(A&B), Microlensing of an extended source can occur when its size
074.B-0270(A), 075.B-0350(A), 076.B-0197(A), 177.B-0615(A&B)js smaller than or comparable to the Einstein radius of a star, i.e.
PI: F. Courbin). of the order of 16”7 cm or 10 pc in the case of the Einstein

Article published by EDP Sciences
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Cross (Nemirf 1988 Schneider & Wambsgand990. From .
reverberation mapping, the broad line region (BLR) was long PSF 1

estimated to be larger than this, of the order of®16m or

1 pc, hence leaving little room for BEL microlensing. However,

more recent reverberation mapping studies revise this down-

wards, to 18° cm (Wandel et al1999 Kaspi et al. 2000, which Q2237+0305
is also consistent with the disk-wind model of Murray et al.

(1995. Inspired by these numbers, Abajas et &0F2 and

Lewis & Ibata 009 investigated BEL microlensing in further

detail and computed possible line profile variations for various

BLR models.

Observations of significant continuum and BEL mi- PSF 2
crolensing have been reported in a number of systems 4
(QSO 2237%0305, Filippenkal989 Lewis et al.1998 Wayth
et al.2005 HE 2149-2745, Burud et aR002a HE 0435-1223, PSF 4
Wisotzki et al. 2003 H 1413+117, Chartas et al2004
SDSS J10044112, Richards et al2004 HE 1104-1805, N
Goémez-Alvarez2004 HE 00471756, Wisotzki et al.2004
SDSS J09240219, Eigenbrod et a006a Keeton et al2006
and RXJ 11331231, Sluse et al2007. These first observa- PSF 3
tional indications of microlensing can be turned into a powerful . E 30
tool to probe the inner parts of quasars, provided regular spec-
troscopic data can be obtained. Several theoretical studies SPI‘—‘P@{?’L VLT/FORSL field of view showing the lensed quasar
how multiwavelength light curves can constrain the energy préso 223#0305, along with the four PSF stars used to spatially de-
file of the quasar accretion disk and also the absolute sizes of §8avolve the spectra. These stars are also used to cross-calibrate the ok
line-emitting regions (e.g., Agol & KroliKL999 Mineshige & servations in flux from one epoch to another and to minimize ffeze
Yoneharal 999 Abajas et al2002 Kochanek2004. of sky transparency.

In this paper we present the results of the first long-term
spectrophotometric monitoring of the Einstein Cross. The spec-

Sub-arceecond Seeing condliona with he Very Large Telescdigned along two of the quasat images and four it were cen-
(VLT) of the European Southern Observatory for more than tw ed on foreground PSF stars. We placed the remaining slits on

years, from October 2004 to December 2006, with a mean te{e%[1 Fgﬂ ;ggrrggt'gns and used them to carry out sky subiraction of

poral sampling of about one point every second week. This first . .

paper describes the observations, the method used to separatg\’v0 masks were des!gned to observe the two pairs of quasar
the quasar spectra from that of the lensing galaxy, and the mi}fdes: The PSF stars in both masks were the same. Fagure
observational results. Simple considerations of the propertiesof!VS the slit positioning with respect to our target. The first
microlensing caustics and of the geometry of the central parts Sk was aligned on quasar images A and D, while the second

the quasar already allow us to infer interesting constraints on i8> ahgn?d oalrpage%B I:;\nd_ C. Tfhe masks were rotate_lght_o po-
quasar energy profile in the Einstein Cross. sttion angles that avoid clipping of any quasar image. 1his 1S

The full analysis of our monitoring data, still being acquiremandatory to carry out spatial decon_volutlon of the spectra_. "
at the VLT, requires detailed microlensing simulations coupled ©Ur observing sequences consisted of a short acquisition

with quasar models and will be the subject of future papers. 'Mage, an ‘image-through-slit” check, followed by a consecu-
tive deep spectroscopic exposure. All individual exposures were

. 1620 s long. We list the journal of our observations in Table
2. Observations The mean seeing during the three observing seasons #as 0
. . . We chose a slit width of @, approximately matching the see-
We acquired our observations with the FOcal Reducer and | )

X . and much smaller than the mean separation4f hetween
dispersion Spectrograph (FORS1), mounted on Kueyen, the J)ﬂ quasar images. This is mandatory to avoid contamination of
Telescope # 2 of the ESO Very Large Telescope (VLT) locat image by the others

a .

at Cerro Paranal (Chile). We performed our observations in t N N .
multi-object spectroscopy (MOS) mode. This strategy allowed Ve used the G300V grism in combination with the GG375
ger sorting filter. For our slit width, the spectral resolution was

us to get simultaneous observations of the main target and®8 A ) '
four stars used as reference point-spread functions (PSFs). THebe= 15 A, as measured from the FWHM of night-sky emis-

stars were used to spatially deconvolve the spectra, as well a8/f! lines, and the resolving power ws= 1/A1 ~ 400 at the
perform accurate flux calibration of the target spectra from o§@ntral wavelengthi = 5900 A. The useful wavelength range
epoch to another. We chose these stars to be located as clos#ass3900 < 1 < 8200 A with a scale of B9 A per pixel in
possible to QSO 22370305 and to have similar apparent magthe spectral direction. This configuration favors spectral cover-
nitudes as the quasar images. The PSF stars # 1, 2, 3, and 4 hgegather than spectral resolution, allowing us to follow the con-
R-band magnitudes of 17.5, 17.0, 15.5, and 17.5 mag, resp&#auum over a broad spectral range, starting with the very blue
tively. Figurel shows the field of view of our observations.  portion of the optical spectrum. Even so and in spit&ef 400,
We used the high-resolution collimator of FORS! to achievedetailed profile of the BEL is still accessible.

the best possible spatial sampling of the data, i’ Per pixel. We also observed spectrophotometric standard stars
With this resolution, we observed a maximum of 8 objects 6D 108, HD 49798, LTT 377, LTT 1020, LTT 1788, and
multaneously over a field of view of.&8 x 3.4’. One slit was LTT 7987) to remove the response of the telescope, CCD, and
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Table 1.Journal of the observations taken on 31 epochs.

ID Civil date HIJD Mask Seeing’] Airmass

1 13-10-2004 3292 1 0.86 1.204

1 14-10-2004 3293 2 0.87 1.221

2  14-11-2004 3324 1 0.75 1.184

2 14-11-2004 3324 2 0.68 1.305

3  01-12-2004 3341 1 0.88 1.355

3  01-12-2004 3341 2 0.94 1.609

4  15-12-2004 3355 1 0.99 1.712

4  16-12-2004 3356 2 0.90 1.817

5 11-05-2005 3502 1 0.87 1.568

5 12-05-2005 3503 2 0.51 1.389

6 01-06-2005 3523 1 0.63 1.342

6 01-06-2005 3523 2 0.64 1.224

7 01-07-2005 3553 1 0.57 1.153

8 14-07-2005 3566 1 0.89 1.620

9 06-08-2005 3589 1 0.51 1.135

Fig. 2. FORS1R-band acquisition image of QSO 2287305 taken on :E)O cl)ggggggg gggg i 82; iizg
epoch # 12 (12-09-2005). The slits used in the two masks are shown. 11 25 082005 3608 1 0.49 1.261
Their width is Q7. 'I_'he Position Angle (PA) of mask 1 is PA-56.5° 11 25-08-2005 3608 2 0.54 1.461
and that of mask 2 is PA -685°. 12 12-09-2005 3626 1 0.70 1.535
12 12-09-2005 3626 2 0.69 1.341

13  27-09-2005 3641 1 0.92 1.480

grism. We did the relative calibration between the epochs using 13 27-09-2005 3641 2 0.73 1.281
the PSF stars (see for more details Eigenbrod 0f163. ﬂ 81‘1&3882 ggig % 8;? ﬁgé
Finally, it is worth emphasizing that all our VLT data used in 15 11-10-2005 3655 1 0:57 1:140
the present paper were obtained in service mode, without which 15  11-10-2005 3655 2 0.66 1.134
this project would have been impossible. 16 21-10-2005 3665 1 0.70 1.215
16 21-10-2005 3665 2 0.74 1.156

17 11-11-2005 3686 1 0.90 1.137

; 17 11-11-2005 3686 2 0.90 1.185

3. Data analysis 18 24-11-2005 3699 1 0.78 1.265
3.1. Reduction 18  24-11-2005 3699 2 0.90 1.443
19 06-12-2005 3711 1 1.10 1.720

The data reduction followed the same procedure described in 19 06-12-2005 3711 2 1.09 1.445
detail in Eigenbrod et al.20061. We carried out the standard 20 24-05-2006 3880 1 0.87 1.709
bias subtraction and flat field correction of the spectra using 20 24-05-2006 3880 2 0.90 1.443
IRAFL, We obtained the wavelength calibration from the spec- 21 16-06-2006 3903 1 0.66 1.213
trum of helium-argon lamps. All spectra, for the object and for 21 16-06-2006 3903 2 0.51 1155
- T Y . 22 20-06-2006 3907 1 0.64 1.286

the PSF stars were calibrated in two dimensions. 22 20-06-2006 3907 2 058 1.189
Only one single exposure was taken per mask and per epoch.23  27-06-2006 3914 1 0.41 1.145
For this reason, the usual cosmic-ray rejection scheme appliedto23 27-06-2006 3914 2 0.50 1.133
multiple images could not be applied. Instead, we used the L. A. 24 27-07-2006 3944 1 0.74 1.316
Cosmic algorithm (van Dokkur@007), that can handle single 24 27-07-2006 3944 2 0.76 1.204
images. We visually inspected the cosmic-ray corrected images 22 03-08-2006 3951 1 0.73 1.246
to check that no data pixel waffected by the process, especially 22 gigigggg igg% i 823 iigg
in the emission lines and in the data with the best seeing. 26  13-10-2006 4022 > 052 1300
We removed the sky background in afdient way in the 27 28-10-2006 4037 1 057 1.148
spectra of the PSF stars and in those of the gravitational lens. 27 28-10-2006 4037 2 0.53 1.138
For the PSF stars, which are small compared with the slit 28 10-11-2006 4050 1 0.89 1.515
length (19), we used the IRAF taskackground. This task 28 10-11-2006 4050 2 0.88 1.323
fits a second order Chebyshev polynomial in the spatial direc- 29 27-11-2006 4067 1 0.87 1.255
tion to the areas of the spectrum that are not illuminated by the 29 27-11-2006 4067 2 0.92 1391
object, and subtracts it from the data. As the lensing galaxy in 30 19-12-2006 4089 2 1.04 2.125
QSO 2237%0305 is larger than the slit length, this procedure is sl 32}_5_%882 iggg % 8'32 g'gig

not applicable. Instead, we used the slits positioned on empty
sky regions of the FORSL1 field of view, and located next to the
gravitational lens. The sky was fitted to these slits and removed
from the slit containing the images of QSO 223B05.

3.2. Flux cross-calibration
1 IRAF is distributed by the National Optical Astronomy .
Observatories, which are operated by the Association of Universiti§ice the cosmic rays and sky background were removed, we
for Research in Astronomy, Inc., under cooperative agreement with @gplied a flux cross-calibration of the spectra as described by
National Science Foundation. Eigenbrod et al.Z0064, using the four PSF stars. The spectra
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Fig. 3. Spectra of the four PSF stars. The spectra in each panel coffea. 4. Flux correction for diferent epochs with respect to the ref-
spond to diterent observing epochs, chosen to span the full length efence epoch # 214—-11-2004). Each panel corresponds to one of
the monitoring. The IDs of the observing epochs, as given in Tablethe 4 PSF stars visible in Fi@. In each panel, the dotted line shows
are indicated. The éierences in flux are mainly due to the presence ake ratio of the spectrum of one PSF star taken at a given epoch and the
thin clouds. The purpose of using these stars as flux cross-calibratorspsctrum of the same star taken at the reference epoch # 2. The curve:
precisely to eliminate theseftirences, both in intensity and shape. are polynomials fitting the data. Importantly, the correction derived at
a given epoch is about the same for the four stars. The mean of these
four curves is used to correct the spectra of the Einstein Cross images.
of these stars are shown in Figfor five different observing The small parts of the spectra with strong atmospheric absorption are
epochs. Our observations show that these stars are non varidpfsked. The dierent spectral ranges are due téefient clippings of
We created a ratio spectrum for each star, i.e. we divid8tf SPectra by the edges of the CCD.
the spectrum of the star by the spectrum of the same star for a
chosen reference exposure. We chose legb2 (14-11-2004)
as our reference exposure because of the excellent weather 8idying microlensing variations of the quasar images requires
ditions at this particular epoch for both seeing and sky tranery accurate deblending.
parency. The computation of these flux ratios was done for all In order to carry out this challenging task, we used the spec-
four stars in each exposure and we checked the compatibilitgl version of the MCS deconvolution algorithm (Magain et al.
of the response curves derived with the foufetient stars are 1998 Courbin et al.2000, which uses the spatial information
compatible (see Figl). If not, we rejected one or a maximumcontained in the spectra of the PSF stars. The algorithm sharpens
of two of the PSF stars. This can happen in some exceptiotiz spectra in the spatial direction, and also decomposes therr
cases, e.g. when the alignment between the star and the sliiie a “point-source channel” containing the spectra of the two
not optimal and generates a color gradient in the spectrum of tgasar images, and an “extended channel” containing the spec-
misaligned object. Aside from this instrumentdleet, the ob- trum of everything in the image that is not a point source, in
servations show no trace of intrinsic variability of the PSF starthis case, the spectrum of the lensing galaxy. In Bjgwe il-
After checking that the correction spectra obtained for tHestrate the process and thetdrent outputs. In FigZ, we show
four stars were very similar, we computed their mean, which vi@w similar the spectra of the lensing galaxy are, extracted ei-
took as the correction to be applied to the gravitational lens. THeer from two diferent masks or from data taken affelient
high stability of the corrections across the field demonstrates tieg@iochs, hence illustrating the robustness of the deconvolution
all residual chromatic slit losses due to the atmospheric refrdechnique. In Fig8, we give an example of decomposition of the
tion are fully corrected. This correction is eased by the fact thalata into the quasar and lens spectra after integrating along the
(1) the position angle of the masks is the same for the quaspatial direction. The lensing galaxy spectrum shows no trace of
images and for the PSF stars (i.e. the PSF clipping is the saife residual quasar BELs. Even when the contrast between the
for the target and the reference stars); (2) we avoid observatiop@sar and the galaxy is particularly large, the decomposition is
at large airmasses (i.e. never larger than 2.5); and (3) the atraeeurate. For example, the Calk-K doublet in the lens spec-
spheric refraction corrector on FORS1 is veflyaent. trum is well visible, in spite of the presence of the strong quasar
C1v emission in the same wavelength range.

3.3. Deconvolution

. . L 3.4. Cross-check with the OGLE-IIl light curves
The lensing galaxy in QSO 2230305 is bright. Its central parts

have a surface brightness of approximately 18 famageé in  After reduction and spatial deconvolution, we obtained the ex-
the R band, which is comparable to the quasar images. Hertcacted spectra of quasar images A and D on 8@udint epochs,
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Fig. 5. Left portion of the VLT 2D-spectrum of quasar images D and A, taken on epoch # 25 (03-08-2006), on which are indicated the main
spectral features of either the quasars or the |I€ester left spatially deconvolved spectrum. The two quasar images are very well separated.
Center right spectrum of the lensing galaxy aloriRight residual map of the deconvolution after subtraction of the quasar and lens spectra. Note
that the residuals are displayed with much narrower cuts than those used in the other panels. The darkest and brightest pixels ce/8espond to
and+3o respectively. No significant residuals of the spectral features are visible.
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Fig. 6. Deconvolved and extracted spectra of quasar image A for five observing epochs. Chromatic variations in the spectra are conspicuous witr
the blue part of the spectra being more magnified than the red part.

and of B and C on 28 dierent epochs. Several extracted spectshift the OGLE-III light curve by-0.5 mag with respect to the

of image A are shown in Fig6. As a sanity check, we com- published values. Interestingly, this shift is not needed when we
pared our results with the OGLE-III photometric monitoring o€ompare our results with the previous OGLE data from the pro-
QSO 223%0305 (Udalski et al2006. We integrated our quasarvisional calibration presented in the years 200@06. The pre-
spectra in the correspondiMiband to estimate, from the specvious OGLE data also agreed with the photometry of Koptelova
tra, the photometric light curves as if they were obtained froet al. 009. This changed when Udalski et a2006 reviewed
imaging. In Fig.9, we compare our magnitude estimates wittheir calibration and gave image D a larger magnitude of approx-
the actual OGLE-IIl measurements. The overall agreementinsately Q5 mag. They stated that the steep rise of brightness of
very good for images A, B, and C. For image D, we have tmage D at the end of the 2000 OGLE-Il season leaded to an



158 CHAPTER 7

652 A. Eigenbrod et al.: Microlensing variability in the Einstein Cross. I.

16.5 =

e - E

F onsmpanto vl S g Ifﬁ ]

R e S RS AU R

F ————t———f————F+—+—+F+F

175 o E

C =i, Z !ﬁ % ﬁ:

= 18 = -
= ~ F wrweipit E
« 5 18.5 o E
g Evs EH
7 > [C ]
7 18 £ ,E o -
ap Ce §
f £ oﬂ("ﬂﬁ' ]
o . 4
E T Min ]

b 85, s Ry
o E ———————f———t—+——+—F—+
= 17.5 FD—-0.5 mag E
= C 7
S 18 = I 24
£ e ;‘,.,,,....,-Ju:gi ‘rm- i gt ]
B U U BN B

g e

E‘ 1 -seeing . .o

0 r . s " B

4 [+mask1 © I s 5, ]

S, 0.5 emask 2 e " & . -

L. L \ [ L]

I I I I
3400 3600 3800
HJD-2450000

I
3200

Fig. 7.Deconvolved and extracted 1D-spectra of the lensing galaxy. TR. 9. OGLE-III light curves (Udalski et al2006 of all four quasar

two panels correspond to the two MOS masks. The shaded areasimages from April 2004 to December 2006 (dots), compared with the

the envelopes containing all the spectra of the lens obtained with tifeotometry derived by integrating our VLT spectra through the OGLE

corresponding mask. The thick black lines are the means. Note the sivaband (dark triangles). The 1-sigma error bars correspond to the pho-

scatter between the two spectra. ton noise in the spectrum. We shift the OGLE-III light curve of image D
by —0.5 mag with respect to the published values. The bottom panel dis-
plays the seeing values for each observations.
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leading to the observed shift between our data and the OGLE-III
light curve of image D. However, aside from this shift, the agree-
ment between the OGLE photometry and our integrated VLT
spectra is also very good for image D.
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4. Multi-component decomposition

Different emission features are known to be produced in re-
gions of diferent characteristic sizes. As microlensing magnifi-
cation varies on short spatial scales, sourcesfééidint sizes are
magnified by difering amounts (e.g. Wambsganss etl&90.
Emission features from smaller regions of the source are more
highly variable due to microlensing than features emitted in
more extended regions. In order to study the variation of each
spectral feature independently, we need to decompose the spec
tra into their individual components.
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In our analysis of the 1-D spectra of the four quasar images,
Ki/follow the multi-component decomposition (MCD) approach

Fig. 8. Example of a spectral decomposition. The top panel shows tRe c Niatri : f
two extracted spectra for the images A and D for the observations ta nIIIS et al. 1985 Dietrich et al.2003 implemented in Sluse

on epoch # 25 (03-08-2006) with mask 1. The extracted spectrum of i al. 007. This method is applied to the rest-frame spectra,

lensing galaxy, in the bottom panel, shows no trace of contamination 8ySUming they are the superposition of (1) a power law con-
the quasar BELs. For clarit D by a factor of two. tinuum, (2) a pseudo-continuum due to the merging ofiFe

and Fain emission blends, and (3) an emission spectrum due
to the other individual BELs. We consider the following emis-
overestimate of the extrapolated magnitude for the beginningsién lines : Qv 11549, Har 11640, O 11664, Al 11671,
the 2001 OGLE-III season. But this is now discrepant with th&l 11 11857, Siit 11892, Ciit 21909, and Mgr 42798. All these
photometry of Koptelova et al2005. We think that the new features are fitted simultaneously to the data using a standard
extrapolation of the light curve of image D from the end of sedeast-square minimization with a Levenberg-Marquardtbased al-
son 2000 to the beginning of season 2001 might be uncertajorithm adapted from the Numerical Recipes (Press é686.
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Fig. 10. Multi-component decomposition of the spectrum of the brightest quasar image, A, taken on epoch # 2 (14-1Th20@#)er panels
show the detailed spectral decomposition of the BELs, whiéemiddle panetiisplays the entire spectrum. The continuum is indicated as a dotted
curve. The Gaussian lines and iron pseudo-continuum templates are shown below the séwirbottom panek the residual for each pixel
normalized by the photon noise per pixel (i.e. thaxis is the residual flux in units af).

In the first step, we identify the underlying nonstellar powefigure 10 shows an example of the fitting decomposition de-
law continuum from spectral windows that are free (or almostribed above.
free) of contributions from the other components, namely the
iron pseudo-continuum and the BELs. We use the windows
1680 < 1 < 1710 A and 3020< 1 < 3080 A. After visual 42 Results
inspection of the iron templates by Vestergaard e2l00, we  1pe jight curves for the continuum and for the emission lines

do T/St exrﬁ)ect stignificzt;lhnt iron etmilssiontm these windows(.j . can be constructed from the above multi-component decomposi-

M ec afat%e”ze el spectral COE.'Tlutum (?fasure N 1ith. We show in Figllan example of variation in the brightest
restframe) with a power la, o v, which translates in wave- g ;asar image, A, for the continuum and for two BELs. The er-
length tof, o« A%t with the relationy, = —(2 + a,), i.e.

ror bars give the photon noise, integrated over the corresponding
1\ 1)@ wavelength range. In the right panel of Fiiyl, we show the
f= fo(—) = fo(/l_) variability of the continuum in intensityfp, and in slopeg,,

0 for the 4 quasar images. It is immediately clear that the con-
wherely = 2000 A and where, is the commonly used canoni-tinuum variations with the largest amplitude are observed in
cal power index. image A, between HJB= 3600 and 3900 days, and in im-

Next, we fit the BELs with Gaussian profiles. We considerage B between HJB 3300 and 3500 days. These variations are
sum of three profiles to fit the absorption feature in the Emis- accompanied by an increase in steepness, i.e. when a quasar im-
sion line. Two profiles are used for theriCline and one single age gets brighter, it also gets bluer. This is particularly obvious
profile is used to fit simultaneously themand Al lines. All  in Fig. 12 wheref, anda, are strongly correlated for images A
other BELSs are fitted with one single profile. We then subtragnd B, indicating that significant microlensing events occured in
the BELs and the continuum from the spectra. We consider tHgse two images.
residuals as coming from the emission blends oftlead Fair. Inaccurate alignment of the quasar images in the slit of the
Hence the averaged and normalized residuals over all eposhsctrograph is a possible instrumentéet that can mimic mi-
define our first iron pseudo-continuum template. We can thermlensing changes in the spectral slope of the quasar images.
proceed iteratively by including this pseudo-continuum iromdeed, small clipping of one of the quasar images would lead
template in the fitting procedure and rerun it. This gives ta a stronger flux loss at the bluer wavelengths, hence produc-
better fitting of the emission lines and defines an improvéag a color gradient in the spectrum and a decrease in the mea-
iron pseudo-continuum template. After five of these iterationsiyred valuar,. We have checked all the “through-slit” images
typically the fitting does not change significantly anymorgaken before each spectrum. Not only do these images show that
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top to bottom. The continuum is integrated over the entire available wavelength range. In each panel, we fit a scaled version (solid line) o
OGLE-III light curve (Udalski et al2006. This nicely illustrates that the BELs vary simultaneously and proportionally to the contirfigimt
variability of the best-fit parametess and fy of the continuum (see Seet.1). Note how the changes in slope of the continuug) {ollow those

of the mean intensityff).
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tinuum spectra for all four quasar images. The points are connect

fy

We have also checked that our fitting procedure does not in-
troduce any spurious correlation betwagnand f,. We check
this by using simulated spectra. In order to do that we take a
reference spectrum for each quasar image and subtract its con-
tinuum. We then take random pairs af,( fo) parameters so that
the @, vs. fp plane is well sampled. We chose 400 such pairs
and create the corresponding continuum to be added to the ref-
erence spectrum. The decomposition procedure is then run on
the 400 spectra. We find no correlation at all between the mea-
sureda, and fp. In addition, the parameters used to build the
simulated spectra are almost perfectly recovered by the decom-
position procedure.

We conclude that genuine chromatic variations are present
in the continuum of all images of QSO 2287305. The fect is
most pronounced in image A during the last observing season,
and in image B at the beginning of our monitoring. We show
in the following that these observed variations are, in addition,
well compatible with the OGLE-IIl single-band photometric
observations.

5. Microlensing variability in the OGLE-III
photometry

'Elae photometric variations in most gravitationally-lensed

chronologically. The first observation epoch is marked by a star aH§@sars are dominated by the intrinsic variations of the
the last one by a square. The correlation is obvious in images A andlBasar, typically of the order of.®-1.5 mag, hence making
spanning a broad range of spectral slopes. In these two images, afigm useful to measure the time delays between the quasar
crease in intensity is accompanied by an increase in steepness, i.e. vill@ges. Microlensing variations are usually smaller, in the
a quasar image gets brighter, it also gets bluer.

range 005-0.1 mag (e.g. the lensed quasars B 16084 by
Burud et al.200Q RX J091%0551 by Hjorth et al.2002
SBS 152@-530 by Burud et al2002h FBQ 095142635 by

the alignment is correct, but it is also very easily reproduciblakobsson et a2005.
from one epoch to another, even when the FORS1 has been dis-The Einstein Cross is fierent from this general behavior
mounted from and remounted on the telescope.

in two ways: (1) the time delays between each pair of images
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are constructed to match the variability properties of the actual
light curves, i.e. their timescale and amplitude of variation (for
further details see Eigenbrod et 2D05. We recover the sim-
ulated intrinsic light curve of the quasar with a typical error of
less than 0.1 mag. The variations of more than 0.4 mag, shown
in Fig. 13, both for microlensing and quasar variations, are well
above the error estimated from the simulated light curves. In our
simulations, we adopt the same photometric error bars as in the
light curves of all quasar images, i.e. the re-scaling of the error
bars described above in the real data is taken into account. If, on
the contrary, we adopt error bars that follow the photon noise,
the fitting procedure considers the highest signal-to-noise light
curve as the intrinsic quasar light curve.

The light curve mostféiected by microlensing is that of ima-
ge B, with a peak-to-peak amplitude of more than 0.7 mag over
3 years. The other quasar images show microlensing-induced
variations of up to 0.4 mag, with quasar image A having a sharp
event during the last observing season. The intrinsic quasar light
curve displays a variation of about 0.4 mag.
R S S - R The polynomial decomposition of the light curves are com-
3000 8800 9000 e 00 00 patible with the spectroscopic results. Quasar images A and B,

which have the largest microlensing contribution in Fig, re-

. » o spectively at HID- 3500 days and HIB 3900 days, also have
Fig. 13. Decomposition of the OGLE-Ill photometric light curvesg sharp rise i, at the same epochs.

(Udalski et al.2006 of the quasar images, into intrinsic quasar vari-
ations and microlensing-induced variations (see ScfThe intrinsic
variations are shown at the bottom of the figure as a continuous line, , ,. - T
while the pure microlensing variations are the data points. The cu lecrmensmg variability in the spectra
are shifted arbitrarily along thg-axis for clarity. The tickmarks at the chromatic variations of the continuum of images A and B of
top show the epochs of our observations. QSO0 223%0305 are clearly seen in our data. In additiorfieti
ential magnification of the continuum with respect to the BELs
is also seen in all four quasar images. Suffeas have already
are expected to be of the order of one day, hardly measura Sen observed by Lewis et alL998 and Wayth et al.Z009,

gnd EZ) the microlensing \_/ar|(|e1t|or}s domlnbate; t_hle I'gk:lt .CU:V gt only for data over two epochs. Our VLT spectra allow us to
Fort ise two reasons, rt?lcro ensing canme lalry Wﬁ |fso ateGliow the variations over two full years, provided the intrinsic
in each quasar image, because it actedéntly on the four \riations of the quasar are removed.

sightlines.
To separate the intrinsic flux variations of the quasar from the
microlensing ones, we perform a polynomial fit to the OGLE-II6.1. Continuum and BELSs relative magnifications
light curves (Udalski et al2006§ of Fig. 9. This simple and
fully analytical method has been developed by Kochanek et
(2006, and is also described by Vuissoz et &007. In the
present application, the variations of each quasarimage are
eled as a sum of two Legendre polynomials: one polynomial
common to all four quasar images and represents the intrin
variations of the source while a second polynomiafedent for
each quasar image, represents the additional microlensing vari- wi®) M E(t) wi(t) My
ations. In doing so, we rescale the OGLE-IIl error bars of ea€hj(t) = O M E© e () = TOM- e (v i) |
image by a factor equal to the flux ratio between each image and w0 M F@O (O M
image C. This rescaling suppresses the potential problem exigie extinction e remains constant in time and is relatively
ing if the fitting procedure considers the variation of image imilar in all four quasar images as we show in S8 Hence,
(with the highest signal-to-noise) as the intrinsic variation of theig not expected to stronglyfiect our results and we will ne-
quasar. The chosen order of the polynomial is 7 for the '”"'”%‘?ect it in the following. The macromagnificationd are best
variation, and 10 for the microlensing variation. Higher orde{stimated in the mid-IR and radio domain (Falco et1£196
polynomials do not significantly improve the fit. The results argqq| et al.2000. At these wavelengths, the source size is much
displayed in Fig13, where the intrinsic variation of the sourc§, ger than the typical spatial scale in the microcaustics network,
recovered by the simultaneous fitis shown together with the pyjgnce leaving it fairly uriected by microlensing (i.¢; = 1).
microlensing variations. _ . By multiplying R;j by M;/M;, using the mid-IR observations, we
We check the fiiciency of our method by generating artifing the pure-microlensing magnification ratios:
ficial light curves and then using the above polynomial fit to
recover the intrinsic and microlensing light curves. These arti- wi(t)
ficial light curves are generated in the same way as describediilgt) = #—(t) ’ @
Eigenbrod et al.Z005, and are composed of an intrinsic light :
curve to which we add microlensing fluctuations. Both are crén Fig. 14, we show the variations ofj (t) for the integrated flux
ated in a random walk manner (i.e. not from polynomials). Theg the main emission lines and in the continuum. We plot in the

— ———— T
[ 111 LTI FIati
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b

2.5

Magnitude V (Relative Units)
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Iince the time delays in QSO 2287F305 are negligible, taking
e ratio between the above quantities in pairs of quasar images
%p_cels the intrinsic variations. L&{(t) be the intrinsic source
X, andM;, u; be the macro and microlensing-magnifications
gf quasar image respectively. The observed flux ratio between
images andj at timet is then:

@)
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figure all possible combinations of image ratios. Several inteFable 2. Mean microlensing ratios for the continuum and for the main
esting results can be drawn from this figure: BELs. The mean values fohp = ua/up andrep = us/up are com-
) . . _ puted for the observations around the epoch in the HJID line, i.e. during
(@) With the exception ofrgp during the last season (i.e.microlensing events or during quiescent phases. The values are given
HJD> 3900 days), none of the ratiog are close to 1, mean- along with the dispersion of the points around the mean.
ing that microlensing is acting at least in three quasar im-

ages during the entire monitoring. The evidencerfgr ~ 1 (FaD) {TaDy () )
when HID> 3900 days supports the absence of significant HID 3900 d 3500 d 3500 d 3300d
microlensing in images B and D during the last observing State Micro-A Quiet-A Micro-B Quiet-B
season. Cont. 3.46+ 0.24 2.65+0.18 1.28+0.12 0.79+ 0.05
(b) All the BELs haverjj; # 1 (exceptrgp). Ther; ratios in the Crv 2.89+0.13 290+ 0.11 1.22+0.11 1.15+0.07
BELs generally closely follow the value measured for the Hem  3.01+0.55 2.70+0.33 1.50+0.23 1.39:0.10
continuum. This demonstrates that the BLR is small enough ™ 2.71+0.07 2.54:0.09 1.17:0.09 1.02+0.04
. - - - Mg 2.49+0.10 2.40+0.10 0.88+0.09 0.91+ 0.04
— probably not larger than a few Einstein radii of a typical Folltll 2564023 205:017 099 015 075009
microlens in QSO 223#0305- so that the BELs can be sig- . . . - . . . .
nificantly afected. In addition, the variations observed in the
BELSs are correlated with those in the continuum.
(c) The largest changes of magnification ratios involve images

A (for HID ~ 3900 days) and B (for HIB 3500 days). This we note that the Fe+iil complex in image A is microlensed at

is seen already in Fid.3, but the ratios shown here allow usabout the same level as the Mdine. In addition, the dference

to make sure that the variations are only due to microlensirigmagnification of the Fe+ii lines between a microlensing and
(d) The ratiosraj andrc; deviate significantly from 1 during a quiet phase is larger than for the other lines. This may sug-

the whole observing period. As an example, we measugest diferential magnification of the emitting regions within the

in the continuum (resp. @) rap ~ 2.6 (resp. 2.8) for Fei+iil complex, i.e. that the Fe+ii is present both in compact

HJD < 3900 days andcp ~ 1.6 (resp. 1.6). Interestingly, and more extended regions, a conclusion also reached by Sluse

these ratios have remained roughly the same since the beginal. 2007.

ning of the OGLE-IIl campaign (i.e. HIB 2000 days). Our

values ofrap andrcp are also similar to the value measure% . )

in the HB emission line in August 2002 (HJB 2496 days) ©-2- Line profiles

by Metcalf et al. 2004. This strongly suggests that im-\ve have discussed in the previous sections the global inten-

ages A and C arefiected by long-term micyailli-lensing  sjty changes in the emission lines of QSO 228305. We

on periods longer than 5 years. _ _now investigate the possibility of a change in their profile.
(e) The ratiorcp is the most stable ratio along the monitorgych profile variations may be caused bytetiential magni-

ing campaign, indicating that no major (short) microlensingation of regions with derent velocities in the BLR. This

event occured in images C or D. can introduce, e.g., asymmetric changes or even peak dis-

Because of (b) and (e), we can safely consider that during tl@cement of the line (Lewi998 Abajas et al.2002 Lewis
time span of our observations, image D is the le§scaed by & Ibata 2004. Observatlgnal evidence for profile variations
microlensing, both on short (i.e. of the order of a few week§ps been reported, e.g. in HE 2149-27 (Burud e2@D23;
and long timescales (years). This is consistent with the bro&PSS 10044112 (Richards et a004 Gomez-Alvarez et al.
band micro]ensing ||ght curves of F|g3 2006, SDSS J09240219 (Elgenbrod et a|20063, and

We use image D as a reference to study the “short” nfRXJ 113+1231 (Sluse et ak007).
crolensing eventsfiecting image A at HID- 3900 days and  We study the variability of the emission lines in the four
image B at HID~ 3500 days. During both events the emissiofuasar images using the continuum-subtracted spectra obtained
lines are not magnified by the same amount (E#. from the decomposition procedure of Settl. We concentrate

To quantify this, we compute in Tabl2 the mean values on the G emission line, which is easily decomposed into a sum
of rap andrgp during microlensing events and in more “quiesof two components with full-width-half-maximum values about
cent’ phases. For image A (i.eyp), we clearly see in this table 1100 kms* and 5000 kms'. We will refer to these compo-
that Crv, Cur and Her show very similar magnification ratios, nents in the following as the “narrow” and “broad” components,
while the Mg line is less magnified. although the dierence made here between narrow and broad is

All the lines are less magnified than the continuum, consienly phenomenological. In particular, the narrow component is
tent with a scheme where the continuum is emitted in the mdwt associated, a priori, with the narrow line region (NLR).
compact region, and where other emission lines are emitted in We measure the microlensing magnification ratio
larger regions, the largest region being the one with the low{narrow)ui(broad) for the QGu emission line in each
est ionization potential (i.e. Mm). Indeed the ionization poten-quasar image. In image A, the magnification of the broad
tials of the diferent lines are 47.9 eV (@), 24.6 eV (Hai), component is~1.8 times larger than the magnification of
24.4 eV (Cm), and 7.6 eV (Mgr). The diference of magnifi- the narrow component, and this does not change drastically
cation between @1 and Mgir was not observed by Wayth et al.along our whole monitoring campaign. In the other quasar
(2009. For image B, the same global trend is observed exceptages, the microlensing-magnification of the narrow and broad
that the relative errors on thgp ratios are higher due to thecomponents are comparable. This implies that the €mission
lower signal-to-noise ratio of the spectra of image B. THie@ line is microlensed globally in all images, except in A. In the
is almost absent wheryp andrgp are computed in quiescentlatter image, the broadest part of the line is more microlensed
phases of components A and B. than the core, indicating that the broadest component of the

The behaviour of the Fe+il emission is more diculttoin- C1x emission is emitted in a more compact region than the core
terpret, as this complex is in fact a blend of many lines. Howeveif, the emission line.
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Fig. 15.The Crv (left) and Ci (right) BEL profiles for quasar images A, B, C and D as observed at epoch # 1 (14—10-2004, dotted) and epo
# 24 (27-07-2006, solid). The first epoch is used as a reference while the second epoch falls within the high-magnification episode that oct
at HID~ 3900 days in image A (Sed.2). In order to properly show the extra-magpnification of the line wings during the strong microlensing
episode of image A, we have multiplied the line profile in A observed on 14-10-2004 by a factor 1.05.

The core of the narrow @1 emission line is probably as-the line into three emission components plus an absorber-like
sociated mainly with photons emitted by the NLR: we obserfeature.
nearly the same magnification ratio between the narrow and the 1, |50k for distortions in the line profiles of images B, C

Erct)ad corPhponents ofé{he I(B etrt?issbion (Ijine thaf_‘ i$ re‘?.Ortedand D, we normalize the continuum-subtracted spectra of all im-
etween the narrow O and the broad I emission lines o404 5q that they share the samer €entral intensity. The re-

(Metcalf et al.2004. This gives a hint that the narrow com-q ;s js shown for selected epochs in Fig With this choice of

ponent of the @it emission line may be partly emitted by the,;mization and in the absence of microlensing, the Bes
NLR. at a single epoch would match perfectly. It is conspicuous in
However, we do not measure the same microlensingig. 16 that this is not the case. First, we clearly see tfiect
magnification ratiosj; in the narrow G emission as those of differential magnification between the core and the wings of
measured by Metcalf et al2Q04 in the narrow Qi emission image A at all epochs (the wings of I in image A are al-
line. Thergc, rep, rep ratios measured by these authors are simivays larger than in the other emission lines). The emission lines
lar for the H3 BEL and for the narrow @1 emission line, butare in B, C, and D are more similar to one another but there is no
different from 1, which may be interpreted as a consequencespbch where the three line profiles match perfectly, indicative
the microlensing of the NLR. If the NLR is indeed microlensedhat small microlensing fluctuationffact the Qi line. Image C
the discrepancy between our values and the ones by Metcalf eaddo shows line profile variations, even though tifed is less
(2009 can simply be explained by the fact that the amplitude pfonounced than in image A. Finally, we note the absence of any
microlensing changes with time. However, there are also twtrong line profile variations of image B during the short-term
other possible explanations. First, the size of thi&t ®mission microlensing event occuring in that image at HJ3500 days.
region might be comparable with the size of the macrocaustic of
the lensing galaxy, such that tha®lensed images are extended
and can be resolved by integral field spectroscopy (Metcalf et &I3. Differential extinction by the lensing galaxy
2004 Yonehara2006. This may lead to uncertainties in the
flux measurements depending on the chosen size of the apdost of the magnification ratios;; fluctuate around a mean
ture. Finally, the discrepancy may be explained as well in ternaglue. The fluctuations themselves can only be explained by mi-
of extinction by the lens (see Seé6t3). crolensing, but the value of the medn;) is usually diferent
The details of the @ profile also show variations. Our speci’oM 1 during our observations. This can, in principle, be ex-
tra show evidence for systematic broadening~1p% of the Plained either by long-term microlensing or by non variable ex-
C 1 emission line in quasar image A during our last observirffiction by dustin the lens.
season (HJD> 3900 days; Figl5). In addition, we note ev- In order to test the latter hypothesis, we use a simple and
idence for variations in the central parts of thevCemission empirical diagnostic using ratio spectra of pairs of quasar im-
lines in all components and at most epochs. An example of thegges. In the absence of reddening and microlensing, these ratic
variations is shown in Figl5. Their interpretation will be much spectra should be flat. If dust is present iffetient amounts on
more complex than for the @ due to the decomposition ofthe lines of sight of the images, the ratio spectra will show a
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Fig. 16.Comparison of the @1 BEL profiles of images A, B, C and D of the lensed quasar QSO 22305 on 6 diferent epochs. The line profiles
are normalized so that they have the same peak value. This representation illustratffertrecdiin the line profiles of the 4 lensed images at
several epochs. The most strikinffext is the larger wings observed at all epochs in image A. These larger wings are causédrbytil
microlensing between the wings and the core of tha {he. Small microlensing induced fluctuations of the lines profiles are also observed in
images B, C, and D. The epochs are chosen to sample the whole observing period.
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non-zero slope, constant with time. Any time-variable change BELs like Civ, C111, are more magnified than lower ionization
slope can safely be attributed to microlensing. lines like Mgil. This is compatible with reverberation mapping

We find that the most useful pairs are the ones formed kjudies and a stratified structure of the BLR. There is marginal
A&C, B&C, and C&D. Indeed, the [ ratio spectrum is found evidence that regions of fiiérent sizes are responsible for the
to be almost flat all along the years, indicating no significaffeii+ii emission.
differential extinction. This is not the case for the two other Finally, we estimate the fferential extinction between pairs
pairs of ratio spectra which show reddening of image C relaf quasar images due to dust in the lensing galaxy to be in the
tive to both A and B, as also reported by Yek988. We es- range 0.1-0.3 mag, with images C and D being the most red-
timate this diferential reddening using the extinction law bylened. This amount of fierential extinction is too small to
Cardelli et al. (1989) and by assumifRy = 3.1. We find that explain the large microlensing-magnification ratios involving
the diferential extinctiorAy(C) — Av(A) =~ Ay(C) — Ay(B) isin images A and C. Long-term microlensing, beyond the duration
the range 0.1-0.3 mag. This range of values fcant to ex- of our observations, is therefore present in these images.
plain the discrepancy found between theratios measured in The timescales of the microlensing variations in
the Cur narrow component and in @ of Sect.6.2 QSO 223#0305 are such that each microlensing event

Finally, our estimates of the extinction in the lens are tdasts about one observing season (i.e. 8 months), with gaps of
small to explain the highest values of the mean magnificatiseveral months between events. This means that a relatively
ratios observed in Figl4 and Table2. For instance, the meanloose observing rate of 1 spectrum every 15 days figcsent to
of therag Or rap ratio reaches values larger than 2. Static, longample the events well enough. In addition, the Einstein Cross
term microlensing is therefore present in the Einstein Cross,igithe lensed quasar with the fastest and sharpest microlensinc
leastin images A and C. events. It is therefore unique in the sense that only a few
years of monitoring can truly constrain the quasar structure on
parsec scales (Kochan@€k04. In addition, in the case of the
Einstein Cross, the very flierent behaviours of the BELs and
This paper presents the first long-term (2.2 years) and weite continuum with respect to microlensingen cqnsiderable
sampled spectrophotometric monitoring of a gravitationallyope to reconstruct the two types of regions independently,
lensed quasar, namely the Einstein Cross QSO £a305. The Using ray-shooting simulations.
mean temporal sampling is of one observation every second With two more years of data, we expect to map a total of up
week. The observations are carried out with the VLT in a novél half a dozen microlensing events in the four quasar images,
way, using the spectra of PSF stars, both to deblend the quégfice providing a unique and useful data set for microlensing
images from the lensing galaxy and to carry out a very acca?d quasar studies.
rate flux calibration. This paper, the first of a series, describes
the observations and the techniques used to extract the scientifiiowledgementswe are extremely grateful to all ESO téor their excel-
information from the data. lent work. The observations presented in this article have involved a lot of ef-

Detailed inverse ray-shooting simulations will be needed (315107 e £56 sacberans FORSL o orurs secuae ond eposicble
infer quantitative 'nfor_matlon on th_e internal structure of thgqueste% seein’g value.pThis projec’:Jt is partially Eupported ’;Jy t%e Swiss National
lensed quasar, and will be the topic of the future papers. T8&ence Foundation (SNSF).
main observational facts that these simulations will need to take
into account can be summarized as follows.
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7.6 Paper presenting the determination of the energy pro-
file of the accretion disk in QSO 2237+0305

Microlensing variability in the gravitationally lensed
quasar QSO 2237+0305 = the Einstein Cross

II. Energy profile of the accretion disk

A. Eigenbrod, F. Courbin, G. Meylan, E. Agol, T. Anguita, R. W. Schmidt, &
J. Wambsganss
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ABSTRACT

We present the continuation of our long-term spectroscopic monitoring of the gravitationally lensed quasar Q8I3@23We
investigate the chromatic variations observed in thgdptical continuum of both quasar images A and B, and compare them with
numerical simulations to infer the energy profile of the quasar accretion disk. Our procedure combines the microlensing ray-shooting
technique with Bayesian analysis, and derives probability distributions for the source sizes as a function of wavelength. We find that
the dfective caustic crossing timescale i®4 1.0 months. Using a robust prior on thffextive transverse velocity, we find that the
source responsible for the Waptical continuum has an energy profile well reproduced by a poweRlaw¢ with £ = 1.2 + 0.3,

whereR is the source size responsible for the emission at wavelehgthis is the first accurate, model-independent determination

of the energy profile of a quasar accretion disk on such small scales.

Key words. gravitational lensing — quasars: individual: QSO 228305 — accretion, accretion disks

1. Introduction Our target is QSO 22370305. It was discovered tuchra
. . t al.(1985 during the Center for Astrophysics Redshift Survey,
Soon after quasars were discovered, it was suggested that is also known as “Huchra’s lens” or the “Einstein Cross”.

are powered by the accretion of gas on to supermassive bIgCi probably the most studied gravitationally lensed quasar. It
holes at the centers of galaxies. Since the infalling matter Nassjsts of @, = 1.695 source gravitationally lensed into four
non-zero angular momentum, it forms a disk spinning around thgages arranged in a cross-like pattern around the nucleus of a

pentral black hoIeI(ynden-BeII 1969. Viscosity within the disk 7 = 0.039 barred Sab galaxy. The average projected distance of
is thought to result in an outward transfer of angular momentUge images from the lens center i90
thereby allowing the material to spiral gradually inward, heating tational lensing i h ic.in th h h
the disk and causing it to emit intensely over a wide range of Cravitational lensing is achromatic, in the sense that pho-
wavelengths$hields 1978 tons are deﬂec_ted_ the same way regardless (_)f their wavelength.
Despite the numerous studies addressing the subject, tHélP vever, lensing is sensitive to the source size, and guasar ac-
j‘r;e ion disks are known to vary chromatically from the center to

are still very few direct observational constraints on the sp edae. As a consequence. microlensing of the disk by stars
tial structure of quasar accretion disks. Quasars are locate ogtatec?iri the lensin qalax v,villf‘%nect the gasar images inyde-
cosmological distances, and it is particularlffidult to observe 99 Y qu 9

: : : . ; : . dently, inducing chromatic fiérences in the spectra of the
the inner regions of these objects. Direct imaging of the innBEN ; i i
milli-parsec of a quasar would require angular resolutions on t ages Q.uambsganss & Pachgki .1993' Thege erences are
order of micro- or even nano-arcseconds. There is currently |(Bectly linked to the energy profile of the disk, i.e. the scaling

instrument capable of such performance. Fortunately, nature ggween the wavelength and the corresponding size of the source

provided us with a cosmic magnifying glass in the form of gra\?-
itational lensing, which helps to resolve the source, and to rev
the spatial structure of its most inner parts.

mitting at that wavelength. As a consequence, microlensing-
duced flux variations can be used to constrain the energy pro-
ile of the quasar accretion disk.

Rauch & Blandford (1991) were the first to use this

+ Based on observations made with ESO Telescopes at the Pard@ghnique, and for the Einstein Cross, they found that the
Observatory under program ID 073.B-0243, 074.B-0270, 075.B-035egar-ultraviolet emission regions were smaller than expected

076.B-0197, 177.B-0615. for thermal emission from an accretion disk. However, more
** Table6 is only available in electronic form at modern work in this system and other gravitational lenses
http://www.aanda.org have generally reached the opposite conclusion. For instance,

Article published by EDP Sciences
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Pooley et al(2007) finds that the near-ultraviolet emission re- As observed in Paper |, the extinction remains constant
gions of ten lensed quasars are a factor-e8@ larger than the in time in all four images of the Einstein Cross. The macro-
size predicted by simple accretion disk models to produce thmagnification given in Tabl8 results in a constant magnitude
observed optical flux. In a more quantitative analyMsrgan difference on the order 6f0.1 mag between images A and B.
et al. (2007 use the microlensing variability observed for ninés a consequence, the time variability that we observenris
gravitationally lensed quasars to show that the accretion disk stw@y due to short-term microlensing

is consistent with the expectation from thin disk the@hékura ,
& Sunyaev 19738 However, these sizes are larger, by a factor gf .. _ 25 |Og(r“micrqA) + Mo

~3, than the size needed to produce the observed infrared flux ' ¢

by thermal radiation from a thin disk. . ) )

The Einstein Cross is particularly well suited for microlens¥heremo is a constant. Microlensing depends on the source
ing studies, because of the symmetric configuration of the lensdé&e- Smaller sources are more strongfeeted by microlens-
images, which results in very short time delays, and becausd¥ than larger sources. We also know that bluer photons are
the low redshift of the lensing galaxy, which places the lens&itted closer to the center of a quasar than redder ones.
images in the bulge of the lensing galaxy, where the probabilfience We expect stronger variations\wh at bluer wavelengths
of microlensing by stars is high. Because of this, the Einstei¥ambsganss & Pacigki 199]. . , ,

Cross has been intensely monitored bffedient projects (e.g., . " this paper, we use this chromatic behavior of microlens-
Corrigan et al. 19910stensen et al. 1998\calde et al. 2002 ing to compare the observed variability &win at different wave-
Schmidt et al. 2002 The project having the longest duratior{e_ngths with numerical S|mulat|on§. Using Bayesian analy5|s
and the best sampling rate is the Optical Gravitational Lensifiiilar toKochanek2004 andAnguita et al (2008, we derive
Experiment (OGLE) \(Jozniak et al. 2000&; Udalski et al. the probability distributions for the size of the source emitting at
2006. OGLE has monitored QSO 2238305 since 1997, and & 9iven Waveleng'gh. Thls eventually defines the energy profile of
delivers the most complete lightcurves for this system. the quasar accretion disk. _ )

Unfortunately, these monitoring campaigns are usually con- In_the following, we consider a flat cosmology with
ducted in one photometric band, and hence they can be ué8a» 24) = (0.3, 0.7) andHp = 70 km s~ Mpc™=.
to constrain the source size, but not the energy profile, which
requires at least two band_s. Multi-band monitoring is one ap- npservations
proach, but even moreffective is long-term spectrophotomet-
ric monitoring, as described in our first pap&idenbrod et al. We use two dierent data sets for this study. The first one is the
2008 Paper | in the following). In this previous contributionwell sampledv-band lightcurves of the OGLEproject (Udalski
we describe our observations and data analysis, and report sigal. 200§, from which we select the data between Julian
nificant flux variations in the continuum and broad emissicthays 2453126 (April 30, 2004) and 2454439 (December 4,
lines of the spectra of the four lensed images, indicating tH2207), and which comprises 352 data points. We bin the data
both the continuum emitting region and the broad line region gpeints separate by less than one day, and are left with 181 points
microlensed. for which we recompute the errors as described in Sect.

Quasars are known to vary intrinsically, and in order to ex- The second data set is our deep spectrophotometric mon-
tract the microlensing-induced flux variations, we need to r#gering obtained with the FORS1 spectrograph mounted on
move the intrinsic fluctuations from the lightcurves. In practicde Very Large Telescope (VLT) of the European Southern
we do this by considering theftierence between the light curveObservatory (ESO). In Paper |, we presented the spectra of all
of two images. In the present study we focus on the lightcurvesur quasar images on 31ffirent epochs between October 2004
of images A and B, because they are the two images undergaimgl December 2006. We have now completed one more year of
the strongest flux variations within the time span of our observaronitoring, and a total of 43 fferent epochs spanning more
tions. In the case of QSO 2238305, we can neglect the timethan three years until December 2007 are now available. The
delays between the images, because they are expected to b@wmal of the new observations is given in TafiléNe remind
the order of one day or lesS¢hneider et al. 198&Rix et al. that we use two masks for the spectroscopic observations. The
1992 Wambsganss & Pacagki 1994. We also know that the mask 1 has a slit centered on quasar images A and D, while
observed fluxF of a lensed quasar image is the product of théte mask 2 has a slit centered on B and C. In the present study,
unlensed fluxq of the source, the extinctiorrg and the macro we are interested in the féérence magnitudam between im-

micro.B

and micro-magnificatiopmacro @aNdmicro ages A and B. Thus, we will only consider the epochs where
. both masks 1 and 2 (see Paper I), and hence both quasar image
F = tmicro ftmacro € " Fo. have been observed on the same night. We therefore drop the

epochs with ID 7, 8, 10, and 30, which reduces the number of

As observedhln F5>aper g |m_age| A.'Sﬂeﬁted byhlong_- usable epochs to 39. The reduction and further processing of the
term (more than 5 years) microlensing. Hence the micrfie, 4ata are done following the same procedure as described ir
magnificationumicro has two components over the time span

b tion: tant | ¢ fication.” aper |; we spatially deconvolve our spectra to remove the lens-
our observation: one constant long-term magnificaifto,  ing galaxy, and we decompose the spectra into a sum of broad
and one variable short-term,;...(t)

emission lines, continuum and iron pseudo-continuum. We fit
the continuum with a power-law

@, _ —(2+a,
We shall mention that this separation in long and short—ter]fﬁoC v = fu = fo(4/40) ™)
microlensing is purely empirical, and only reflects the impogyhere 1, = 2000 A in the source frame, and wherg is the
sibility of retrieving the intrinsic source flux. The fterence commonly used canonical power index.
in magnitudeAm between image A and B is given bym =
—2.5log(Fa/Fg). 1 http://www.astrouw.edu.pl/~ogle/ogle3/huchra.html

Hmicro(t) = ,u;nicro(t) Hmicro-
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Table 1. Journal of the second part of our spectroscopic monitoring of [
QSO0 223%0305. The Julian dates are given in HID-2 450 000.
ID Civildate HIJD Mask Seeing] Airmass
32 10-07-2007 4292 1 0.63 1.153
2 0.55 1.132
33 15-07-2007 4297 1 0.57 1.158 |
2 0.54 1.220 —~
34  25-07-2007 4307 1 0.79 1.231 g
2 0.83 1.161 =
35 03-08-2007 4316 1 068 1412 g }H m H} A
2 0.68 1.278 Eh
36 27-08-2007 4340 1 0.88 1.133 " hand 5 E{ ]
2 0.89 1.143 i ﬂ M ]
37 06-09-2007 4350 1 0.67 1.396 [ bana ‘ /}% ‘E 1
2 0.72 1.252 —
38 20-09-2007 4364 1 0.73 1.230 [ |
2 0.83 1.167 A . 7
39 23-09-2007 4367 1 1.23 1.530 [ R S B
2 1.10 1.344 3500 000 4500
40 05-10-2007 4379 1 0.59 1.153 HiD~2450000
2 0.55 1.132 Fig. 1. The diference lightcurveéAm between quasar images A and B
41 10-10-2007 4384 1 0.76 1.283 measured in dierent wavelength bands. For clarity we shift the curves
2 0.64 1.195 along the vertical direction. The binned OGLE observations with
42 15-11-2007 4420 1 1.07 1.189 181 data points measured in thieband dalski et al. 2008 From
16-11-2007 4421 2 0.80 1.148 our 39-epoch spectrophotometric monitoring, we compute tferdi
43 01-12-2007 4436 1 1.00 1.502 ence lightcurves of the continuum integrated in the six bands defined in
2 0.82 1.318 Table2.

Table 2. Wavelength intervals and central wavelenggliin A measured Table 3. Macro-lensing parameters for images A and B fr§athanek

in the source frame) of the six photometric bands. (2004.
Band Mmina /lmax.l Ac |mage K Y HMmacro
1 [1500, 1750] 1625 A 0.394 0.395 4.735
2 [1750, 2000] 1875 B 0.375 0.390 4.192
3 [2000, 2250] 2125
4 [2250, 2500] 2375
5 [2500, 2750] 2625
6 [2750, 3000] 2875

proposed byKochanek (2004. The surface density, the
sheary, and the corresponding macro-magnificatiopgcro are
iven in Table3. The convergence is usually separated into
compact matter distribution, and a smooth matter distri-
R - ... bution k. composed of gas and dark matter. However, as the
ages A and B. This indicates that the amplitude of the variatio Sasar images are located within the bulge of the lensing galaxy,

are significantly higher |n.the blue thqn in the red part of t e do not expect a strong contribution from the smooth matter
spectra. In order to study in more detail these chromatic ﬂuclikﬁn
)

ations of the continuum, we define six wavelength ranges, t pchanek et al. 2007s0 we neglects, which amounts to as-
we will use as photometric bands. The bands all have the same Ing the entire surface mass density is in stars(iex).

width and cover the whole wavelength range between 1500 and "€ Next step is to define the mass distribution of the mi-
3000 A measured in the source frame. see TabRor each of crolenses. Earlier investigations of microlensing have led to the

these bands we compute then lightcurve by integrating the conclusion that the magnification probability distribution is not
continuum power-law in the corresponding wavelength ran Yery sensitive to the mass functlon of.the microlenses (e.g.
We give the corresponding AB magnitudes of the four quas, mbsganss 199Pewis & Irwin 1995 Wyithe & Turner 2001
images in Tables. By subtracting the magnitude of image B ongdon et ql. 2007but that it depends on the mean mlcro_lens_
from that of image A, we obtain six 39-epoch lightcurves, a{Eass(M>, which sets the parameter scales, such as the Einstein

displayed in FigL. We immediately see that the lightcurves fof2dius- The determination qM) is not trivial because of the
the redder bands (e.g. band #6) vary less that the bluer ones (?f eneracies existing betwegh), the efective transverse ve-
band #1). ocity, ‘_and the source size. Several studies succeeded in getting
an estimate ofM), and currently favokM) ~ 0.1 M, (e.g.
Wambsganss et al. 1990bewis & Irwin 1996). We will as-
sume this value for all the microlenses distributed in the lens
plane. This value is also consistent with the mean mass found by
In order to simulate the microlensingects, we have to choosethe MACHO collaboration who studied microlensing from ob-
a macro-model for the lensing galaxy. Many models have bejects located towards the bulge of the Milky WaAd¢ock et al.
proposed for the Einstein Cross (see for instance the summa8@7). See alsdMyithe et al.(20000, who give a summary of

in Table2 of Wyithe et al. 2002 We choose the macro-modelthe determinations of microlens masses in other galaxies.

Based on this method, we could identify strong variatio
in the exponent, and intensityfy in the spectra of quasar im-

3. Microlensing simulations
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The masses of the microlenses sets the Einstein ragiuslibrary of simulated dierence lightcurves to themobserved in
For QSO 223%0305, the Einstein radius projects in the sourcthe OGLE data, but before we do that, we specify some charac-
plane as teristics of the simulated source trajectories.
The simulated lightcurves are obtained from source trajecto-
4 XM) Dis ries across the magnification patterns, and these trajectories are
T DD = 5.77x 10 (M/0.1 Mo)"? cm characterized by parameters of two kinds: physical and trajec-
tory parameters. The physical parameters are the local magni-
Having definedk, y and the mass of the microlenses, we cdiication tensox andy, the masgM) of the microlenses, the
go one step further in our simulations, and start generating lagiee Rs of the source, the fiective transverse velocity of
magnification patterns for the two quasar images A and B. We the source, and the magnitud&setmy between the two im-
this using the inverse ray-shooting methddafmbsganss 1990 ages due to a combination of the macro-magnification, long-
Wambsganss et al. 1990&or each image, we shoot approxiterm microlensing, and fferential extinction between the im-
mately 16! rays from the observer through the lens plane baelyes. Because the scales of the magnification patterns are de
to the source plane, where the rays are collected in a 10 000fioeed in terms of Einstein radii, our computational variables
10000 pixels array, corresponding to 100 by 100 Einstein radfor the source size and velocity are in fact the scaled source
In order to study a sample offiierent source sizes, the magsize Rs = Rs/(M/0.1 My)¥2 and the scaled transverse veloc-
nification patterns are convolved with a set of source profilas; V = V/{M/0.1 Mx)¥/2, Following these definitiongs is the
Microlensing-induced flux variations are relatively insensitiveelative size of the source with respect to the Einstein radius,
to the source profile, but they depend on its characteristic sizadV is the velocity with which the source is moving across the
Mortonson et al(2005 showed that the half-light radius is themagnification pattern.
most important quantity for controlling the shape of microlens- Each source trajectory is also defined by the trajectory pa-
ing light curves, whereas the source profile is less important. Fameters , Xoa, Xog), Whereg is the direction anglexoa are
simplicity we choose a Gaussian profile for the surface brigtte coordinates of the starting point in the magnification pattern
ness, and we define the size of the source as the Full Widtho&image A, andkgg in the pattern of image B. The trajectory is
Half Maximum (FWHM), which is twice as large as the halfconstrained to have identical directidhand velocitied/ across
light radius, and 2.35 greater than the Gaussian width the patterns of images A and B. The direction is set to be the
The relative size of source with respect to the Einstein raame in both patterns because the shear direction between im:
dius controls the smoothing of the magnification pattern. Veages A and B is approximately the sanWitf & Mao 1994),
large source sizes (i.e. larger thamgd produce magnification and because we assume the motion of the source to be primarily
patterns that are so strongly smoothed, that they are unablalt® to the bulk motion of the lensing galaxy rather than to the in-
account for the amplitude (i.e. higher than 1 mag) of the flukdvidual motions of the star&undic & Wambsgans&l993 and
variations seen in the OGLE lightcurves. Hence, as was showWwambsganss & Kundi¢1995 show that the velocity dispersion
in previous studies (e.yVyithe et al. 2000a¥onehara 2000 we of the stars can statistically be interpreted as a bulk velocity ar-
can safely rule out continuum source sizes larger thgan ©n tificially increased by anfciency factora ~ 1.3.
the other hand, very small source sizes (i.e. smaller tt@irp) For each particular choice of the parameters, that we write
give very moderately smoothed magnification patterns, whigh= (x,y, (M), R, V, Mo, 6, X A, Xo,8), We get one simulated dif-
lead to sharp magnification events that are not observed in fheence lightcurvém(p), that can be compared to the observed
OGLE lightcurves. The lower bound found in that way for th@iataD = Am, by measuring the goodness of fit witlyAstatistic
source size is.01rg (e.g.Kochanek 2004Anguita et al. 2008
In the present study, we vary the FWHM of the Gaussian, (p) = ”'ZbS(Amk - Amy(p) )2

re = Ds

profile from 1 to 400 pixels, which corresponds to 0r@land XOGLE
4.00rg, respectively. We consider 45ftérent source sizes be-
tween these two extreme values. They are 1, 2, 4, 6, 8, 10, Whereoy are the uncertainties of the OGLE data, angs =

14, 16, 18, 20, 22, 24, 26, 28, 30, 35, 40, 45, 50, 55, 60, 65, 181 is the number of the binned OGLE data points. We deter-
75, 80, 85, 90, 95, 100, 120, 140, 160, 180, 200, 220, 240, 26fine theoy from the photometric errorsoc e given by the
280, 300, 320, 340, 360, 380, and 400 pixels. OGLE project, from the standard deviation between the binned
pointsopin, and from the systematic error of the OGLE datgs,

with of = 08¢ ¢ + 05, + 05 We estimate the systematic er-
ror osys by carrying out a polynomial fit of the OGLE ftierence

Our simulations are conducted following the method describéghtcurve Amy, using a polynomial of high enough order that
in Kochanek2004). This technique is based on a Bayesian andhe residuals are uncorrelated, i.e. such that the auto-correlation
ysis, that determines the probability distributions for the physickinction of the residuals reduces to less than 0.5 within a sepa-
parameters of interest by comparing trial lightcurves with the olation of a few data points. We find that a polynomial on order 7
served data. Because we want to infer probability distributioris,suficient, andrsys = 0.03 mag.

we need to simulate a large number of these trial lightcurves By varying the parameters we construct our library &4

in order to obtain a statistically significant sample. Thus, fdi0® lightcurves. This produces an ensemble of models, which
each of our 45 source sizes, we simulate 10 000 light curves §iven the data and using Bayesian analysis (see Secan in-

both quasar images A and B by tracing source trajectories acrfessthe probability distributions for the parameters. The size of
the corresponding magnification patterns. We extract the pitxee magnification patterns is approximately one hundred times
counts along the positions of the trajectory using bi-linear integreater than the time scale of the observations multiplied by the
polation and we convert them into magnitudes. We subtract tef@ective velocity. Hence the available parameter space is huge,
simulated lightcurve of image B from that of image A, and oband it is relatively easy to find good fits to the data.

tain a total of 45 x 10° difference lightcurves (10000 for 45 dif-  In our simulations we fix the values of, y, and (M),
ferent source sizes). Eventually, we want to compare this larged are left with the following set of variable parameters

) Tk

4. Microlensing simulations fitting the OGLE data
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25 ] whereP(p) is the prior,L(D|p) is the likelihood ancN is a nor-
1 malization constant.

We do not have any prior information either on the trajectory
l parameters, Xoa, Xo,g OF 0n the magnitudeftsetmy. Therefore
B we choose these parameters from a random and uniform distri-
1 bution. This means that the corresponding priB(ey), P(6),
P(x0a), andP(xog) are constant. We also assume that the pa-

rameters are independent, i.e. that
P(p) = P(x) P(y) P((M)) P(R)) P(V) P(mo) P(6) P(xoa) P(Xog)-

1 We define the relative likelihoods of the parameteisased on

7 the y? statistics. Usually, this is done following the standard ap-
| proach for ensemble analysis (e $ambridge 1999which uses
the maximum likelihood estimator

-0.5

LI = exp(-5.(0).

3000 3500 4000 4500 5000
HID—2450000 However, as noted bifochanek(2004), using this standard esti-

pator for the OGLE data works poorly because we are compar-

ing the probabilities of completely fierent light curves rather

than models related to each other by continuous changes of pa-

rameters. To circumvent this, we use the likelihood estimator

p = (Rs, V.M, 6, Xoa. Xog). The physical parameters that weproposed byKochanek(2004

want to investigate are the source size and tfiecéve trans-

verse velocity. The other parameters, i, @, Xo.a, Xo), have L(DIp) =T

no direct physical implications, and can be chosen arbitrarily.

They are therefore called nuisance parameters. The influence ﬁf i . lete G function. Finallv. all B .
these parameters on the inferred probability distributiongof WNEE! IS anincompiete samma function. Finalfly, all bayesian
9 parameter estimates have to be normalized by the requirement

andV vanishes when using Bayesian analysis andfacgently > e . e

large library of simulated lightcurves, as described in Sect.  that the total probability is unity, i.¢f P(p|D) dp = 1 and hence
A first guess for the nuisance parametars, @, Xoa, Xos)

is chosen randomly following a uniform distribution. In theN = | L(D|p) P(p) dp.

Bayesian analysis, lightcurves with log,, - values have rela-

tively higher weights, and contribute more to the final probability, practice we sum the probabilities for our random sampling of
distrib_utions. An _ﬁective and fast method co_nsists in Searchi”tgajectories, which is equivalent to using Monte Carlo integra-
for trajectories with low 2 ¢ values. To do this and hence minyion methods to compute the integral over the ensemble of all
imize the necessary computing time, we follow the procedusgssiple trajectories. The sum over the random trajectories will
described inAnguita et al.(2008, anzd optimize the seven pa-conyerge to the true integral provided we considerfcently
rameters {/, Mo, 6, Xo, Xog) With @ y*-based minimization al- |34 number of trajectories. The probability of a trajectpry

gorithm using a Levenberg-Marquardt least squares routine(Hbﬁned by the set of parametesg given the datd is
L2, We verify that this minimization technique still samples

Fig. 2. Examples of six simulated lightcurves fitting the observed OGL
difference lightcurvésm between quasar images A and B.

Naot. — 2 x*(P)
2 T2

uniformly the whole magnification pattern. Finally we obtain a L(DIp;) P(ﬁsj) P(\7j)
trajectory library containing & x 10° trajectories (10000 tra- P(pjID) = —; = = (1)
jectories for 45 dierent source sizes) fitting the OGLE data. All 2j=1 L(DIp;) P(Rs;j) P(V))

the source trajectories have a reduyégLE/ndm < 10, where . . L .
Ndos. = 345 is the number of degrees of freedom, i.e. the num jheren is the total number of trajectories in the library, and

of observations minus the number of fitted parameters (herer ISQSé)(:g\?gIS(\{'ﬁeagari?ri F:)réotrﬁeogttr?eerS;;rg:ri:tléfsagrde \;ﬁlecz)cs!gr’ne
Six examples of the simulated lightcurves are given in Big. for all trajectories, and cancel out in the fraction above. The

final probability distribution of the parameters are obtained by

5. Bayesian analysis ts#mlpging the probabilitie®(p;|D) of all the trajectoriesj of
_ . . the library.

In the previous section, we have described how we build The priorP(Rs;) is required because we have not uniformly
our large library of trial lightcurves. We will now use thesesampled the parameter space of the source size. We have to cor-
lightcurves to determine the probability distributions for the paect for this. The prioP(Rs)) is related to the density of tra-
rametersks andV based on Bayesian analysis as described pytories as a function disj given our sampling of the source
Kochanek(2004. Following Bayes’ theorem the probability ofgjze in 45 diferent bins. Each bin contains 10 000 trajectories.
the parameterp = (k,y, (M), Rs,V, M, 6, Xo A, Xo,8), given the Therefore, small bins have higher densities, and the correspond-

datab = Amy, is ing P(Rs ;) should be proportionally lower to compensate this ef-
B(oID) - P(DIp) P(p) _ L(DIp) b feq, i.e. if the size of bib is Iy, and ifﬁsj falls in this bin, then
(PID) = POD) ~ N (P) P(Rs ) « Ip. Thus each bin has the same density of trajectories.

As already mentioned, there is_a strong, essentially linear,
2 http://cow.physics.wisc.edu/~craigm/idl/ correlation betweerRs and V, i.e. Ry « V* wherex ~ 1
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Fig. 3. Left the probability distributions for the FWHN; of the source, based on the OGLE data. We consider two cases, one with and anotht
without the prior on the velocityCenter same aseft pane) but for the éfective transverse velocity. Right the probability distributions for the

ratioRs/V.

(Kochanek 200% FurthermoreRs andV are both defined as Table 4. Results from the microlensing simulations and Bayesian anal-

functions of(M), which imply degeneracies betweéll), V,
and Rs. However, sinceRs = Ry(M/0.1 My)Y? and (M) «
(V/V)?, the physical size of the sour@ « VV**! ~ V de-
pends essentially on our estimate of the physical velagjtgnd

avoids the degeneracies betwédf), V, andR.

Estimates ofV can be obtained from the observations of
the motion of other galaxies or galaxy clusters (dgnson
et al. 2003, which show that peculiar velocities are typically
not higher than 1500 knT4. In order to give a lower weight to
trajectories having much higher velocities, we have to introduce
a prior on the velocity. Previous studies have considered vari-

ysis applied to the OGLE data.

With velocity prior
R = (9.2:83) x 10°°(M/0.1 M) cm = (0.16/312) re

V = (39:39) x 10°(M/0.1 M)2 km st

Rs/V = (2.1 +0.5) x 102 cny(km s%)
without velocity prior

R, = (4.0753) x 10'°(M/0.1 My)¥/2 cm = (0.69°539) re

V= (1.8j§;g) x 10¢ (M/0.1 Mo)Y2 km s

Ry/V = (2.1+0.6) x 1012 cny(km s'2)

-0.60,

ous priors (e.gkochanek 2004Gil-Merino et al. 2005 Some

are more restrictive than others, but most of them have in com-
mon that they favor transverse velocities~a00 km st in the 6. Energy profile of the quasar accretion disk
lens plane, which correspond to projected transverse velocities

of ~6000 km s in the source plane of QSO 2287305 Kayser

et al. 1986.

The dfective transverse velocity is the result of the relativg
motion between the source, the lens and the obseKegyser
et al. 1989, and is enhanced by a contribution from the v
locity dispersion of the stars in the lensing galaiguidic &
Wambsganss 1998Vambsganss & Kundic 1995The problem
is that we do not known the peculiar velocity of either the sourc
or the lens. The best we can do is to consider probability distrig%lﬁ
tions for these unknown velocities, based on what we know fr
the peculiar motion of other galaxies (eMould et al. 1993
Benson et al. 2003Kochanek2004) shows that a good approx-
imation for the probability distribution of thefective transverse

velocity in the source-plane is

P(V) = % lo

wW
?} exp(—

wherelg is a modified Bessel functiol, ~ 2500 kms? is the

V2 4 V2
202

Accretion disk models for quasars generally make the assump-
tion that the disk is optically thick and geometrically thin; both
ssumptions are required to caugBcent conversion of the
ravitational potential energy of accreting matter into radiation
(Pringle & Rees 1972Shakura & Sunyaev 1973ovikov &

®Thorne 1973 Alternative models in which mass is lostin a wind
(Kuncic & Bicknell 2007, the disk accretes at greater than the
gddington limit and thus becomes geometrically thick, in which
ase advection or convection can dominate the radial heat trans-
ort (e.g.Abramowicz et al. 1988 or magnetic connections be-
tween the black hole and disk modify the rate of energy dissipa-
tion (Agol & Krolik 2000).

The peak of the continuum emission in a typical quasar spec-
tral energy distribution is in the “Big Blue Bump”, and can be

fitted well with a spectrum which scales & o »1/3/KT,
with a characteristic temperatuFfe= 7 x 10* K (Krolik 1998b).

(2) This is predicted by the standard thick accretion disk model in
whichT « R¥/4(1-(Rin/R)Y?)Y4, the functional form predicted
by non-relativistic thin accretion disks with an inner edgg

at which the viscous stress disappears (relativity modifies this

mean velocity, ang- ~ 3500 km st is the total root mean squaresomewhat —Krolik 19983). At large radiusT « R-¥/4, and the
velocity obtained by considering all thefidirent velocities con- model predicts that the radiative fluk (erg cnt? s71) at the
tributing to the transversefective velocity. In our analysis we surface of the disk at a radilis proportional to the energy
assumgM) = 0.1 Mo, and we define the prior on the scalegroduction rate at that radius, resultinginc R™3. Since we are

velocity V asP(V) = P(V).

tions of the source sizBs, the dfective transverse velocity,

assuming a blackbody spectrufng T4, and because the wave-
Using Bayesian analysis, and considering both cases wigimgth1 of the peak of the black body spectrum is proportional
and without velocity prior, we obtain the probability distributo T-1, most of the radiation at a given radiBgomes from near

aradius

and the ratioRs/V plotted in Fig.3. The results are given in

Table4.

R« T74/3 o /14/3.
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This defines the energy profile of the quasar, away from the spurce trajectory in all the convolved magnification patterns. By
ner edge of the disk, which is identical to the form obtainedoing this, we get the simulated’ﬂa'renceIightcurven"fj(t) cor-
by Kochanek et al(2007) from the standard thin accretion diskresponding to the 45 flerent source sizes defined in S&We
model ofShakura & Sunyae{1973. then interpolate the magnitude values of these extracted light
However, given that we are trying to test the accretion diglurves to obtain continuous values for the source size. For ev-
model, we allow the temperature to scale as a power-law wighy trajectoryj, this defines a surfacﬁn‘{j(ﬁs, t) in the three-
s i arivar slops » R (Rauch & Bandlord 1991 dimensional space defned Bt ancrm
ferent alternatives to the standard accretion disk model. we usg '.[hesar_rYj(Rs, t) to interpret our spectroscopic data
There exist numerous models for quasar accretion disksh¥ determining which scaled source siebest reproduces the
the literature. We can not consider all of them here, and we §served I!ghcurveszm(/li,t) in bandi. The sizeR is the value
lect only a few presenting an interesting variety. One particulfat minimizes thes; between the spectrophotometric observa-
model is motivated by the fact that the theoretical optidsl tionsAm(4;,t) and the simulated fierence lightcurvan(R;, t).
continuum of a standard thin disk B, « v¥/3, which is in-  After this second fitting procedure, we update the relative likeli-
consistent withF, « v~! observed in many quasars. Hencehoods of the lightcurves
Gaskell (2008 suggests that the observed quasar spectra can

be reproduced by accretion disks with a temperature gradient Naot. — 2 XooLe(P)) X7
of T o« R%5 instead ofT o« R"%/4. This implies L(DIp;,i) =T > 2 eXpl—>
Rec A7, wherei refers to the considered band. In the fitting of the

spectroscopic observationsn(4;, t), we are comparing similar
Eﬂht curves, where only; is changing. This is a very fier-
ént situation than when we were fitting the OGLHfelience
lightcurve and comparing simulations with veryfdrent param-
eters. Hence, we can use here the standard maximum likelihood
Ro 287 estimator exp(/\/izj /2) to compute the likelihoods(D|pj, i). We

run this procedure for all the simulated source trajectoyies
The three models mentioned above all predict a power-law retae library, and use these updated likelihoods to compute the fi-
tion between the wavelength and the corresponding source sizal probability distribution for the parameters of interest, as de-
Roc K scribed in Sects.

Another model is proposed bgol & Krolik (2000, and de-
scribes a disk which is powered by the spin of the central bla
hole. This changes the temperature profileTtox r~7/8, and
predicts

with different values for the inde& For two diferent radiiR 7.2, Results
andR.s emitting at the wavelengthsand A,¢s respectively, we

have For each band, we compute the probability distribution of the
source-size ratidR /Res following the Bayesian analysis de-

R (24 ¢ | R\ | A scribed in Sect5 using Eq. {). The reference radiuBes at
Rt \Aref = 09 Ref/ ¢ log ref ’ the reference wavelengthes can be chosen arbitrarily, and we

simply define the middle band #3 as our reference. The scal-
To distinguish between theseflirent accretion disk models,ing betweerRs andR;s is independent of the considered wave-
we determine in the next section, which power-law is best comength andR/Rei = R/Rer. Thus, the ratioR/Res is not
patible with our spectroscopic observations, and which of thesgpected to depend on the assumed microlens ridssWe
models can be ruled out for QSO 2231305. plot the ratioR; /R against the corresponding wavelength ra-

tio Ai/Arer, and determine the slope of the energy profile by fit-

. . ting a power law
7. Interpretation of the spectroscopic data gap

14
7.1. Method Roc 5.

bWe do this for the entire library of source trajectories, but also

: : . . : ividually for every subsample of the library with the same
servations. In the procedure described in the previous sectiaf§V! S . .
we have built a library of simulated lightcurves by tracing a larg2Tu&! so_urula tst'Z;RS usefd totf't tho%SQGLFE d%tawThe. restultlng
number of source trajectories through the magnification patteff4€* ¢ IS Plotted as a function ok in Fig. 6. We give two
for various source sizeBs in order to reproduce the OGLE €Xamples of energy profiles in Fig.derived from subsamples
V-band photometryAm of QSO 223%0305. We use this en- Of rajectories: one havings = 0.1re = 10 pixels and another
semble of models as an input to extend our analysis to our sp¢h I?ﬁ = 1hrE| = 100 Iplxefrls. The {'n"."l etne_rgy_prohﬂle ol?tap}r']ed
troscopic observations. We consider the integrated lightcuryea " _e\4v l;)|e5samg e_oldsouri:elré':ljfcoosneshls S %‘ﬁn mtﬁlg.
in the six color bands defined in Tal#eas shown in Figl. For given in TableS, and yields/ = 1.2 + 0.3 when adding the
each band, we have a lightcurvam(.;, t) with 39 epochs. The vglouty prior. Without this prior we get a flatter energy profile
wavelengthy; is the central wavelength of bamds defined in with £ =1.1+0.3.
Table2. We then determine which scaled source fzbest re-
produces the observed lightcurve in band 8. Discussion

Each source trajectoryin the library is defined by a set of ) ) ) )

the parameterp; = (kj, ¥}, (M)j, ﬁsj,\‘/j, Mo}, 0j, X0A.j» X0B.[)- From the results of our microlensing simulations, we can
For every '[rajectory‘i, we keep all these parameters fixed, e)@xtract several interesting facts. First, the source FWHM
cept the source siZe j, that we modify, i.e. we trace the sameRs = (O.lﬁgzig) re we derive from the fitting of the OGLE data

We will now compare the theoretical energy profile with our o
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Fig. 4. Top the source FWHM ratidR /Rt = R/Re as a function of the wavelength ratig/ s Obtained from the trajectories in the library
havingRs = 0.1rg = 10 pixels (eft) andRs = 1rg = 100 pixels tight). The reference wavelength s = 2125 A measured in the source
frame. The error bars give theruncertainties. The solid line indicates the linear regression across the points. The dashed line shows the rela
expected for the standaRl« 1% scaling.Bottom the corresponding probability distributions of the scaled source &izebtained in the six
bands =1, 2,...,6, and using the same color code as in Big.

(including the prior on the velocity) is well compatible with theproportional to the transverse velocity, with the relatiiV =

upper limit of Q98 rg given by Yonehara(2001). Our resultis (2.1+0.6) x 10 cny(kms?). This is in excellent agree-

also in good agreement with the FWHM derived Apguita ment with Kochanek(2004), who also findsRs/V = 2.1 x

et al. (2008, Rs = (0.06 + 0.01) rg, and byKochanek(2004, 102 cmy(kms™t), whereRs is expressed as the FWHM. This de-

Rs = (0.207319) re. The diferences between these estimatdifies the tinr:_e hSt_:ale_ of thl;e ogsek:vlefdl_mricrolde_nsirég-!gdgcsd fklluc-
A . -~ ] : tuations, which is given by the half-light radius divided by the

of R, can have two origins. First, as mentioned lgchanek %‘erctive transverse velocity, i.e.mﬁs/g/ = 4.0 + 1.0 months,

(2004, the probability distributions obtained for the paramete dwhich s ind d f microl loci .
depend on the choice of the period of observations. If the o d Which s indepen entofmicrolens masses or velocity priors.

sidered period is very active in terms of microlensing, the simu- The strong correlation betwed® andV (Kochanek 2004
lations will favor high transverse velocities gndsmall source implies that the choice of the velocity prior and the selection of
sizes. Second, the choice of the velocity prior has a strong géfe observation period can both bias our estimate of the source
fect on the derived source size. As we observe in Bjghere size. The microlensing activity during our observations was not
is a strong correlation between the scaled sourceRyjzad the as important as during the periods studiedkmchanek(2004
scaled &ective transverse velocity. Independently of the ve- and Anguita et al.(2008. FurthermoreAnguita et al.(20089
locity prior considered, we find that the source size is directonsidered a shorter observation period, and used the velocity
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Fig. 5. Left the final energy profile obtained from the whole ensemble of source trajectories, including the prior on the velocity. The reference
wavelength isl,e; = 2125 A measured in the source frame. The error bars givecthentertainties. The solid line indicates the linear regression
across the points. The dashed line shows the relation expected for the stndaf® scaling.Right the corresponding probability distributions

of theR values obtained in the six banids 1,2, ..., 6, and using the same color code as in Big.

Table 5. The relative siz& /R.¢s obtained for the six photometric bands,
including the velocity prior.
2 - -
Band Ac [A] Ri/Rref r
1 1625 0.73:0.14 5 Gaskell (2007) 1
2 1875 0.8#0.11 L 4% N ]
3 2125 1.00t 0.09
4 2375  1.13:0.09 v sl |
5 2625 1.29+0.13 5
6 2875 1.46:0.18 A ol % ,k Shakura & Sunyaey (1973) ]
””””” SRR EEIE L’_’ lagbIT& Krolik (2000) 1
prior of Gil-Merino et al.(2009, which is more constraining to- 1r Hh h
wards high velocities (hence favoring smaller source sizes) than r i J T
the one we considered in the present study. This explains, why r HHHH 1
our derivedR; is slightly larger. One possible solution to mini- r ﬂﬁ 1
mize the bias induced by the selection of the observation period N A ]

is to consider the longest possible lightcurves, but this has the ev- 101 . Lo,
ident drawback of dramatically increasing the computifigré o (/01 3% em)
making the problem rapidly intractable. However, as discussgg. 6. The power-law index of the energy profil® o ¢ as a function
in the following, the estimate of the source size has only a linf the scaled FWHMR; of the source. The points are obtained from
ited efect on our determination of the energy profile. the subsamples of trajectories with giviefitting the OGLE data and |
From our library of simulated source trajectories fitting th@cludlng the prior on the ve!oqty. The_horlzontal sc_)lld _red lines indi-
OGLE data, we extend our analysis to our spectroscopic ddia€ the index and its 1- deviation obtained by considering the whole
and determine the energy proffex A¢ of the quasar accretion rary of trajectories and including the velocity prior. The dashed lines
. . . - .show the expected indices for the three indicated accretion-disk models.
disk. When we consider the whole library and include the prior
on the velocity, we gaf = 1.2 + 0.3, which is in good agreement
with the model ofAgol & Krolik (2000 and with thel = 4/3in-
dex expected from the standard accretion disk model. It is |
compatible (at &) with the accretion disk model dBaskell . . . ;
including the velocity prior.

2008. Our findings are also in good agreement withguita L
(2008 d 9 g J We observe that our result for tifeec ¢ scaling is not very

) l .
et al.(2008, who obtaln(6400 A/4700 A) = 1457352 which  sensitive on the velocity prior with respect to other parameters.
yields a power-law indeX = 1.2j(2):g. Without the velocity prior, For instance, we know that the source dkéas extremely sen-

we get a lower valug = 1.1 + 0.3, which is still compatible sitive to such a prior, and can vary over orders of magnitudes if

with ¢ = 8/7 and 43, but less with the model @askell(2008. the considered transverse velocity does. On the contrary, the in-
This is expected because, without the prior, large sources gdex/ varies only by a few percent, even if the considered veloc-

relatively more importance in the Bayesian analysis, and favities are modified by orders of magnitude. Hence, and indepen-

flatter energy profile, as shown in Fig. However, as discusseddently of the determination &f andRs, the chromatic variations

lier, large source sizes imply unlikely high transverse veloc-
ities, and hence a much more reliable result is obtained when



180 CHAPTER 7

942 A. Eigenbrod et al.: Microlensing variability in the Einstein Cross. II.

between two images of a lensed quasar are extrenfisdiemt in - consistent with the standard disk modelS¥fakura & Sunyaev
constraining the relative sizes offidirent regions of the accre-(1973.

tion disk. This is further confirmed by the fact thguita et al. We observe that the determination of the power law-index is
(2008 obtain a value for which is in good agreement with ours,almost independent of the velocity prior used, whereas the de-
even though they derive a slightly smaller source size. termination of the scaled source sigeis directly proportional

The influence of the initial value of the parame&gi(chosen to the scaled féective transverse velocity. This is easily ex-
to fit the OGLE data) on the resulting energy profile of the accrplained by the fact that the scaling betwégrandR;s is indepen-
tion disk is obvious in Fig6. Sources having sizes in the rangelent of the considered wavelength, and heRg&.r = Ri/Re.
0.06 < Rs < 0.2rg are in good agreement with thie= 8/7 As aconsequence, the determination of relative source sizes, anc
and 43 scalings, while larger sources give flatter energy préence of the energy profile, is not expected to depend on the as-
files, and smaller sources steeper profiles. The same behavisuigied microlens mag).
observed, when we omit the velocity prior. Quasar microlensing is hence able to resolve structures of
accretion disks on scales reaching énicro-arcsecond, which
is more than 10 000 times better than the resolution reached by
9. Conclusion today’s best telescopes. Finally, we should mention several re-
) i ) _cent studies that compare microlensing in the X-ray and opti-
We present the continuation of our spectrophotometric monitéy| domain, and that further demonstrate thigciency of mi-
ing of QSO 223#0305 conducted at the Very Large Telescopgslensing in probing the inner parts of quasars. For instance,
of the European Southern Observatory, which extends over MRiBrgan et al.(2009 analyze the lightcurves of the lensed
than three years from October 2004 to December 2007. Our pimsar PG 1118080, and find that thefective radius of the
gram p_rovides the spectra of the fourlenseq images at 43 epo $ay emission is Bf(l)'é dex smaller than that of the optical
Analysis of these data show that the continuum and the brogglission, with the X-ray emission generated near the inner edge
line region of the background quasar are microlensed, and t3gtine accretion disk while the optical emission comes from
images A and B are particularlyfacted. In this paper, we fo- scales slightly larger than those expected for a standard thin
cus on the observed variations in the continuum of the spectrafy Pooley et al(2008 observe extreme microlensing-induced
these two images, and use them to constrain the energy prq@g_) magnification of the lensed images of PG 14080, and
of the quasar. _ o _ ~conclude that about 90% of the matter in the lensing galaxy
We build microlensing magnification patterns with the ings in smoothly distributed (dark) material and only about 10%
verse ray-shooting methodMambsganss 1990Nambsganss js in compact (stellar) objects. Another example is given by
et al. 1990% and convolve them with flierent source sizes. Wechartas et al(2008, who combine X-ray and optical data of
trace source trajectories through these convolved patterns angjfit 1104-1805, and reveal that the X-ray emitting region is
the observed OGLE fference lightcurve between image A anéompact with a half-light radius smaller than six gravitational
image B. Combining these simulations with Bayesian analysigdius, i.e. smaller than 8 105 cm, thus placing significant

following the method proposed kigochanek(2004, we infer  constraints on active galactic nuclei models.
probability distributions for the féective transverse velocity,
and the source siZ®; of the quasar. Our results are compatible
with previous studies.
Besides the OGLE broad-band photometry, we analyze th@(nowledgementsThis project is partially supported by the Swiss National
data of our spectroscopic monitoring and derived the correkience Foundation (SNSF).
sponding diference lightcurves in six flerent photometric
bands. Each band is 250 A wide and together the bands Coﬁferferences
the wavelength range between 1500 and 3000 A (measured in the
rest frame Of the Source). We Compute thﬁ&fence |ightcurves Abramowicz, M. A., Czerny, B., Lasota, J. P., & Szuszkiewicz, E. 1988, ApJ,
between images A and B in these six bands, and observe thag*% % Apd, 526, 161
as expected from the mi‘?mlensmg ofan aqcr?tion disk, band%%ﬂlyde:b., Medi’avlillal, E. M’oreat’J, O.,' etal. 2002, ApJ, 572, 729
bluer wavelengths exhibit stronger flux variations than bandsdock, C., Allsman, R. A., Alves, D., et al. 1997, ApJ, 479, 119
redder wavelengths. Anguita, T., Schmidt, R. W., Turner, E. L., et al. 2008, A&A, 480, 327
Based on these chromatic variations and using the enseiff2so": ‘é Akoccﬂggzhk SC ES ADd:i’ )F;' AF',SH d?x?le'rzgosé‘%pir' nfi?sgéoos
ble of the microlensing simulations that are fitting the OGLE"[,,.y3:805.4402) T T
data, we determine the relative sizes of the regions of the acargngdon, A. B., Keeton, C. R., & Osmer, S. J. 2007, MNRAS, 376, 263
tion disk emitting in the six photometric bands, i.e. we deriv@orrigan, R. T., Irwin, M. J., Amaud, J., et al. 1991, AJ, 102, 34
the energy profile of the accretion disk. We find that this préigenbrod, A, Courbin, F., Sluse, ., Meylan, G. & Agol, E. 2008, A&A, 480,
" g Co " S
f”e follows a power la.V\R o A with ¢ = .1'2 * 0'3.' WhI,Ch 1S % skell, C. M. 2008, in Rev. Mex. Astron. Astrofis. Conf. Ser., 32, 1
in good agreement with the standard thin accretlon disk mog&lmerino, R., Wambsganss, J., Goicoechea, L. J., & Lewis, G. F. 2005, A&A,
of Shakura & Sunyaey1973 (¢ = 4/3) and with the model 432,83 .
of Agol & Krolik (2000 (¢ = 8/7), where the disk is poweredHuchra, J., Gorenstein, M., Kent, S., et al. 1985, AJ, 90, 691
by the spin of the central black hole. Our result is less comp#gyser R. Refsdal 8. & Stabel, R. 1986, AGA, 166, 36
ible with th del oGaskell(200 hich predi ochanek, C. S. 2004, ApJ, 605, 58
Ible with t e model oiGaskell( 8, which predicts a S_teeperKochanek, C. S,, Dai, X., Morgan, C., Morgan, N., & Poindexter, S. C. G. 2007,
energy profile { = 1.75). Our result compares well with that in Statistical Challenges in Modern Astronomy IV, ed. G. J. Babu, & E. D.
obtained byPoindexter et al(2008 from multi-band photom-  Feigelson, ASP Conf. Ser., 371, 43
etry of the lensed quasar HE 110¥805. They analyzed mi- Krolik, J. H. 1998a, Active Galactic Nuclei: From the Central Black Hole to the
. . . . Galactic Environment (Princeton University Press)
cr_ole_nsmg |IghtCUI’V€S in eleven bands from the optlcal to t%olik, J. H. 1998b, in Non-linear Phenomena in Accretion Disks around Black
mid-infrared, and found that both the size and energy profile yojes, 134

{ = 1.64'52 (i.e. theirp™) of the quasar accretion disk arexuncic, Z., & Bicknell, G. V. 2007, Ap&SS, 311, 127
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Table 6. Continuum integrated AB magnitudes in the six photometric bands defined inZable

A. Eigenbrod et al.: Microlensing variability in the Einstein Cross.@nline Material p 1

ID HID band1(mag) band2(mag) band3(mag) band4 (mag) band5(mag) band6 (mag)
Image A
1 3292 1M™7+005 1781+005 1767+005 1754+006 1743+006 1733+0.05
2 3324 1802+0.05 1787+0.04 1773+004 1761+005 1750+0.05 1740+0.04
3 3341 1802+0.06 1785+005 1771+005 1759+006 1747+0.06 1737+0.05
4 3355 1798+0.08 1783+008 1769+007 1757+0.08 1747+0.08 1737+0.08
5 3502 1807+0.04 1788+0.04 1772+0.04 1757+0.04 1744+0.04 1733+0.04
6 3523 1816+ 0.05 1797+0.05 1780+004 1764+005 1751+0.05 1739+0.04
7 3553 183+ 0.04 1803+0.04 1785+003 1769+0.04 1755+0.04 1742+0.03
8 3566 1816+ 0.06 1796+0.06 1779+0.05 1763+0.06 1749+006 1737+0.05
9 3589 1824+0.04 1804+004 1787+003 1771+0.04 1757+0.04 1745+0.03
10 3598 1®4+0.06 1803+0.06 1784+0.06 1768+006 1753+0.06 1739+ 0.06
11 3608 1®1+003 1802+0.03 1786+0.03 1771+004 1758+0.04 1747+0.03
12 3626 1®1+005 1801+0.05 1783+0.04 1768+005 1754+0.05 1742+0.04
13 3641 1811+0.05 1790+0.05 1773+0.05 1757+005 1743+005 1730+0.05
14 3645 1808+0.05 1791+0.05 1777+0.05 1764+0.05 1752+0.05 1742+0.05
15 3655 1810+0.04 1792+0.04 1777+0.03 1763+0.04 1751+0.04 1739+0.03
16 3665 1810+0.04 1792+0.04 1775+0.04 1761+0.04 1748+0.04 1736+0.04
17 3686 1P3+0.06 1777+0.06 1763+0.06 1750+0.07 1739+0.07 1728+ 0.06
18 3699 1P4+004 1778+0.04 1764+0.04 1751+0.04 1740+0.04 1730+0.04
19 3711 188+0.07 1771+0.07 1757+0.07 1744+007 1733+007 1722+0.07
20 3880 1/8+0.04 1747+0.05 1736+0.04 1726+0.05 1717+0.05 1708+0.04
21 3903 1/0+0.03 1740+0.04 1730+0.04 1720+0.04 1712+0.04 1704+0.04
22 3907 1/0+0.03 1739+0.03 1728+0.03 1719+0.04 1710+0.04 1702+0.03
23 3914 1/1+0.02 1741+0.03 1730+0.03 1721+0.03 1712+0.03 1704+0.03
24 3944 1753+0.04 1739+0.04 1727+0.04 1716+0.04 1707+0.04 1698+0.04
25 3951 1A/1+0.03 1739+0.03 1728+0.03 1718+0.03 1710+0.04 1702+0.03
26 4022 154+003 1741+004 1729+003 1719+004 1709+0.04 1701+0.03
27 4037 153+003 1740+003 1729+0.03 1719+0.04 1709+0.04 1701+0.03
28 4050 1744+004 1733+0.04 1723+0.04 1714+0.04 1706+0.04 1699+ 0.04
29 4067 1741+005 1729+005 1719+005 1709+0.05 1701+0.05 1693+ 0.05
31 4092 1740+004 1730+0.05 1720+0.04 1712+0.05 1705+0.05 1699+ 0.04
32 4292 1/1+0.03 1736+0.03 1722+003 1710+0.03 1699+0.03 1689+ 0.03
33 4297 1749+ 003 1733+0.03 1719+003 1706+0.03 1695+0.03 1685+ 0.03
34 4307 1742+0.03 1731+0.03 1721+003 1712+0.04 1704+0.04 1697+ 0.03
35 4316 1746+0.03 1734+0.03 1723+0.03 1713+003 1704+0.03 1697+ 0.03
36 4340 1743+0.04 1729+0.04 1717+004 1706+004 1697+0.04 1688+0.04
37 4350 1744+003 1736+0.03 1729+0.03 1723+0.03 1718+0.03 1713+0.03
38 4364 1740+0.03 1728+0.03 1718+0.03 1709+0.03 1700+0.03 1693+ 0.03
39 4367 1735+0.06 1723+0.06 1711+0.06 1702+0.07 1693+0.07 1685+ 0.06
40 4379 1739+0.02 1726+0.02 1715+0.02 1705+0.03 1696+0.03 1687+0.02
41 4384 1741+0.03 1729+0.03 1720+0.03 1711+0.04 1703+0.04 1696+0.03
42 4420 1739+0.05 1725+0.05 1713+0.05 1702+0.05 1693+0.05 1684+0.05
43 4436 1739+ 0.03 1723+0.04 1709+003 1696+0.04 1685+0.04 1675+0.03
Image B
1 3293 1908+012 1894+012 1882+011 1871+013 1862+0.13 1853+0.11
2 3324 1929+010 1911+0.09 1894+008 1879+0.09 1866+0.09 1854+ 0.09
3 3341 1918+ 0.14 1899+0.14 1883+0.12 1869+0.14 1857+0.14 1845+0.13
4 3356 1917+0.14 1900+0.14 1885+0.13 1872+0.14 1860+0.14 1849+0.13
5 3503 1343+0.05 1835+0.05 1828+0.04 1822+005 1817+005 1812+0.05
6 3523 1846+ 006 1836+006 1828+006 1821+006 1815+006 1809+ 0.06
9 3589 1876+005 1861+006 1848+005 1837+006 1826+0.06 1817=+0.05
11 3608 185+0.05 1868+0.05 1853+0.05 1840+005 1828+0.05 1818+ 0.05
12 3626 1&%7+006 1855+0.06 1844+0.06 1835+0.07 1826+0.07 1818+ 0.06
13 3641 18%1+0.06 1848+0.07 1838+0.06 1828+0.07 1820+0.07 1812+0.06
14 3645 18%2+007 1849+0.08 1838+0.07 1828+0.08 1819+0.08 1811+0.07
15 3655 1873+0.06 1858+0.06 1845+0.06 1834+0.06 1824+0.06 1815+ 0.06
16 3665 1872+0.06 1858+0.06 1846+0.06 1835+0.07 1825+0.07 1816+ 0.06
17 3686 183+0.10 1850+0.10 1838+0.09 1828+0.10 1819+0.10 1810+ 0.09
18 3699 1&6+0.08 1853+0.08 1841+0.08 1831+009 1822+0.09 1813+0.08
19 3711 1%6+0.11 1842+0.11 1830+0.10 1820+0.11 1810+0.11 1801+0.10
20 3880 183+0.12 1874+0.13 1859+0.12 1847+014 1835+0.14 1825+0.12
21 3903 1839+007 1877+0.07 1860+0.07 1845+0.08 1831+0.08 1819x+0.07
22 3907 183+0.06 1871+0.07 1853+0.07 1838+0.07 1825+0.07 1812+0.07
23 3914 186+0.05 1874+0.06 1857+0.05 1842+0.06 1829+0.06 1817+0.05
24 3944 1876+ 0.07 1860+0.07 1847+0.06 1835+0.07 1824+0.07 1815+ 0.06
25 3951 1872+0.06 1856+0.06 1843+0.06 1831+0.06 1820+0.06 1810+ 0.06
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Table 6. continued.

ID HJD band1(mag) band?2(mag) band3(mag) band4 (mag) band5(mag) band6 (mag)
26 4022 1876+ 006 1861+006 1848+0.05 1836+0.06 1825+0.06 1815+ 0.05
27 4037 189+ 0.05 1854+0.05 1841+0.05 1829+005 1819+0.05 1809+ 0.05
28 4050 18%3+0.09 1849+0.09 1836+0.08 1825+009 1815+0.09 1806+ 0.08
29 4067 18%9+0.12 1846+0.12 1834+0.12 1823+012 1813+0.12 1805+0.12
30 4089 1&7+0.14 1845+0.14 1834+013 1825+0.14 1816+0.14 1808+0.13
31 4093 18%0+0.10 1846+0.10 1834+0.09 1823+0.10 1813+0.10 1805+ 0.09
32 4292 1%6+0.06 1849+0.07 1834+0.06 1821+0.07 1809+0.06 1798+ 0.06
33 4297 186+ 0.07 1849+0.07 1835+0.06 1822+007 1811+0.07 1800+ 0.06
34 4307 18%4+0.09 1840+009 1828+0.08 1817+009 1808+0.09 1799+ 0.08
35 4316 18%6+0.08 1850+0.09 1836+0.08 1824+0.09 1812+0.09 1802+ 0.08
36 4340 189+0.13 1851+0.13 1835+0.12 1820+0.13 1807+0.13 1796+0.12
37 4350 18%9+0.08 1846+0.08 1834+0.08 1823+0.08 1814+0.08 1805+ 0.08
38 4364 18%0+0.09 1844+009 1831+0.09 1820+010 1809+0.09 1800+ 0.09
39 4367 18%9+0.16 1846+0.17 1834+0.15 1824+017 1815+0.17 1807+0.16
40 4379 18%2+005 1845+006 1830+0.05 1817+0.06 1805+0.06 1794+ 0.05
41 4384 1%8+006 1851+0.07 1836+0.06 1824+0.07 1812+0.07 1801+0.06
42 4421 1872+009 1854+0.09 1839+0.08 1825+0.09 1813+0.09 1802+ 0.08
43 4436 180+ 007 1843+0.07 1828+0.06 1814+0.07 1802+0.07 1791+ 0.06
Image C
1 3293 1908+0.11 1892+0.12 1878+011 1865+0.13 1854+013 1844+0.11
3324 19B82+009 1909+0.08 1890+008 1873+0.09 1857+0.09 1843+0.08
3 3341 1922+014 1901+0.14 1882+0.13 1865+0.14 1850+0.14 1837+0.12
4 3356 144+016 1922+0.16 1902+0.16 1885+0.18 1869+0.18 1855+0.15
5 3503 1928+0.08 1909+0.08 1893+0.08 1879+0.09 1866+0.08 1854+ 0.08
6 3523 199+0.10 1909+0.10 1891+010 1876+0.11 1862+0.10 1850+ 0.09
9 3589 1946+ 0.09 1923+009 1902+0.08 1883+0.09 1867+0.09 1852+ 0.08
11 3608 1%9+0.09 1932+0.09 1910+0.08 1889+0.09 1871+0.08 1854+ 0.08
12 3626 188+0.10 1917+011 1899+010 1883+0.11 1868+0.11 1855+0.10
13 3641 121+010 1902+010 1885+0.10 1870+0.11 1856+0.10 1844+ 0.09
14 3645 195+0.12 1904+012 1886+0.12 1870+0.13 1856+0.13 1843+0.11
15 3655 1%4+0.09 1920+0.10 1900+0.09 1882+0.10 1865+0.10 1850+ 0.09
16 3665 1%41+010 1919+010 1899+0.09 1881+010 1866+0.10 1851+0.09
17 3686 1919+0.15 1898+0.15 1880+0.14 1863+0.15 1848+0.15 1835x0.13
18 3699 124+012 1903+012 1884+0.11 1868+0.12 1853+0.12 1840+0.11
19 3711 1804+014 1874+014 1857+0.14 1842+015 1828+0.15 1816+0.13
20 3880 186+0.18 1876+0.20 1861+0.20 1847+0.22 1835+0.21 1824+0.19
21 3903 1919+0.12 1905+0.14 1884+0.13 1867+014 1851+0.14 1836+0.13
22 3907 1912+0.13 1898+ 0.14 1877+0.14 1859+015 1843+0.15 1829+0.13
23 3914 1915+ 0.10 1901+012 1881+0.11 1863+012 1847+0.12 1832+0.11
24 3944 1901+0.08 1883+009 1867+0.08 1852+0.09 1839+0.09 1828+0.08
25 3951 18€9+0.07 1880+0.08 1864+0.07 1850+0.08 1837+0.07 1825+0.07
26 4022 1914+0.11 1894+0.12 1876+0.11 1861+0.12 1846+0.12 1834+0.10
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43

4037 1907+011 1887+011 1870+0.10 1855+011 1841+0.11 1829+0.10
4050 183+0.11 1865+0.11 1850+0.11 1836+0.12 1824+011 1812+011
4067 187/8+0.19 1861+0.20 1847+0.19 1834+020 1822+020 1811+0.19
4089 180+021 1862+0.23 1847+022 1833+023 1821+023 1810+0.20
4093 182+0.20 1872+0.20 1855+0.19 1840+021 1827+020 1815+0.18
4292 187/5+0.06 1857+0.06 1842+006 1828+0.06 1816+0.06 1805+0.06
4297 1873+0.06 1857+0.07 1842+006 1829+0.07 1818+0.07 1807+0.06
4307 18&7+0.08 1843+0.09 1831+008 1820+0.09 1811+0.09 1802+0.08
4316 1871+0.08 1855+0.09 1842+008 1829+009 1818+0.09 1808+0.08
4340 1879+0.12 1859+0.13 1842+012 1826+0.13 1812+0.13 1799+0.12
4350 187/9+0.09 1863+0.09 1850+0.08 1838+009 1827+0.09 1818+0.08
4364 180+0.09 1862+0.10 1846+0.09 1832+0.10 1819+0.10 1808+ 0.09
4367 18%0+0.14 1837+0.15 1826+0.14 1817+0.16 1808+0.16 1800+0.14
4379 188+ 0.07 1877+0.08 1858+0.07 1841+0.08 1826+0.07 1812+0.07
4384 1903+0.09 1882+0.10 1864+0.09 1848+010 1834+0.10 1821+0.09
4421 1918+0.13 1894+0.13 1874+012 1855+0.14 1839+0.13 1824+0.12
4436 1906+ 0.09 1883+0.10 1863+010 1845+0.10 1829+0.10 1814+0.09




184 CHAPTER 7

A. Eigenbrod et al.: Microlensing variability in the Einstein Cross.@nline Material p 3

Table 6. continued.

ID HIJD band1(mag) band?2(mag) band3(mag) band4(mag) band5(mag) band6 (mag)
Image D

1 3292 1911+0.14 1891+014 1873+014 1857+0.15 1842+015 1829+0.13
2 3324 1923+012 1903+0.12 1886+0.12 1871+0.13 1858+0.13 1845+0.12
3 3341 1918+ 0.14 1898+014 1879+0.14 1863+0.15 1849+0.15 1836+0.13
4 3355 1904+0.18 1884+019 1867+0.18 1851+0.21 1838+0.20 1825+0.18
5 3502 1925+011 1902+0.11 1881+0.10 1863+0.11 1847+0.11 1832+0.10
6 3523 1929+011 1908+0.11 1889+0.11 1873+0.12 1858+0.12 1845+0.11
7 3553 1942+010 1920+0.10 1901+0.09 1884+0.11 1868+0.10 1855+0.09
8 3566 196+014 1901+0.14 1880+013 1861+0.15 1844+014 1828+0.13
9 3589 144+ 009 1923+0.09 1904+0.09 1887+0.10 1873+0.10 1859+ 0.09
10 3598 1x5+0.15 1910+015 1887+0.14 1868+015 1850+0.15 1834+0.13
11 3608 1HA3+0.09 1922+009 1905+0.08 1889+0.10 1875+0.10 1862+ 0.09
12 3626 1HN3+012 1920+012 1899+0.11 1881+012 1865+0.12 1850+0.11
13 3641 1®7+012 1902+012 1879+0.11 1860+0.13 1842+0.13 1826+0.11
14 3645 1®26+012 1903+0.12 1883+0.11 1865+0.13 1850+0.13 1835+0.11
15 3655 183+010 1913+010 1896+0.09 1881+011 1867+0.11 1854+0.10
16 3665 18B3+0.11 1910+011 1891+0.10 1873+012 1858+0.11 1843+0.10
17 3686 1903+0.15 1882+015 1864+0.15 1848+016 1833+0.16 1820+0.14
18 3699 1914+0.11 1894+0.11 1876+0.11 1860+0.12 1846+0.12 1833+0.10
19 3711 185+0.17 1875+0.18 1858+0.17 1842+019 1828+0.18 1816+0.16
20 3880 1900+0.11 1883+0.13 1866+0.12 1851+014 1837+0.13 1825+0.12
21 3903 1908+0.10 1893+0.12 1877+0.11 1863+013 1850+0.13 1839+0.11
22 3907 1907+0.08 1892+0.09 1875+0.09 1861+010 1848+0.10 1836+0.09
23 3914 1913+0.07 1898+0.08 1883+0.07 1870+008 1858+0.08 1847+0.08
24 3944 1908+0.12 1887+0.12 1869+0.12 1852+013 1838+0.13 1824+0.11
25 3951 1904+0.11 1885+010 1868+0.10 1853+011 1840+0.11 1828+0.10
26 4022 1906+0.07 1888+0.08 1872+007 1858+0.08 1846+0.08 1834+0.07
27 4037 1903+0.07 1885+0.07 1870+007 1856+0.08 1844+0.08 1832+0.07
28 4050 183+0.12 1875+0.12 1859+0.12 1845+013 1832+0.13 1820+0.12
29 4067 184+0.11 1865+0.11 1849+0.10 1835+012 1822+0.12 1811+0.10
31 4092 187+0.09 1870+0.09 1855+009 1842+010 1830+0.10 1819+0.09
32 4292 1900+ 009 1878+0.09 1858+0.09 1841+0.10 1825+0.09 1811+0.08
33 4297 1385+ 008 1873+0.08 1853+0.08 1836+0.09 1821+0.08 1807=+0.08
34 4307 181+0.11 1863+0.12 1848+0.12 1834+0.13 1822+0.13 1811+011
35 4316 185+0.11 1869+0.12 1854+0.11 1841+012 1830+0.12 1820+0.11
36 4340 18/3+0.13 1855+0.13 1839+0.13 1824+014 1812+0.14 1800+0.12
37 4350 186+0.11 1875+0.12 1865+0.12 1857+0.14 1850+0.14 1843+0.12
38 4364 18/6+0.10 1859+0.11 1844+010 1831+0.11 1819+0.11 1809+0.10
39 4367 18%9+0.18 1841+0.19 1826+0.18 1812+020 1799+020 1788+0.18
40 4379 180+ 0.07 1852+0.08 1836+0.08 1822+008 1809+0.08 1797+0.07
41 4384 1874+0.09 1857+010 1842+0.10 1829+011 1818+0.11 1807+0.09
42 4420 18%1+012 1843+013 1827+013 1813+0.14 1801+014 1789+0.13
43 4436 189+ 0.09 1839+0.10 1821+009 1805+0.10 1791+0.10 1778+0.09




“Never confuse movement with action.”
Ernest Hemingway (1899 - 1961)

Chapter

Dynamics versus gravitational lensing

8.1 Introduction

In spite of the many successes of the ACDM cosmology on large scales, there are some fun-
damental difficulties on small, galactic scales. One such difficulty is the so-called cusp/core
problem related to the distribution and quantity of dark matter in galaxies. A central as-
sumption of the current ACDM cosmological model is that galaxies form and evolve inside
extended dark matter halos (e.g., White & Rees, 1978; Davis et al., 1985). These halos
are possibly universal in their density profile with steep inner density profiles forming a
central cusp (e.g., Navarro et al., 1997; Merritt et al., 2005).

Extended dark matter halos have been detected observationally using various tech-
niques, predominantly through dynamical tracers in spiral galaxies (e.g., van Albada et al.,
1985), early-type galaxies (e.g., Loewenstein & White, 1999; Gerhard et al., 2001), and
clusters of galaxies (e.g., Zwicky, 1937b), but also through other techniques such as com-
bined weak and strong gravitational lensing (e.g., Kneib et al., 2003). All these studies
lead to the conclusion that dark matter halos are extended and have steep and divergent
(i.e. cuspy) inner density profiles (with p oc 7~! or steeper). Large dark matter cores and
very low dark matter central densities, seem to be excluded.

However, there are several studies that reach the opposite conclusion. For instance,
rotation curves of dark matter dominated low surface brightness (LSB) galaxies (e.g.,
Moore, 1994; van den Bosch et al., 2000) and several results from strong lensing indicate
that galactic dark matter halos have a density profile with a flat central core rather than
a cusp. In particular, studies of lensed quasars (e.g., Impey et al., 1998; Kochanek, 2002,
2003b) have shown that the determination of the Hubble constant Hy from the time-
delay method (Refsdal, 1964a) is strongly dependent on the mass profile of the lens.
Isothermal mass profiles typically predict low values of Hy ~ 50 kms~! Mpc™!, whereas
models with constant mass-to-light ratios, e.g., de Vaucouleurs profiles, predict values
Hy ~ 70 kms~! Mpc~! comparable with the result of the HST Key Project. This leads
to the conclusion that, if the Hy value of the Key Project is correct, then lensing galaxies
have preferentially mass profiles with constant mass-to-light ratios, without central cusps.
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Given these contradictory results, further studies are necessary. One approach is to
compare the mass distribution inferred from gravitational lensing with that inferred from
stellar dynamics. The combination of these two independent techniques can better con-
strain the dark matter distribution in galaxies, and will show how well the commonly used
parametric lens models can reconstruct the gravitational potential of a lensing galaxy.

Treu & Koopmans (2004) and Koopmans et al. (2006) applied this approach to a
sample of early-type lensing galaxies. From the study of these lenses, they concluded
that a significant amount of dark matter is present in the inner parts of these galaxies,
with a slope of the total density profile close to that of an isothermal mass distribution.
However, their results are limited by the use of simple spherical dynamical models. Indeed,
most galaxies are significantly flattened and are not accurately described by spherical
models. Non-spherical models provide a more realistic description of galaxies, but require
significantly more spatially resolved kinematic measurements. Unfortunately, not every
lens is close or bright enough to obtain such kinematic data. Barnabé & Koopmans (2007)
developed more complex models assuming axisymmetric potentials. Czoske et al. (2008)
successfully applied these models to the two-dimensional kinematic data of the early-type
lensing galaxy in SDSS J2321—097 and found that this galaxy has a total density profile
well described by a power law very close to an isothermal density distribution. They also
found that the lens has a dark matter contribution of ~ 30% inside the effective radius.

The studies cited above focused on elliptical galaxies, which is not surprising as most
strong lenses are elliptical galaxies (e.g., Turner et al., 1984; Fukugita & Turner, 1991).
Dynamical studies of spiral lensing galaxies are less common. Maller et al. (2000) were
the first to consider dynamical models for a spiral lensing galaxy. They showed how
gravitational lensing can be used to break the disk/halo degeneracy in spiral galaxies, and
applied their method to the spiral lens in B 1600+434. A similar study was done by Trott &
Webster (2002) for the spiral galaxy in QSO 2237+0305. They found that the dark matter
halo, modeled as a softened isothermal sphere, has a large core radius (13.4+0.4 kpc), but
their solution is not unique and their model requires further information on the kinematics
of the lens. Recently, van de Ven et al. (2008) acquired integral-field spectroscopy of the
inner 2 kpc of the lens in QSO 223740305. They found that the luminous and total
mass distribution are nearly identical around the Einstein angle g ~ 0.89” with a slope
that is close to isothermal. They also state that it is likely that dark matter does not
play a significant role in the inner region of this early-type spiral galaxy. However, one
limitation of their work is that they derive the density of the lensing galaxy from the
observed surface brightness assuming a constant mass-to-light ratio. Hence, they do not
consider the potential mass contributions of an extended dark matter halo. Furthermore,
their kinematic data only extends to the inner ~ 2 kpc. Their dynamical models are
therefore principally sensitive to the mass located in the bulge, whereas gravitational
lensing is sensitive to all the “projected” mass located within the quasar images including
the contribution from the halo.

In this chapter, we present additional spectroscopic data of the lensing galaxy of the
Einstein Cross. Our observations were acquired with the Very Large Telescope (VLT) of
the European Southern Observatory (ESO) using three different instruments: SINFONI
to study the inner kiloparsec of the lensing galaxy, FLAMES for the regions up to 4 kpc,
and FORS2 for the most extended parts of the disk reaching 30 kpc, corresponding to
about 40” at z; = 0.039 (see Fig. 8.1). Our project was conducted under the programs
076.B-0607 and 381.A-0120 for a total observing time of 20 hours.
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SINFONI

FORS2

Figure 8.1: The fields of view of the three different instruments used to measure the
kinematics of QSO 2237+0305. The underlying R-band image is a combination of ten
individual exposures acquired with FORS1 of the ESO-VLT during the pre-imaging of our
spectroscopic monitoring program. The total exposition time is 440 s.

8.2 Integral-field spectroscopy with FLAMES

8.2.1 Observations and data reduction

We started our observations in October 2005 and acquired integral-field spectroscopy of the
lensing galaxy of QSO 223740305 with the spectrograph FLAMES/GIRAFFE (Pasquini
et al., 2002) of the ESO-VLT. The journal of the observations is given in Table 8.1. The
observations were acquired in the ARGUS mode. The ARGUS integral field unit consists of
a rectangular array of 14 x 22 microlenses, which provides a sampling of 0.52” /microlens
and a total aperture of 7 x 12” with the low resolution grating. The field unit was
rotated to a position angle of 40 deg (counted counterclockwise from North to East) in
order to be well aligned with the bar of the lensing galaxy. We use the low-resolution setup
LR4, which covers the wavelength range 5020 — 5830 A and gives a spectral resolution of
R = \/AX ~ 9600 at the central wavelength of 5400 A.

The data are reduced using the GIRAFFE Base-Line Data Reduction Software!. This
software goes through all the standard reduction steps. The raw data are bias subtracted,
flat fielded, and bad pixels are removed. The spectral lines of the five simultaneous
thorium-argon lamp calibration fibers are used to adjust the localizations of the spectra,
which are previously guessed from the flat fields. Additional thorium-argon lamp expo-
sures provide the wavelength calibration. The spectra are free from strong OH emission
lines and there is no significant atmospheric absorption in the region of interest, i.e. at the
wavelengths of the Mg1 and Fell absorption lines in the lens frame. The spectra of each
microlens are extracted and assembled to generate a data cube containing all the spectral

Thttp://girbldrs.sourceforge.net



188 CHAPTER 8

Table 8.1: Journal of the FLAMES observations. Each expositions is 2280 s long.

ID Date Seeing [’]  Airmass
1 07/10/2005  0.45 1.347
2 07/10/2005  0.39 1.226
3 07/10/2005  0.50 1.159
4 07/10/2005 0.67 1.372
5 08/10/2005  0.68 1.243
6 09/10/2005 0.86 1.299
7 09/10/2005  1.03 1.201

and two-dimensional spatial information. In total, seven exposures are obtained, hence
providing seven data cubes. To combine the cubes, we compute the light centroid in each
spatial plane contained in a cube (i.e. at each wavelength) and align them spatially. The
combination of all aligned cubes leads to a total integration time of 15960 s = 4.4 hours.

In addition to these data, integral-field spectroscopy of the KO-IIT star HD 19640
has been acquired using the same instrumental setup. The spectrum of this giant star
reproduces well the spectrum of an early-type galaxy, and can hence be used as a template
for the cross-correlation of the spectra of the lensing galaxy:.

8.2.2 Data analysis and results

We use the spectra of the KO-IIT star HD 19640 as a template to determine the radial
velocity and line-of-sight velocity dispersion fields in the lensing galaxy of QSO 2237+0305.
Our procedure follows the method described by Falco et al. (1997) and is based on the
Fourier cross-correlation method (Tonry & Davis, 1979), as implemented in the IRAF?
command fxcor. In the following, we describe how we apply this procedure to the galaxy
spectrum obtained from one microlens of the spectrograph. We repeat this procedure with
the spectra obtained from the other microlenses and hence, determine the velocity and
velocity dispersion fields over the field of view of the spectrograph.

Our procedure starts by subtracting a continuum from both the object and template
spectrum by fitting a cubic spline of order 12 with ten iterations to reject points with
residuals higher than 20 and lower than 20 from the fit, where o is the rms dispersion
of each fit. We restrict the region of the spectra to be used for the cross-correlation
to the main absorption lines in order to avoid contributions from the QSO spectrum
and sky emission. In the FLAMES spectra the main absorption features are the Mg1
absorption triplet at 5175 A in the rest frame and the Fel absorption at 5270 A. The
selected wavelength range is indicated in Fig. 8.2.

Both the stellar template and galaxy spectra have been acquired with the same instru-
mental setup. This guarantees that both spectra have the same spectral resolution and
that no rebinning is necessary at this stage. It is also important that the velocity reso-
lutions of the galaxy and the template match. Fortunately, the lensing galaxy has a low
redshift, and both resolutions are compatible. Otherwise, we would have convolved the

2IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the National
Science Foundation.
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template spectrum with a Gaussian-broadening function to match the velocity resolution
of the galaxy.

Given the spectrum f(z) of the lensing galaxy and ¢(z) of the template, fxcor com-
putes the cross-correlation function g(z), which translates to a simple multiplication in
Fourier space

o) = (f % 1) () = /°° PO v A = Gk) = F (k) T()

where * denotes complex conjugation, k is the wavenumber, and G, F, and 7 are the
Fourier transforms of g, f, and t, respectively. The command fxcor locates the cross-
correlation peak and fits a Gaussian function to it after background subtraction. The
velocity shift between the galaxy and the template is inferred from the location of the
peak of the Gaussian fit. Prior to the Fourier transformation, we apodize the spectra by
5% at each end with a cosine bell to minimize spectral aliasing effects. In addition, the
lowest wave number portion of the Fourier-transformed spectra (< 160 A=1) are filtered
out with a Hanning filter in order to remove any remaining low-frequency background.

r  HD 19640

Flux in arbitrary units
L L L B B

Lensing galaxy

Flux in arbitrary units
T

T O EO SR BRI | 0 .
5300 5400 5500 5600 0 100 200 300 400
AA) a, (km/s)

Figure 8.2: Left: Normalized and continuum subtracted spectra of the lensing galaxy of
QSO 223740305 and of the star HD 19400 obtained from one FLAMES microlens. The
spectrum of the star has been shifted to the redshift of the lensing galaxy. The major
absorption lines are indicated. The interval marked at the bottom of the plot shows the
wavelength range used for the cross-correlation. Top right: Fit of a convolved version of
the spectrum of HD 19400 (red curve) to the spectrum of the lensing galaxy (black curve).
Bottom right: Determination of the velocity dispersion that best matches the spectrum of
the lensing galaxy.

Once the velocity shift between the stellar template and the galaxy spectrum is deter-
mined, we can determine the velocity dispersion of the galaxy. To do so, we first resample
the normalized and continuum subtracted galaxy and stellar template spectra using the
IRAF task dispcor to obtain a linear sampling of the spectra in velocity space, which
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corresponds to a logarithmic sampling in wavelength. Indeed, a shift dv in velocity corre-
sponds to a shift d\ in wavelength with dv/c = d\/A = dIn()\). Based on the measured
radial velocity, we shift the resampled galaxy spectrum to the rest-frame.

We convolve the resampled template spectrum with a series of Gaussians with increas-
ing width o, from 0 to 400 km/s. We fit these broadened spectra to the rest-frame galaxy
spectrum. For each value of ¢, we compute the x?(c,) value between the galaxy spectrum
and the broadened template spectrum. The velocity dispersion of the galaxy spectrum is
then determined from the minimum of the x?(o,), see Fig. 8.2.

We apply this procedure to every galaxy spectrum obtained with the microlenses of
FLAMES and obtain the velocity and velocity dispersion fields shown in Fig. 8.3. The
velocity field clearly shows the rotation of the lensing galaxy, which reaches 180 km/s at
about 4 kpc. The rotation is well aligned with the major axis of the galaxy at PA = 77 deg.
The determination of the velocity dispersions are more difficult, especially in the regions
far away from the lens center, where the spectra have lower signal-to-noise ratios. Reliable
values are only obtained for the central microlenses. We obtain a relatively flat velocity
dispersion field with values of 175 4 30 km/s.

Figure 8.3: Left: Integrated spectra. The central illumination is due to the images of
QSO 223740305 and to the bright center of the lensing galaxy. The field of view is
7" x 12" and the position angle is 40 deg counted counterclockwise from North to East.
Middle: Radial velocity field. The disk rotation is clearly visible and reaches +180 km/s.
Right: Line-of-sight velocity dispersion field. Given the signal-to-noise of the spectra,
reliable velocity dispersions could only be obtained for the central microlenses of the
spectrograph.
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8.3 Integral-field spectroscopy with SINFONI

8.3.1 Observations and data reduction

We observed the nucleus of the lensing galaxy in QSO 223740305 with SINFONTI of the
ESO-VLT. SINFONI consists of a near-infrared integral-field spectrometer coupled to a
visible adaptive optics system (Eisenhauer et al., 2003; Bonnet et al., 2004). The guiding
of the adaptive optics system is done directly on the bright quasar image A.

The SINFONI field of view is sliced into 32 slitlets. Pre-optics allow to choose the
angular size of the slitlets on the sky. We chose the angular size of 100 mas, which provides
a field of view of 3" x3"” and a rectangular size of 100 x 50 mas per spaxel (i.e. spatial pixel).
The spaxel is projected on two CCD pixels by the SINFONTI collimator and camera optics.
We observed our target in the H-band with a useful spectral range of 1.45 — 1.85 pm and,
given the angular size of the slitlets, we reach a spectral resolution of R ~ 2700.

The integration cycle is composed of a sequence of object and sky exposures in order to
remove the sky emission lines which are abundant in the infrared. The sequence consists
of one object exposure, followed by two sky exposures and one second object exposure.
Each individual exposure is 600 s long and the total object integration time for one cycle is
1200 s. In total, we obtain eleven of these cycles, which leads to a total object integration
time of 13200 s = 3.7 hours, see Table 8.2.

Table 8.2: Journal of the SINFONI observations. The integration time per integration
cycle is 1200 s.

1D Date Seeing [’]  Airmass
1 14/10/2005  0.32 1.161
2 23/10/2005 0.36 1.136
3 23/10/2005 0.39 1.158
4 25/10/2005  0.25 1.136
5 25/10/2005 0.33 1.168
6 29/10/2005  0.39 1.156
7 29/10/2005  0.28 1.135
8 30/10/2005  0.39 1.152
9 30/10/2005 0.30 1.135
10 30/10/2005 0.29 1.209
11 30/10/2005  0.29 1.322

8.3.2 Data analysis and results

The data were reduced using the SINFONI data reduction pipeline (Abuter et al., 2006).
The pipeline performs all the usual steps needed to reduce near-infrared spectra, but with
additional routines for reconstructing the data cubes. Following subtraction of the sky
frames from the on-source frames, the data were flat fielded and corrected for bad pixels
and image distortions. The data were then interpolated to linear wavelength and spatial
scales, after which the slitlets were aligned and stacked up to create a data cube. From
our eleven integration cycles, the pipeline constructs eleven data cubes and, eventually,
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Figure 8.4: Normalized and continuum subtracted spectra of the lensing galaxy of
QSO 223740305 and of the star HD 19400 obtained from one SINFONI pixel. There
are numerous absorption lines in the near-infrared and only the most prominent ones are
indicated. The interval marked at the bottom of the plot shows the wavelength range used
for the cross-correlation.

Figure 8.5: Left: Integrated spectra. The field of view is 3" x 3”. North is up and East
to the left. Middle: Radial velocity field. A small rotation reaching £60 km/s is visible.
Right: Line-of-sight velocity dispersion field. Only the most central parts of the galaxy are
bright enough to measure reliable radial velocities and dispersions. The velocity dispersion
field is relatively flat with a mean value of 160 + 20 km/s.

combines them to create one final cube. As the eleven cubes are dithered spatially, we
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reach a final scale of 50 x 50 mas/pixel. As for the FLAMES data, we have observed the
star HD 19640, which provides a stellar template spectrum for the future cross-correlation
of the spectra.

We follow the same procedure as for the FLAMES data to determine both the velocity
and velocity dispersion fields shown in Fig. 8.5. A small rotation reaching 60 km/s is seen
in the nucleus of the lensing galaxy. The velocity dispersion field is flat with values in the
range 160 + 20 km/s.

8.4 Long-slit spectroscopy with FORS2

8.4.1 Observations and data reduction

In addition to the integral field spectroscopy obtained with FLAMES and SINFONI, we
also acquired long-slit spectroscopy with the FOcal Reducer and low dispersion Spectro-
graph (FORS2) of the ESO-VLT. These additional data extend our analysis to the outer
parts of the disk of the lensing galaxy reaching distances up to 30 kpc from the center.
For the data acquisition we used the standard-resolution collimator and the 2 x 2 pixel
binning, which provide a field of view of 6.8’ x 6.8’ with a pixel scale of 0.252”. We
used the holographic G1400V grism without filter, which gives a useful wavelength range
4560 < A < 5860 A and a scale of 0.62 A per pixel in the spectral direction. Our long slit
has a width of 0.7” and is oriented along the major axis of the lensing galaxy, i.e. to a po-
sition angle of 77 deg counted counterclockwise from North to East. This setup reaches a
medium spectral resolution R ~ 2100 at the central wavelength A = 5200 A. Our observing
sequence consisted of a short acquisition image, an “image-through-slit” check, followed
by one consecutive deep spectroscopic exposure. We acquired four exposures leading to a
total integration time of 9200 s = 2.6 hours.

Table 8.3: Journal of the FORS2 observations. Each expositions is 2300 s long.

1D Date Seeing [’]  Airmass
1 31/05/2008  1.66 1.290
2 29/06/2008  1.91 1.159
3 08/07/2008 1.59 1.558
4 08/07/2008  1.70 1.323

8.4.2 Data analysis and results

We carry out the standard bias subtraction and flat-field correction of the spectra using
IRAF. The flat fields are created from the combination of five dome exposures and are
normalized to have a unity average. The wavelength calibrations are obtained from the
spectrum of helium-argon lamps. The wavelength solution is fitted in both spatial and
spectral dimensions with the IRAF task fitcoords using a fifth order Chebyshev polyno-
mial along the spectral direction and a fourth order Chebyshev polynomial fit along the
spatial direction. The object spectra are then rectified with the task transform applying
a cubic interpolation. This procedure ensures that the sky lines are well aligned with the
columns of the CCD after the wavelength calibration. Cosmic rays are removed using
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Figure 8.6: Normalized and continuum subtracted spectra of the lensing galaxy of
QSO 223740305 and of the star HD 220572 obtained with FORS2. The spectrum of
the star has been shifted to the redshift of the lensing galaxy. The major absorption and
emission lines are indicated. The interval marked at the bottom of the plot shows the
wavelength range used for the cross-correlation. Left: Spectrum of the central region of
the galaxy. Right: Spectrum of the galaxy at 9 kpc from the center showing H 3 and
[O111] emission.

the L. A. Cosmic algorithm (van Dokkum, 2001). The sky background is removed with
the TRAF task background by fitting a first order Chebyshev polynomial in the spatial
direction to the areas of the spectrum that are not illuminated by the object.

We shift the four individual object spectra with fitcoords in order to align them
spatially. We create a combined spectrum from all aligned exposures removing the lower
and higher pixels and applying an appropriate flux scaling. The final combined spectrum
can then be used to infer the velocity and velocity dispersion along the slit. As for the
FLAMES and SINFONTI observations, we also acquired a spectrum of a giant KO-IIT star.
This time it is HD 220572.

We combine the CCD lines along the spatial direction in order to obtain individual
spectra with a signal-to-noise ratio superior to 5. We use these spectra to infer the velocity
and velocity dispersion fields following the same method as described for the FLAMES
data. The results are shown in Fig. 8.7. We estimate the systematic error on the velocities
by carrying out a polynomial fit of the rotation curve using a polynomial of high enough
order so that the residuals are uncorrelated, i.e. such that the auto-correlation function of
the residuals reduces to less than 0.5 within a separation of a few data points. We find
that a polynomial of order 7 is sufficient, and that the systematic error reaches 20 km/s.

The velocity dispersion estimated from the spectrum of the central 0.89” reads 168 +
8 km/s. It decreases for larger radii and reaches 50 £ 30 km/s at about 8 kpc. The
systematic error of the individual velocity dispersion measurements is 30 km /s as estimated
from a polynomial fit of order 3.
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The spectrum of the lensing galaxy is shown in Fig. 8.6 and displays strong Mg1 and
Fe1 absorption features everywhere in the galaxy from the center out to 30 kpc. For radii
larger than 9 kpc, we also find H 5 and [O111] emission. These lines are probably emitted
by the gas of the disk. Separate velocity estimates from the absorption and emission lines
result in the same rotation curve, which indicates that the gas and stars share the same
dynamics in the outer regions of the galaxy.
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Figure 8.7: Left: Radial velocities obtained from the FORS2 long-slit spectra. Right:
Line-of-sight velocity dispersion along the FORS2 slit.

8.5 Discussion

We have acquired integral-field and long-slit spectroscopy of the lensing galaxy of the
Einstein Cross using the three spectrographs SINFONI, FLAMES, and FORS2 of the
ESO-VLT. We derive the line-of-sight velocity v, and velocity dispersion o, maps of the
bulge-dominated inner region (i.e. < 4 kpc). From the FORS2 data, we determine for the
first time the rotation and velocity dispersion curves of the lensing galaxy up to 30 kpc
from its center.

We measure the velocity dispersion within the central 0.89” using the FORS2 spectra
and obtain 168 =8 km/s. This is consistent with the estimates derived from the SINFONI
and FLAMES integral-field spectroscopy. The FORS2 value is also in excellent agreement
with the results of van de Ven et al. (2008), who measured a central velocity dispersion
of 166 £ 2 km/s. The King and de Vaucouleurs models of Kent & Falco (1988) as well
as the more detailed model of Schmidt et al. (1998) predict a similar value of about
166 km/s. Barnes et al. (1999) found a value of 165 £ 23 km/s based on their two H1
rotation curve measurements. Finally, we should mention that all these values differ from
the first direct measurement of the velocity dispersion by Foltz et al. (1992), who obtained
215 £+ 30 km/s. However, it is likely that their long-slit measurement is affected by the
bright quasar images.

From the observed geometry of the isophotes, van de Ven et al. (2008) deduce that the
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galaxy is inclined at i = 68 deg with respect to the sky plane3. Because of this inclinaison,
the radial velocity v, differs from the true rotation velocity V/

v, =V sint

The rotation curves of V', obtained from the three spectrographs along the major axis of the
lensing galaxy (i.e. at PA = 77 deg), are mutually consistent, see the left panel of Fig. 8.8.
The FORS2 rotation curve reaches 260 km/s at 8 kpc and remains flat out to 30 kpc. The
derived velocities are slightly smaller but compatible with the H 1 measurements of Barnes
et al. (1999), who obtained v, /sini = 3104 15 and 295 + 15 km/s at 29 +1” and 38 +£1”,
respectively. The FLAMES velocity maps show regular rotation up to ~ 140 km/s around
the minor axis of the bulge, consistent with an axisymmetric rotation.
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Figure 8.8: Left: Rotation curve corrected for the inclinaison (i = 68 deg). The red, blue,
and black dots are the SINFONI, FLAMES, and FORS2 measurements, respectively. The
open squares are the two velocities from the H1 measurements of Barnes et al. (1999).
The inlet shows the rotation curve of the central region in more detail. Right: Circular
velocity from the lens model of Trott & Webster (2002). The curves are total (solid), halo
(dash-dot), disk (dotted), bulge (short dashed) and bar (long dashed). The two vertical
lines denote the velocities from Barnes et al. (1999).

For a rotating system at equilibrium, the centrifugal force seen by a test particle of
mass m at radius r is compensated by the gravitational force F. The particle follows a
circular orbit with a circular velocity v given by

Vaire F = 2 " R
m-—< = VA= —
r C1rc m
Trott & Webster (2002) constructed a simple model for the mass distribution of the lensing
galaxy of QSO 223740305. They considered analytical mass distributions for the bulge,

3We remind that a face-on galaxy has an inclinaison ¢ = 0 deg and an edge-on ¢ = 90 deg.
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bar, disk, and halo. They constrained their model from both the lensing data and the
two HT measurements of Barnes et al. (1999). They derived the circular velocity curve
shown in the right panel of Fig. 8.8. This curve is essentially flat from 2 to 30 kpc with
a steep slope in the central 2 kpc. A similar circular velocity curve is obtained from the
axisymmetric models of van de Ven et al. (2008).

For radii larger than 8 kpc, the circular velocities vciye of Trott & Webster (2002) and
van de Ven et al. (2008) are compatible with (but slightly higher than) the velocities V'
obtained from our spectroscopic data. This suggests that the visible matter located at
r > 8 kpc typically follows circular orbits, e.g., in a disk-like structure. However, at smaller
radii V is significantly smaller than ve, which indicates that the region inside ~ 8 kpc
is not rotationally supported and that the velocity dispersion becomes important. This is
clearly visible in the right panel of Fig. 8.7 where the velocity dispersion increases from
~ 8 kpc inwards. These facts are further confirmed by the detection of H 3 and [O111]
emission at > 9 kpc, which indicates the presence of gasl, which is typically found in the
disks but not in the bulges of spiral galaxies.

From all these observations, we conclude that there are two dynamical regimes in the
lensing galaxy: a central bulge-dominated region and a more extended circularly rotating
region. The bulge-dominated region is slowly rotating and is dominated by random mo-
tions, i.e. by the velocity dispersion. At a distance of about 8 kpc from the center, the
dynamics change and the visible matter essentially follows circular orbits located in the
disk plane. This value of 8 kpc is a bit lower than expected from the model of Trott & Web-
ster (2002), where the mass of the bulge dominates the dynamics out to 10 kpc. This small
discrepancy may indicate that the mass of the bulge has potentially been overestimated
in their model.

The models of van de Ven et al. (2008) are based on the assumption of a constant mass-
to-light ratio, which they use to derive the mass distribution of the lensing galaxy from the
observed surface brightness. Hence, they do not consider the potential mass contributions
of an extended dark matter halo. Furthermore, given the small spatial extent (i.e. < 2kpc)
of their kinematic data, their dynamical models are not constrained in the outer parts of
the galaxy, where the mass contribution from the halo may be important.

Given this situation, it is imperative to built new dynamical models based on both
the gravitational lensing data and our extended spectroscopic data. Indeed, the flatness
of the observed rotation curve strongly suggests the presence of an extended dark matter
halo (van Albada et al., 1985), and we have now sufficient data to precisely determinate
the amount and distribution of dark matter in the lensing galaxy of QSO 2237+40305.
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“The journey is the reward.”

Confucius (551- 479 BC)

Chapter

(zeneral conclusions and outlook

In this thesis, we consider several applications related to gravitationally lensed quasars.
We make extensive use of the spectrographs of the Very Large Telescope with a total of
185 hours of observation.

The first part of our study is related to the COSMOGRAIL project, which aims at
determining the Hubble constant Hy from the time-delay method. In order to optimize the
observing strategy of the COSMOGRALIL targets, we have undertaken a set of simple but
realistic numerical simulations. The results of these simulations help to determine the op-
timal combination of predicted time delay, object visibility and temporal sampling. They
also help to estimate which gravitational lenses are best suited for a Hy determination.
These simulations have been used to define the observing strategies of the COSMOGRAIL
targets and have led to the determination of several time delays (Vuissoz et al., 2007, 2008).
These time delays have an uncertainty below 4%, which is twice better than the accuracy
usually reached by previous monitorings of lensed quasars. Furthermore, as the monitoring
continues, these values will further improve, together with several other COSMOGRAIL
time delays that will be published in the foreseeable future.

From spectroscopic observations obtained with the Very Large Telescope, we determine
the redshift of the lensing galaxies in sixteen gravitationally lensed quasars. This repre-
sents about 25% of all currently known redshifts of galaxies lensing background quasars.
The comparison of our results with previous studies suggests that photometric redshift
estimates are in general not very accurate indicators of the true redshift. Absorption lines
present in the spectra of the lensed quasar images are much better indicators but caution
should be used in their identification. Our new lens redshifts have a direct impact on
several studies, especially the lens redshift of HE 2149—2745, which is one of lens systems
that has been used to argue possible low Hj values (e.g., Kochanek, 2002, 2003b). The new
redshift significantly increases the derived Hy, and weakens the possible low Hy problem
(e.g., Oguri, 2007).

In analyzing data of the VLT archives, we show that multi-object spectroscopy is
better suited for the determination of lens redshifts than long-slit spectroscopy. The
additional spatial information obtained from the simultaneous observation of foreground
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stars is essential for the spatial deconvolution of the data. There are still other data in
the archives that can potentially be deconvolved and hence, provide the lens redshift for
other lensed quasars.

In addition, the quality (i.e. good signal-to-noise ratios and flux calibration) of our
spectra is sufficient for a stellar-population analysis. From such an analysis, one can infer
the stellar mass of the lensing galaxies. The comparison with the total mass inferred
from gravitational lensing can then determine the quantity of dark matter in the lensing
galaxies (e.g., Ferreras et al., 2008).

Additional results of our analysis are the spectra of the lensed quasar images. As
shown for SDSS J0924+0219, these observations can be used to study the quasar vari-
ability and potentially also chromatic flux variations induced by microlensing. These flux
variations provide interesting constraints on the geometry and dimension of the broad line
and continuum emitting regions (e.g., Richards et al., 2004; Popovié¢, 2006).

Increasing the number of known lens redshifts is important for several reasons. First,
lens redshifts are essential for the determination of Hy. Increasing the number of time-
delay lenses with known lens redshifts will improve the precision of the subsequent Hy
estimation (e.g., Oguri, 2007; Coles, 2008). Second, lens redshifts can be used to compute
statistics of gravitational lenses that provide constraints on the density of dark energy Q¢
(e.g., Fukugita et al., 1990; Turner, 1990). Increasing the number of known lens redshifts
will improve the statistics and, therefore, yield better estimates of Q¢ (e.g., Oguri et al.,
2008).

In the main part of this thesis, we perform a detailed analysis of the gravitationally
lensed quasar QSO 223740305 also known as the Einstein Cross. We present our three-
year long spectrophotometric monitoring conducted at the Very Large Telescope. We find
that all images of the Einstein Cross are affected by microlensing in both the continuum
and the broad emission lines. Images A and B are the most affected by microlensing during
our monitoring campaign, and the spectral continuum becomes bluer as the images get
brighter, as expected from microlensing of an accretion disk. We also report microlensing-
induced flux variations of the broad emission lines, both in their profile and integrated
intensity. Our measurements suggest that higher ionization lines are more magnified than
lower ionization lines, which is consistent with the results of reverberation mapping studies
and a stratified structure of the broad line region (e.g., Peterson, 1993; Kaspi et al., 2000).

In a subsequent analysis, we study in more detail the variations observed in the con-
tinuum of the spectra of the quasar images A and B. We combine the inverse ray-shooting
technique with Bayesian analysis to infer probability distributions for the effective trans-
verse velocity and the size of the source responsible for the optical and ultraviolet con-
tinuum. Our results are well compatible with previous studies. We derive the currently
best estimate of the energy profile of a quasar accretion disk. We find that the energy
profile of QSO 223740305 follows a power-law R o< AS with ¢ = 1.240.3, which is in good
agreement with the predictions of the standard thin accretion disk model, and with the
results obtained from microlensing studies of other lensed quasars (e.g., Poindexter et al.,
2008).

We find that the determination of the power-law index ( is almost independent of
the mean microlens mass and velocity prior considered. As a consequence, microlensing
studies are extremely efficient in constraining the relative sizes of the different emitting
regions in the source, i.e. we can accurately infer the energy profile of the accretion disk
and probe the lensed quasar of the scale of several milli-parsecs. This corresponds to a
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spatial resolution of about one micro-arcsecond, which is more than ten thousand times
better than the resolution reached by today’s best telescopes. Furthermore, the intensity
and profile variations observed in the broad emission lines offer considerable hope to infer
quantitative information on the geometry and size of the broad line region, as well.

Finally, we take advantage of the proximity of the spiral lensing galaxy in the Einstein
Cross to conduct a detailed study of its stellar kinematics using long-slit and integral-
field spectroscopy. We obtain for the first time the rotation curve of this galaxy, and the
flatness of the curve at large radii suggests the presence of an extended dark matter halo.
We conclude from our observations that there are two dynamical regimes in the lensing
galaxy: a central bulge-dominated region and a more extended circularly rotating region.
The comparison of the observed kinematics with the predictions of dynamical models
possibly indicate that the mass of the bulge has been overestimated in the models. It is
thus imperative to build new dynamical models based on both the gravitational lensing
data and our extended spectroscopic data. The combination of these two independent data
sets is promising for the determination of the distribution of dark matter in the lensing
galaxy, and especially in its extended halo.

In this thesis, we have seen how quasar lensing can be used to address several astrophys-
ical and cosmological questions. Gravitational lensing has, indeed, become an increasingly
important tool in these domains, and many more fascinating results are expected in the
future as new data are acquired, e.g., from weak-lensing surveys. Hopefully, in the coming
years, gravitational lensing will help to better understand the nature of dark matter and
dark energy, which remain two of the most challenging mysteries of modern cosmology.
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