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Nothing is ever really lost, or can be
lost,

No birth, identity, form—no object of
the world.

Nor life, nor force, nor any visible
thing;

Appearance must not foil, nor shifted
sphere confuse thy brain.

Ample are time and space—ample the
fields of Nature.

The body, sluggish, aged, cold—the
embers left from earlier fires,

The light in the eye grown dim, shall
duly flame again;

The sun now low in the west rises for
mornings and for noons continual;
To frozen clods ever the spring’s
invisible law returns,

With grass and flowers and summer
fruits and corn.

Continuities—WALT WHITMAN

Never, never, never give up.

—WiNsTON CHURCHILL







Abstract

This work focusses on studying the brightness variation of gravitationally lensed
multiply imaged quasars. The main goal is the optimization of the relative differen-
tial photometry procedures, which are based on the difference image analysis (DIA)
method. Moreover, it aims at isolating uncorrelated flux variations among the quasar
images, which can be explained as due to quasar microlensing events, and at the esti-
mation of the time delays of the observed systems from the retrieved light curves.

We present V and R photometry of the gravitationally lensed quasars WFI12033-4723,
HE 0047-1756 and Q 2237+0305. The analyzed data belong to the MiNDSTEp collab-
oration and were taken with the 1.54 m Danish telescope at ESO/La Silla from 2008 to
2012. The differential photometry is based on the already published method by Alard &
Lupton as implemented in the HOTPANnTS package, and additionally uses the GALFIT
package for obtaining the quasar photometry.

The quasar WFI2033-4723 shows brightness variations of ~ 0.5mag in V and R dur-
ing the campaign. The two lensed components of quasar HE 0047-1756 vary by =
0.2 — 0.3 mag within five years. We provide for the first time an estimate of the time
delay of component B with respect to A of At = (7.6 + 1.8) days for this object. We also
find evidence for a secular evolution of the magnitude difference between components
A and B in both filters, which we explain as due to a long-duration microlensing event.
We also find that both quasars WFI2033-4723 and HE 0047-1756 become bluer when
brighter, which is consistent with previous studies. The quasar Q 2237+0305 shows im-
pressive uncorrelated variations of the four components in both the V and R bands, with
brightness variations between ~ 0.2 and ~ 1.3 mag. In particular, component D shows
flux variations of ~ 1.3 mag in the V band and ~ 0.8 mag in the R band during the 5-year
monitoring campaign, along a caustic-crossing feature of the light curve. We also find
that the color of this component becomes redder by ~ 0.6 mag while it becomes fainter.
Image C becomes brighter by ~ 0.7 mag between the last two monitoring seasons and
this again suggests a high-magnification microlensing event.

Zusammenfassung

Diese Arbeit konzentriert sich auf die Studie der Helligkeitsverdanderung von mehrfach
abgebildeten gravitationsgelinsten Quasaren. Das Hauptziel ist die Optimierung der rel-
ativen differentiellen Photometrie-Verfahren, die auf Methoden der Differenz-Bildanalyse
(DIA) basieren. Dariiber hinaus strebt sie die Isolation unkorrelierter Fluss-Variation
unter den Quasar-Bildern an, die durch Quasar-Mikrolinsenereignisse erklirt werden
konnen, und beabsichtigt die Schitzung von Zeitverzogerungen der beobachteten Sys-
teme von den gewonnenen Lichtkurven. Wir prisentieren V- und R-Photometrie der




gravitationsgelinsten Quasare WFI2033-4723, HE 0047-1756 und Q 2237+0305. Die
analysierten Daten gehoren zum MiNDSTEp-Kollaboratorium und wurden mit dem
1,54 m groBBen Dénischen Teleskop in ESO/La Silla zwischen 2008 und 2012 aufgenom-
men. Die differentielle Photometrie basiert auf der bereits veroffentlichten Alard- und
Lupton-Methode, wie sie im HOTPAnTS-Paket implementiert wurde, und verwendet
zusitzlich das GALFIT-Paket, um die Quasar-Photometrie zu bestimmen. Der Quasar
WFI2033-4723 zeigt wihrend der Kampagne Helligkeitsverdnderungen in einer Grof3e
von ~ 0,5 mag in V und R. Die beiden gelinsten Komponenten des Quasars HE 0047-
1756 variieren zwischen ~ 0,2 — 0,3 mag innerhalb von fiinf Jahren. Fiir dieses Objekt
bieten wir erstmals eine Schitzung der Zeitverzogerung der Komponente B im Bezug
auf A von Ar = (7,6 £1,8) Tagen an. Weiterhin finden wir in beiden Filtern einen Hin-
weis fiir eine sékulare Evolution des Helligkeitsunterschiedes zwischen den Komponen-
ten A und B, die wir durch ein lang anhaltendes Mikrolinsenereignis erklidren konnen.
Wir finden auflerdem heraus, dass beide Quasare, WFI12033-4723 und HE 0047-1756,
blauer werden mit Zunahme der Helligkeit, welches konsistent mit vorherigen Stu-
dien ist. Der Quasar Q2237+0305 zeigt beeindruckende unkorrelierte Variationen in
seinen vier Komponenten mit Helligkeitsverdnderungen zwischen ~ 0,2 und = 1,3 mag
sowohl im V- als auch im R-Band. Insbesondere Komponente D zeigt Fluss-Variationen
innerhalb der fiinfmonatigen Beobachtungskampange von =~ 1,3 mag im V-Band und
~ 0,8 mag im R-Band in einem kaustikdhnlichen Merkmal der Lichtkurve. Wir finden
auBlerdem heraus, dass die Farbe dieser Komponente um = 0,6 mag roter wird. Bild C
wird zwischen zwei Beobachtungssaisons um =~ 0, 7 mag heller und dies deutet ebenfalls
auf ein Mikrolinsenereignis gro3er Verstirkung hin.
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Motivation

Since the prediction of the gravitational lensing effect ([2], [44]), according to which
the light rays emitted from a distant background source are bent by an intervening grav-
itational field, first proposed in the early 18th century, impressive progress has been
made in the attempt of observing this phenomenon. It has been classified in a variety
of regimes, called strong, weak and micro-lensing. This means that different kinds of
light sources and gravitational fields, which are placed at different distances from the
observer, concur on realising a plethora of gravitational lensing system configurations,
which act on a multitude of angular scales. This phenomenon has often contributed to
independent measurements and confirmations of results obtained by applying traditional
principles and methods. For example it provides an independent method of measuring
the Hubble constant [121] and a further means of investigating the existence and nature
of the dark matter (for a detailed review see [94]).

Gravitational lensing magnifies or demagnifies the flux of the affected images, distorts
their original shapes, changes their center of light positions and produces multiple im-
ages. Strong lensing usually involves a background galactic source and a foreground
lensing galaxy and produces multiple images of the source, which can be strongly dis-
torted and elongated (arcs), and have angular separations of the order of arcseconds.
Weak lensing happens when a foreground matter distribution, like a cluster of galaxies,
affects the light sources behind it with a little overall effect that can be detected only by
measuring the average distortion of a multitude of slightly distorted source shapes.
Microlensing arises when the gravitational field of a Galactic star bends the light from
a background Galactic star. It also happens when the compact objects in a foreground
galaxy affect the light from the multiple images of a strongly lensed quasar. This gives
rise to the quasar microlensing phenomenon. In these cases mutiple images are pro-
duced on angular scales from milliarcseconds to microarcseconds. This implies that the
production of the multiple images is undetactable. Nevertheless the overall flux varia-
tion can be measured.

To list only a few results obtained by considering the gravitational lensing phenomenon
we mention that the validity of the general theory of relativity has also been confirmed
by the observation of multiply imaged quasars [20] and strongly distorted galactic arcs
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Chapter 1. Motivation

[112].

The measurement of the Hubble constant has been optimized in the last 25 years by
observing systems such as supernovae ([61], [70]), Cepheids [51] and strong lensing
systems [74].

The existence of new exoplanets orbiting distant Galactic stars has been confirmed
through the radial velocity method [82], the observation of transits [56] and, more re-
cently, by the method of microlensing of Galactic bulge stars [16].

Moreover, the nature of the extragalactic halos has also been investigated by studying
their gravitational effect on background sources [63].

Of particular interest for this thesis is the fact that the spatial structure of multiply im-
aged quasars has been studied by observing the effect of compact objects in foreground
galaxies on their multiply imaged components [20]. The inner structure of quasars is
not otherwise easily accessible and quasar microlensing is a unique method for studying
the physical sizes of these lensed systems. The method requires constant monitoring of
the multiply imaged quasar in order to build their light curves. From those, the source
size can be estimated, according to the principle that the microlensing features of the
light curves depend on the size of the lensed source, which in turn depends on the ob-
served wavelength. Enourmous effort has been made in this direction and many ground-
and space-based observatories have contributed the coverage in wavelength and time for
many multiply imaged quasars in the last 30 years ([114], [96]). In particular, the Op-
tical Gravitational Lensing Experiment [111] — OGLE - has been monitoring several
multiply imaged quasars since 1997 and has produced those among the longest existing
light curves. Despite the enourmous amount of data produced, this application of grav-
itational lensing is currently shared and applied by a quite small community, meaning
that its great potential is not yet fully exploited.

Here we present our implementation of an already published method of difference im-
age analysis (DIA) and apply it to several multiply imaged quasars of great interest, for
which we received data from 2008 to 2012, in order to build their light curves. Besides
analyzing the obtained data, the aim is also to provide us with a method to retrieve light
curves at a higher speed when getting new quasar monitoring data. The multiply imaged
quasars analyzed in this work, WFI12033-4723, HE 0047-1756 and Q 2237+0305, are
very interesting gravitational systems for which we have been able to prolong the al-
ready existing light curves and proceed, in the case of HE 0047-1756, to the calculation
of the time delay between its two images. This is the time lag between the arrival time
of the light rays emitted from the two images, as due to the different geometrical path-
ways and the effect on light of the gravitational field they cross. The determination of
the time delays from several lensing systems concur on the determination of the Hubble
constant Hy at an increased statistical accuracy and constitutes one of the most valuable
contributes of gravitational lensing to Cosmology.




Introduction to AGNs and Quasar
Microlensing

2.1 ACTIVE GALACTIC NUCLEI

2.1.1 The AGN class

In this section we present the basic theory behind the phenomenon of active galactic
nuclei (see [144] and references therein; see also [80]).

Active galactic nuclei, shortly AGNs, are galaxies with a compact central region

which emits strongly over the entire electromagnetic spectrum. Many of them emit
strongly in the optical, UV and X-ray regimes. Others are powerful radio sources. All
emit high energy amounts from a tiny volume, comparable to that occupied by the Sun
and its planetary system. AGNs are believed to host central super massive black holes
(SMBHs) with masses in the range 106-10'9 M. Although all galaxies seem to contain
SMBHs ([92],[60]), those in AGNs accrete matter, whose gravitational energy, possi-
bly along with the rotational energy of the SMBH, is transferred into electromagnetic
radiation. Moreover, part of the accreting material escapes from the accretion disk as
collimated jets and uncollimated outflows, which are called winds. The size scales of
the AGN phenomenon span 11 orders of magnitude, from the event horizon scales of
the SMBH (10'3 cm) to the jet scales, which can be as large as a few Mpc [91].
AGNs are among the most luminous sources in the universe, with luminosities of 10% -
10*8 erg s~!. Their observational differences are generally believed to derive from look-
ing at few types of AGNs from different angles with respect to a simmetry axis. Besides,
the physical explanation of the observed variety of AGNs has also to be attributed to
their different accretion flows and environments. This means that the total luminosity
[83] and the cosmic epoch of the AGN [150] play an important role as well.

Figure 2.1 shows the structure of the inner working mechanism of an AGN. It shows
what are the components producing most of the observational features seen in AGNs:

1. A central SMBH is located at the center of an accretion disk, whose typical size is
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Figure 2.1: Sketch of the working mechanism at the basis of the AGN phenomena. The
central SMBH, with mass in the range 10° — 10'° M, is surrounded by an accretion
disk, whose typical size is ~ 10'* — 103 cm. Broad emission lines are emitted from gas
clouds orbiting the SMBH at a distance of ~ 10'® — 107 cm. A dusty torus, with inner
radius of ~ 10!7 cm, obscures the BLR if the AGN is observed at a large viewing angle
with respect to the simmetry axis. Clouds at much larger distances of ~ 10!8 — 10%° cm
from the central engine emit narrow lines. Radio jets, in favourable conditions, are
channelled from the regions close to the SMBH (at ~ 10'> cm) up to several 10?* cm in
radio loud AGNs. The sketch is reproduced from www.oa.uj.edu.pl.
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~10'*—10" cm. The accretion disk is believed to derive from gas falling into the
central SMBH. The gas slowly flows towards the AGN center, forming a disk that
rotates around the central SMBH ([89], [138]), and whose angular momentum
is transferred towards the outskirts of the disk as a result of its viscosity. This
process heats the disk, which therefore radiates away its gravitational energy over
a broad range of wavelengths [140]. The resulting continuum thermal emission,
defined as Big Blue Bump, covers a rest frame emission range from the optical
to the soft X-ray band ([28],[78]). A fraction of the continuum emission can get
comptonized by a corona of hot material, surrounding the disk. The resulting
radiation is emitted in the hard X-ray band.

2. Dense gas clouds, at ~ 10— 10'7 ¢cm from the disk, constitute the Broad Line Re-
gion (BLR), which gives rise to broad emission lines. The line widths reveal that
the orbital speed of the emitting gas clouds is of the order of ~ 10* kms™!. Farther
clouds, placed at a ~ 10'8 — 1029 ¢m distance, constitute the Narrow Line Region
(NLR), which emits much narrower emission lines, with widths corresponding
to orbital velocities below 10° kms~!. The lines from strongly ionized atoms in
the BLR vary according to the continuum variations with time lags of a few days.
The low-ionized atom lines instead vary with delays of a few weeks, as one would
expect if they are excited at larger distances from the central nucleus. The narrow
emission lines, on the other hand, do not show any significative variations, since
they originate much farther away from the central engine. !

3. In a radio-loud AGN, favorable conditions (i.e. strong magnetic fields) have de-
termined the formation of collimated, highly relativistic radio jets, which ex-
tend from the inner regions of the AGN over distances as long as ~ 10?4 cm.
The jets, in the regions adjacent to the SMBH, are believed to be mostly made
up by electromagnetic radiation. At distances of ~pc, the electromagnetic en-
ergy in transferred to electrons, positrons or to the Interstellar Medium (ISM)
([120],[88],[131], [14]).

Roughly 10% —20% of AGNs are radio loud. They are classified in two types
[48]: the low-power Fanaroftf-Riley Class I (FRI), with radio features distributed
closer to the center, and the high-power Fanaroff-Riley Class II (FRII), with larger
distances between the jet extremities, of the order of a few Mpc.

A large number of radio-loud AGNs also shows X-ray emission from the jets

!Observations of the BLR emission lines and the disk continuum emission provide a means of esti-
mating the mass of the SMBH, by making use of the reverberation mapping technique [117]. This method
uses the widths of the emission lines (from which the orbital velocities of the clouds are estimated) and
the time lags between the variability of the continuum and that of the line fluxes (hence an estimate of
the distance between the engine and the BLR). Velocity and distance of the BLR provide the orbital
parameters necessary for the estimation of the SMBH mass.
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[62]. For the Fanaroft-Riley I, the radio to X-ray emission well matches the Syn-
chrotron emission from TeV electrons in magnetic fields of < 1000 uG. On the
other hand, for the Fanaroft-Riley II, the radio to X-ray spectrum is not well rep-
resented by a single Synchrotron component. For these sources, the electromag-
netic spectrum between the optical and the y-ray bands becomes brighter. This
might be due to inverse Compton scattering of Cosmic Microwave Background
(CMB) photons from highly relativistic electrons ([12], [5], [176]).

AGNss jets might play a role in galactic and galaxy cluster systems, because of
their possible contribution to the heating processes of the ISM and intracluster
medium, which would ultimately affect the star formation process [97].

4. A thick dusty torus, with an inner radius of ~ 10'7 ¢cm, obscures the accretion disk
and the BLR when the AGN is observed at an angle with respect to its simmetry
axis. It re-emits the central engine continuum in the infrared. The presence of the
above torus can explain some of the differences between different AGN classes
([46], [106]). The appearance of the observed object depends on the viewing
angle, whether or not the AGN has a jet emission, and the luminosity of the central
engine. If the torus is on the line of sight towards the AGN, it will conceal the BLR
and only narrow lines will be observed, producing the Type-2 Seyfert galaxies
(all Seyfert galaxies are in general quite modest radio sources found in spiral
galaxies) and the narrow line FRI and FRII radio galaxies (all FRI and FRII radio
galaxies are in general observed in giant elliptical galaxies, with highly polarized
synchrotron radiation up to 10'2 Ly). If the torus does not obscure the BLR,
the AGN will appear as Type-1 Seyfert galaxies, radio quiet quasi-stellar objects
(QSO0s), broad line FRI and FRII radio galaxies and quasars, quasi stellar radio
sources. Although the terms quasar and QSO are today widely used as synonims
— and we will only use the term quasar in the following — the word quasar was
introduced to describe extremely luminous, high-redshift, star-like radio sources,
while the term QSO was attributed later to apparently stellar sources with no
intense radio counterparts. Quasars are today regarded as powerful versions of
a Seyfert galaxy, with the bolometric luminosity of transition between the two
classes at ~ 10!! Lo. Both emit abundantly from the infrared to the X-rays, most
of them are not strong radio emitters. At small observing angles, the non-thermal
continuum emission from the relativistic jets will prevail and the quasars will
appear as radio-loud blazars, with strong variability on scales of days and strongly
polarized optical and radio emission.

5. The observation of blue-shifted broad and narrow absorption lines from the opti-
cal to the X-ray wavelengths implies the existence of fast AGN outflows or winds
[22]. The location at which the broad absorption line (BAL) winds are loaded is
still uncertain, whereas it is believed that the narrow absorption line (NAL) winds
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are launched at about the same distance as the NLR, of the order of ~pc.

The emission from AGNs is in general a means of studying the objects, diffuse matter
and radiation fields between us and the AGNs.

2.1.2 Black hole formation and accretion

According to most black hole (BH) formation models, primordial black holes ap-
peared at redshift z larger than 15. There are two leading scenarios explaining how
the first black holes have appeared. The first states that the primordial BHs are the
final product of the evolution of the first ultra metal-poor generation of stars. Such
BHs emerged at z~ 20 with masses 100 — 1000 M, ([167],[103]). The other scenario at-
tributes the formation of 102 — 103 M BHs to direct gas collapse at z~ 10— 15 ([17],[33]).
Since the typical observed SMBH mass is of 10° — 10° M, most of the growth happens
in AGN systems, particularly in quasars ([89], [143],[148]). Their activity is likely ig-
nited by major mergers of two massive galaxies [13] and is often referred to as quasar
phase. A clear correlation between the quasar phase and major mergers has been ob-
served in some luminous quasars and infrared luminous star forming galaxies [128]. On
the other hand, most AGNs are neither in mergers nor in particularly populated envi-
ronments [32]. Other galaxy internal interactions might explain the moderate activity in
these AGNs, defined as secular-driven AGNs ([32], [100], [79]). Several studies ([151],
[149]) show that the number of AGNs driven by secular processes is about 10 times
larger than that of merger-driven AGNs. The latter make up for the ~ 60% of the whole
SMBH growth at high redshifts z> 1, where mergers are gas richer and relatively more
numerous [67]. The amount of matter that the SMBH accretes during the quasar phase,
which lasts ~ 108 years ([93], [139], [34]), is of about 103 M,
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2.2. GRAVITATIONAL LENSING

2.1.3 Zooming-in on Quasars

Quasars are the most luminous and distant objects among the AGNs. They were
identified as stellar-appearing, highly redshifted sources of radio and optical radiation,
which showed very broad non-stellar emission lines ([132], [95]). The emitted radiation
extends from the y-rays over the radio regime, with intense emission in the UV and
optical bands. Only a small minority (5-10%) of these sources are the strong radio
sources which defined the original quasar class. The remaining radio-quiet quasars
have less than 1% the radio power of the radio-loud versions. The latter can be up to a
hundred times more powerful in the radio regime than a typical radio galaxy. In this case
the radio luminosities are up to 10'? Lo. The spectral energy distribution of a quasar is
shown in Fig. 2.2. The optical and UV regions of the spectrum tipically show strong
broad emission lines from a variety of ions, whose ionization requires very high energy
photons, most likely the soft X-rays emitted by the nucleus. The brightest lines are
those of hydrogen, helium, carbon, magnesium, iron and oxygen. More than 200.000
quasars are known today, mostly from the Sloan Digital Survey. The observed spectra
show redshifts in the range 0.056-7.085. The brightest quasar in the sky is 3C 273, with
an absolute magnitude of -26.7 mag [132] at redshift 0.158. A multiply imaged quasar
is a quasar whose light, according to the effect predicted by Einstein’s general theory
of relativity ([44],[45]), has been gravitationally bent by a foreground mass along the
line of sight, giving rise to multiple differently magnified images of the same source and
resulting in what is referred to as a gravitational lens system. The first gravitational lens
Q0957+561 was discovered in 1979 and was a double-imaged quasar [159].

2.2 GRAVITATIONAL LENSING

Gravitational lensing generally indicates the bending of light rays from a back-
ground light source by the gravitational field of a foreground mass, such as a star, a
galaxy or a galaxy cluster. The lensing effect can produce multiple images of the back-
ground source, which show different amplifications of the initial flux, called magnifica-
tions, and distortions of the original shape.

Scientists started to think about light deflection more than 300 years ago. In his treatise
published in 1704 [2], Newton first argued that light particles were affected by gravity
as ordinary matter. In the beginning of the 19th century, Soldner wrote an article where
he investigated the possibility that a light ray could be attracted by the gravitational field
of a body and derived the deflection angle for a light ray passing by the solar limb. In
1911 Einstein had also thought about light deflection and published the same value of
the deflection angle obtained by Soldner, which was half of the correct value. Only with
further development of the general theory of relativity the phenomenon was correctly
described by Einstein in 1915 [44]. In 1919 Eddington measured the deflection angle
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of a light ray passing by the solar limb during a total solar eclipse and proved the re-
cent prediction by Einstein to be correct [38]. Some years later, Einstein computed in a
paper [45] the magnifications of the two images of a background star lensed by a fore-
ground star that transits close to the line of sight towards it. Fritz Zwicky ([182], [181])
introduced the idea that galaxies could work as gravitational lenses as well, providing
a further test for the theory of general relativity and a means of estimating galactic
masses. The images of a gravitationally lensed quasar have light travel time differences
between them, so that any intrinsic variability of the quasar appears at different times
in the light curves of the multiple images. Refsdal [121] first showed that time delays
between the multiply lensed images of variable sources, such as supernovae, provide
a means of determining the Hubble constant Hp, given a mass model for the lensing
galaxy. Apart from measuring the Hubble constant [74], gravitational lensing also pro-
vides a means of estimating the surface mass density of intermediate-redshift lensing
galaxies [71] and investigating the composition and structure of the galactic dark matter
halos ([57], [130],[30]). After [159] published the discovery of the first double lensed
quasar Q 0957+561, it was proposed that foreground stars close to the line of sight could
gravitationally affect the fluxes of the multiple images [20]. Another area of applica-
tion of gravitational lensing referred to as quasar microlensing was born. The term
microlensing was first introduced by Paczynski [109], who meant to describe both the
action of stars in distant galaxies on quasar images and of stars in the Milky Way on far
away stars of the Galactic bulge or the Magellanic Clouds [68]. Quasar microlensing is
caused by compact objects along the line of sight towards quasars, which are multiply
imaged by foreground lensing galaxies ([20], [57], [180]). The perturbative effect on
the light curves of the quasar images consists of brightness variations up to a magnitude
over timescales of weeks to years. Multiply imaged quasars are particularly suitable
for isolating microlensing variations, which rise in an uncorrelated fashion between the
images, in contrast to the correlated intrinsic quasar fluctuations. Quasar microlensing
can thus be used as a method to study the structure of quasars, since the amplification of
the microlensing signal depends on the size of the quasar emitting region. It also works
as a probe for the existence of compact objects between the observer and the quasar and
for their mass distribution.

2.2.1 Basic theory of gravitational lensing

In principle all the matter, distributed between the source and the observer, affects
the propagation of the behind emitted light. Nevertheless, in many cases, it is a good
approximation to assume that the light deflection happens on a plane containing all the
lens mass, at a definite distance between the observer and the lens. The basic theory of
gravitational lensing will be introduced in this thin lens approximation (see [134]).

10




2.2. GRAVITATIONAL LENSING

|

Yr

kX O

>

2]

Figure 2.3: The lens L, at a distance D; from the observer O, deflects light from a source
S, at a distance Dy, by the deflection angle @. The angular positions of the image and
source are 6 and B, respectively. Adapted from Gaudi (2010).

The lens equation for a point-like source/point-like lens system. Figure 2.3 shows
the configuration of the simplest lensing system. An observer placed in O receives the
light rays emitted from a point source S at distance Dy, which are deflected by a point-
like lens L, at a distance D;, by an angle @. In the thin lens approximation, the length
over which the lens mass is distributed along the line of sight is << Dy, D;, and D — D;.
Moreover, the relative velocities of the source, image and observer are much smaller
than the speed of light v << c.

We define S as the angular separation between the lens and the source in case of no
lensing and 6 as the separation angle between the generic source image and the lens. The
relation existing between S and 6 is called lens equation and is given by 8 = 6 —a, where
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a is defined as in figure. By making use of the small angle approximation, &(Ds— D) =
aDy, the lens equation assumes the shape:

AGM D, - D,
C29 Dle ’

where the following result for the deflection angle & in the case of a point source
and a point lens of mass M, valid as long as the bending is small,

B=60- 2.1)

4GM
c¢2D,0
has been used [44]. If the lens and the source are perfectly aligned (8 = 0), the image
of the source is a ring with angular radius given by the Einstein radius

&= (2.2)

4GM D, - D,

O = .
E 62 DSDI

(2.3)

By defining the variables u = 8/6f and y = 6/6E, the lens equation takes the following
form:

u=y—y.. (2.4)

In case of imperfect alignment, the quadratic lens equation yields two images, at
angular positions

Vi = %(i Vi +4 +u). (2.5)

The positive solution is always placed outside of the Einstein ring, whereas the neg-
ative one 1s always inside on the opposite side of the lens (see Fig. 2.4). When the
angular separation between the lens and the source reaches its minimum value, the sep-
aration between the images is ~ 26g. Since the images are distorted and gravitational
lensing conserves the surface brightness of the source, the flux of each image is either
larger or smaller than the flux of the unlensed source. In other words, the images are
magnified or demagnified. Since the surface brigthness is conserved, the magnification
of each image is given by the ratio between the areas covered by the image and the
source.
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Figure 2.4: Point-mass microlensing for a source S located at an angular separation
u=0.2 (Einstein radius units) from the lens L. Two images are created: I, outside the
Einstein ring and /_ inside the Einstein ring. Adapted from [53].

Figure 2.4 shows the images of a source at an angular separation from the lens of
u = 0.2. The images are elongated tangentially by y./u and compressed radially by
dy./du. These considerations allow to compute the magnifications as follows:

cdye| 1| w42
i:)iL:—Lil. (2.6)
udul 2|\yvVu2+4

The total magnification is obtained by summing up the two magnifications above:

2
u-+2
A= ———. (2.7)
uvVu? +4
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Figure 2.5: Magnification of a point-like source by a point-like lens for different impact
parameters as a function of time. Adapted from [160].

Since the lens, the source and the observer are in relative motion, the angular sepa-
ration between the lens and the source is a function of time and the magnification of the
source is a function of time as well. The time scale of the flux variation 7g is given by
the time that the source takes to cross the Einstein radius of the lens. The magnification
of a point source by a point lens for different impact parameters (the minimum angular
separation from the lens) is shown in Figure 2.5 as a function of time. Event character-
ized by very small impact parameters, smaller than ~ 0.1 Einstein radii, are referred to
as high-magnification events.

General expression for the lens equation and the image magnification. It can be
showed that, for any generic lensing configuration, the deflection angle is the gradient
of an effective lensing potential ¢ [136]. This allows to rewrite the lens equation as

@-B)— Ve =0 (2.8)

where boldface indicates 2-dimensional vectors. The number of the produced im-
ages depends on the shape of the lensing potential. If the lens equation is non-linear,
multiple images of the source will appear. An additional form in which the lens equation
can be written is the following:
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1
ve(5<0—/3>2 ~4)=0. (2.9)

From the above equation it can be seen that the lensed images of a source appear at
angular positions @ that correspond to extrema of the expression in parentheses. This
expression is also found in the time delay function for the lensed images, which is a
function of the angular positions € and B, the potential ¢ and the distances involved in
the lensing configuration:

l+z1, DDy |1 )
—(O0-B)" ). 2.10
b GO—B ) (2.10)
The previous equation shows that the images produced in a generic lensing config-
uration arise at extrema of the light travel time, which is a re-statement of the principle
of Fermat’s, first introduced in classical optics.

7(0.8) =

It can be shown that, given a lensing system with the source at angular position f,
the magnification of the corresponding images, which arise at angular positions 6, is
given by the determinant of the inverse matrix of the Jacobian J of the lens mapping:

A :det(J'l), (2.11)

with

op
o6

where the indices on i define its second partial derivatives with respect to the com-
ponents of #. The total magnification is defined as the sum of the magnifications of
the individual images. There are some source positions at which the magnification A is
formally infinite. The set of all such source positions define closed curves called caus-
tics. The corresponding set of image positions defines the closed curves called critical
curves. Caustics consist of multiple concave segments, referred to as folds, joining at
points called cusps.

J=—=06ij—Vj, (2.12)

Lens equation with compact objects along the line of sight. In this paragraph an
additional way of writing the Jacobian of the lens mapping is introduced. This will be
used to write the lens equation in the particular case of the existence of compact object
moving in a foreground lensing galaxy.

The Jacobian matrix can be decomposed as a sum of two terms, a diagonal and a
traceless matrix. By defining k = %(w,n + ¥ 22), ycos2¢ = %(lﬁ,ll — ¥ 22) and ysin2¢ =
¥.12 = ¥ 21, the matrix becomes
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1-k O cos2¢  sin2¢
[o 1—k]_7lsin2¢ —c0s2¢]' 13)

The convergence k, which corresponds to a dimensionless surface density on the lens
plane and measures the optical depth of a lens system, produces an isotropic broadening
or shrinking of the section of a bundle of light rays and the terms y and ¢, called shear
and shear orientation respectively, its distortion. In case of a circular source, the action
of the term k alone is to map it into a larger or smaller circle, the action of the term y
alone is instead to distort the circle into an ellipse with axis ratio equal to % and an
axis orientation defined by ¢.

The Einstein radius 0 sets a reference for the angular separation between the im-
ages of a lens configuration. The typical Einstein radius correponding to a galaxy lens of
mass M is of the order of 6 ~ arcsec, while for stars in the lensing galaxy the Einstein
scale is of the order of a few 107 arcsec. This means that it is possible to resolve the im-
ages of a background source produced by an intervening lensing galaxy (macrolensing),
but not those produced by lensing stars in a galaxy (microlensing). The images arising
in the case of a source lensed by a galaxy are magnified and distorted. The compact
objects in the galaxy further lens the source images. The local behaviour of the lens
mapping in the neighborhoods of an angular position 6y, described by the Jacobian ma-
trix, allows to linearize the part of lens equation containing the effects of the intervening
galaxy. The effects of the individual compact objects can be simply summed up. The
lens equation takes the following form [110]

1 —kgar =y 0

B Dy —D; 4G < mi(0—6;)
B= 0 1 —kgar +y

DDy 2 & (10-6;)*

(2.14)

2.3 The special case of Quasar Microlensing

One in every 500 quasars is seen through a lensing galaxy and about 100 multi-
ply imaged quasars have been observed so far, most of them made up of two or four
images [114]. The typical mass of a macrolensing galaxy in a quasar lens is of the or-
der of 10'Mp,. Quasar microlensing arises when compact objects, with masses in the
range 1076 — 10 M, additionally lens the quasar images and define a very interesting
lensing regime, through which it is possible to address several open questions, such as
those regarding the size and brightness profile of quasar disks and the distribution of
compact objects along the line of sight to the quasars. The category of compact lenses
includes planets, brown dwarfs, stars, black holes, gas clouds and star clusters, most of
the times found in a foreground galaxy, but in principle also in the intergalactic medium.
The combined effect of several microlenses does not combine linearly, instead it deter-
mines a very complicated magnification pattern in the quasar plane, made of overlapping
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caustic curves. An example of such a magnification distribution produced by stars in
a lensing galaxy, is shown in Figure 2.6, where the different colors indicate different
magnification levels produced by the resulting caustic structure [134]. The light curves
of a quasar moving along the dashed tracks shown in Figure 2.6 are displayed in Figure
2.7. If the quasar has a small size compared to the space between caustics, the light
curves will show high magnification peaks, because the passage through a caustic line
is fully resolved. On the other hand, a larger source will cause the peaks to be washed
out and the resulting (dashed in figure) light curve will be smoother. The typical angu-
lar scale for microlensing due to stars in a lensing galaxy, of the order of 107° arcsec,
is equivalent to a length scale of ~ 10'®cm in the quasar plane, assuming the lens at
redshift z; = 0.5 and the source at z; = 2. In other words, under the assumption that the
quasar lies at a distance of ~ 1 Gpc from us, the spatial scale on the sky which subtends
an angular scale of 1076 arcsec is 65 = 107 % arcsec x 1 Gpc = 1.5 x 1016 cm. The images
produced at such a small angular separation cannot be resolved, but the relative motion
between the observer, the lenses and the source determines a variation of the total mag-
nification as a function of time and a change of the center of light position over time.
The flux fluctuations are expected on time scales comparable to the crossing time #.,¢ss,
which is defined as the time a source of radius R, takes to cross a caustic portion
(a place of formally infinite magnification for a point source), determining a large flux
variation. Taking into account a source size of the order of 10!3 cm and a typical rela-
tive transverse quasar velocity of 600 km/s, the crossing time ..., in other words the
flux variability duration scale, is of the order of four months. This time scale is much
shorter than the time 7 it takes the source to cross the whole Einstein ring of a typical
compact lens, which is of the order of ~ 10 years and sets the duration scale of the flux
perturbation produced by the gravity of any single lens [134].

Microlensing acting on the images of a multiply imaged quasar is expected to happen
at any given time, since a number of microlenses is constantly moving in front of each
quasar image within galactic regions characterized by convergence k of the order of
unity.

From an observational point of view, any variability which appears in all quasar im-
ages, with a time lag matching the different path lengths, is to be considered intrinsic
to the quasar. Once the time delays of a lens system are measured, the light curves
can be shifted by the time delays and by the different magnifications due to the lensing
galaxy, and the remaining fluctuations can be attributed to microlensing. Many ground-
and space-based observatories have contributed the coverage in wavelength and time
for many multiply imaged quasars. The best sampling has been obtained in the optical
bands. There are also several photometric and spectroscopic monitoring campaigns at
other wavelengths, from the radio to the X-ray regime ([42], [43], [73], [153]).

Quasar microlensing has been used as a probe to investigate the size and brightness
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Figure 2.6: Caustic magnification pattern in the quasar plane produced by lensing stars
in the macro-lens galaxy. The dashed lines crossing the caustics represent three source
trajectories. Adapted from [134].
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Figure 2.7: Light curves from a source crossing the caustic pattern in Figure 2.6. The
first panel corresponds to the upper trajectory, the second to the middle trajectory, the
third to the bottom one. Two sets of light curves are displayed. The black line corre-
sponds to a small source, the dashed one to a source 10 times larger. The resulting light
curves are different. Larger sources wash out the microlensing signal as they cross the
caustics, as a consequence of their finite size. Adapted from [134].
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profile of multiply imaged quasars. This is based on the correlation between the mi-
crolensing magnification of a quasar image and the quasar emitting region size, which
depends on the observed passband [138]. Several authors have looked into the possibil-
ity of recovering the brightness profile of a quasar ([7], [58], [59], [179], [118], [104])
by observing caustic crossing events in many bands. Several studies have addressed
the question whether the microlensing effect on broad emission lines could be used to
resolve the broad line emission regions ([137],[87],[3],[4],[84], [86],[126]).

[166],[85] and [152] have considered the variation of the quasar positions in multiply
lensed quasars at the caustic crossings, when a bright image pair appears or disappears.
The resulting position displacement is estimated to be of the order of 100 microarcsec,
observable with high resolution interferometers. Astrometric microlensing, as this tech-
nique is referred to, might help estimate the masses of the compact object from a varia-
tion in the quasar center of light position. Several works ([165], [122], [24], [23]) were
also able to exclude certain mass values of the compact objects lenses making up the
halo of the lensing galaxy in the particular case of the multiple quasar Q 0957+561. In
all these studies, the absence of microlensing fluctuations with amplitudes larger than
~ 0.1 mag over certain periods of time allowed to exclude that the galaxy halo dark mat-
ter consists of compact objects with masses << M®. [52] was, on the other hand, able
to exclude that the galaxy halo in the galaxy of the above lensing system is made up of
objects with masses 10°M o (see also [162]).

Flux ratio anomalies are found in lensed quasars. This means that the flux ratios ob-
served between the produced images of a multiply imaged quasar do not match the pre-
dictions of a simple macrolensing galaxy model. Two different scenarios might provide
an explanation to the flux-anomaly issue. The first argues that unmodeled substructure
nearby the lensing galaxy can change the magnifications of the lensed images [99]. This
effect would not depend on the wavelength. On the other hand, [130] suggests that mi-
crolensing by compact objects can perturb the observed flux ratios, also demagnifying
the flux from images emerging in saddlepoint extrema (whose observed flux is often
demagnified compared to the predicted one) and causing an effect both wavelength- and
time- dependent. In the case microlensing alone is at work, since quasar disks are pre-
dicted to emit radiation peaked at longer wavelengths at larger radii [138], it is expected
to observe weaker microlensing signals and flux ratios more similar to the macro-model
values when approaching the long wavelength regime of the electromagnetic spectrum.
The quadruple quasar HE 0435-1223 [168] shows indeed emission line ratios between
the images that match predictions better than the continuum flux ratios, showing that
the lines are emitted from regions at larger distances from the central engine than those
emitting the continuum.
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work

3.1 WFIJ2033-4723

WFI12033-4723 is a quadruply imaged quasar, see Fig. 4.4, which was discovered by
[102]; the four images, B,A1,A2,C are at redshift zp = 1.66 and have a maximum angu-
lar separation of 2.53”". A Hubble Space Telescope (HST) image of the quasar, adapted
from [158], is shown in Fig. 3.1. [102] defined the system as an interesting target for
microlensing studies, since the system flux ratio between the images C and B varied by
0.23 mag from the bandpass u to i, while the emission line ratios of the same images
agreed much better with the macromodel predictions than the ratios corresponding to
the continuum and broadband filters. The emission line ratios suggest that the anoma-
lous flux ratio between images C and B in the blue is caused primarily by microlensing
induced perturbations rather than unmodeled substructure in the lensing potential. [41]
found that the lens galaxy spectrum is consistent with an elliptical or lenticular galaxy
template at redshift z; = 0.661 +£0.001. The lensing galaxy is a member of a group
with at least 6 galaxies, whose distance from the lens is at most 20" [102]. [158] de-
termined the time delays between the quasar components to be Atp_¢ = 62.61“‘2"; days
and Arp_4 = 35.5+ 1.4 days between C and B, and A and B, respectively. The label A
indicates the combination of images A1 and A2. Since Al and A2 are predicted to have
a negligible relative time delay, they are treated as a blend by [158].

3.2 HE0047-1756

The quasar HE 0047-1756, see Fig. 4.5, was discovered in the Hamburg quasar sur-
vey (ESO) at the Magellan 6.5m telescopes on Cerro Las Campanas, Chile ([170],
[123], [169],[172]). This survey used spectra to search for quasars over the entire south-
ern sky. An HST image of the double quasar, adapted from [21], is shown in Fig. 3.2.
[172] found that the quasar was in fact a lensed system, with identical redshifts of the
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Figure 3.1: HST NICMOS2 image of quasar WFI12033-4723, taken in the F160W band.
This image has a total exposure time of 46 minutes. North is up and East to the left. The
field of view is of 4 arcsec.
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two images, similar emission line profiles, with a galaxy located between the two com-
ponents, and a partial Near Infrared (NIR) Einstein ring. The two observable images
were separated by A6 = 1.44"" and the quasar redshift was estimated at zp = 1.67. They
reported a flux ratio for the two components of roughly 3.5 to 1 that slightly depended
on wavelength. The emission line ratio differed from that in the continuum. They at-
tributed these small differences to microlensing. However, spectral variability and time
delay effects could not be ruled out. The lensing galaxy, discovered by [172] using
the Magellan 6.5 m telescopes, is at redshift z;, = 0.408 according to [107] (see also
[41]). The lens galaxy spectrum matched well with an elliptical galaxy template ([107],
[41]). The time delay has not been measured yet. The time delay is a strong increasing
function of the lensing galaxy redshift and is predicted to be of 32.1 days at zj.,,s = 0.6
[172].

Figure 3.2: HST NICMOS2 image of quasar HE 0047-1756.
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3.3 Q2237+0305: Huchra’s lens

Huchra’s lens Q 2237+0305 was discovered by [65], and is also known as the Ein-
stein Cross. It is one of the most impressive examples of the gravitational lensing phe-
nomenon. An HST image of this system in the V band is shown in Fig. 3.3. The
average distance of the images from the system center is about 0.9”. The four images
were resolved by [177] and [135] and are at redshift z = 1.695. They appear in a cross-
like pattern around the nucleus of a barred Sab galaxy, which is at redshift z = 0.039.
This special geometrical configuration leads to small time delays between the lensed
images, which are estimated to be of the order of a day ([135], [127], [163], [133]).
The light from the four lensed images travels through the densely populated inner re-
gion of the lensing galaxy. This aspect makes of the Einsten Cross an optimal system to
study microlensing, because of the large number of microlensing stars passing through
the inner disk of the galaxy [69]. Another peculiarity is the unusually short distance
between the lensing galaxy and the observer, which leads to microlensing events with
durations from a few week to a few months. The duration of the typical microlensing
event and the short time delays imply that the uncorrelated microlensing perturbations
can be easily recognized among the almost simultaneous intrinsic brightness variations.
The blending of the four lensed images and the bright deflecting galaxy make it diffi-
cult to obtain accurate photometry of the four lensed components. The system has been
widely investigated since 1987, when the g,r and i Gunn magnitudes of the four lensed
images were first published by [177]. The first light curves of the four lensed images
were built in 1991, by [25], which brought together all the existent images. Their light
curves extend from September 1986 over December 1989 and include the first observed
microlensing brightness variation in 1988 reported by [66]. In 1994 [64] built new light
curves by merging the data from [25], [27], [119], [127] and [64]. The first 5-year mul-
ticolor monitoring program of Q 223740305 was started in 1990 at the Nordic Optical
Telescope [108], and allowed for the construction of a set of light curves that covered
nine years of observations. An impressive long-term monitoring program was started
by the Optical Gravitational Lensing Experiment (OGLE) in 1997 and is still going on
at the 1.3 m Warsaw telescope in Las Campanas (Chile), revealing continuous flux vari-
ations in the light curves, up to a factor of two over few months, as shown in Figure 3.4.
The first OGLE data have been presented by [173] and [174]. In 2002 the Gravitational
Lensing International Time Project (GLITP) published data in the V and R bands which
extended over a 4-month period between 1999 and 2000 ([10], [101]). The color indices
of the four lensed images have also been studied in order to unveil any color changes
since the first color measurements by [177]. The Maidanak monitoring campaign [155],
whose set of light curves in the R band is shown in Fig. 3.5, and [19] found that the B
component had indeed become the bluest in the system, differing from the observations
by [177]. Other attempts to determining colors and colors changes were made by [36]
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and [37], which found significant color variations, and by [156]. A great amount of ob-
servations in photometric bands different than the optical range have also been collected,
at 20cm and 3.6 cm [47], in the near and mid infrared ([105], [6]) and at the emission
lines wavelenghts ([49], [119], [31], [87], [129], [42]). Moderate microlensing pertur-
bations have been found in these spectral bands, which indicates that the infrared, radio
and emission lines regions are larger than the optical continuum emission region. Long-
term spectrophotometric monitoring has been conducted at the Very Large Telescope
over three years from October 2004 to December 2007 to constrain the energy profile
of the quasar ( [40],[42], [141]). These data showed that the continuum and the broad
line region are microlensed. Observations in the UV bands with the HST [15] and in the
X-ray regime with the Chandra X-ray Observatory [29] respectively provided accurate
relative astrometry of the components and the estimate of the time delay between the
A and B components of 2.7 hours. Several attempts to determine the time delays from
ground based observations in the visual wavelengths have also been published. [154]
provided the first direct measurements of time delays from optical ground-based data,
namely 745 = —6, 7ca = 35 and 7p4 = 2 hours. [77], on the other hand, considered the
possibility of measuring the time delays between the components of the Einstein Cross
and showed the impossibility of unambiguously determining the time delays between
the lensed components of Q2237+0305 by making use of ground-based optical data
taken with telescopes of ~ 1.5 m.

[164],[175],[178], [72], [11] and [98] showed, by comparing observed light curves
and simulations, that the continuum emission region of the quasar is of the order of
~ 10" cm. Thanks to a spectrophotometric monitoring of the quasar over a long period
of time, [40] could show that the accretion disk of Q2237+0305 is consistent with a
Shakura-Sunyaev accretion disk [138]. In particular, they showed that the microlensing
signal in several bands becomes stronger moving towards shorter wavelengths, an effect
originally predicted by [161].
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Figure 3.3: The gravitational lens Q 223740305 observed with the HST in the V-band.
Adapted from R. W. Schmidt (2000).
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The MiNDSTEp collaboration and data
acquisition

4.1 MINDSTEp: Objectives and first results

The MiNDSTEp consortium (Microlensing network for the detection of small ter-
restrial exoplanets) is the largest European/Eurasian collaboration which monitors on-
going gravitational microlensing events. It aims at the investigation of the nature of
the population of planets down to Earth mass in the Milky Way. The telescope net-
work, including in 2008 only the Danish 1.5 m telescope at ESO LA Silla (Chile), has
been expanded to involve the two MONET 1.2 m telescopes at McDonald Observatory
(Texas, USA) and the South African Astronomical Observatory. MiNDSTEDp relies on
microlensing surveys as OGLE and MOA (Microlensing Observations in Astrophysics,
New Zealand) and realizes by itself the further steps of follow up and monitoring.
Quasar microlensing is one of the other projects, other than exoplanetary microlensing,
carried out by MiNDSTEp. Five different lensed quasar were observed by the collabo-
ration at the Danish 1.5 m telescope.

The Danish 1.54 m telescope has been at La Silla since 1979, see Fig. 4.1. It is
now equipped with the Danish Faint Object Spectrograph and Camera (DFOSC). The
telescope has allowed several first discoveries. It has also produced many impressive
astronomical images. Some important facts regarding the Danish telescope are sum-
marized in Fig. 4.2. The observations of quasars WFI12033-4723, HE 0047-1756 and
Q2237+0305, from 2008 to 2012, are matter of this thesis; the observations of HE 0435-
1223 and UM673 have been published in two papers by [125] and [124]. In the first
paper, they presented the VRi photometric observations of the quadruply imaged quasar
HE 0435-1223, with the aim to study magnitudes and colors of each lensed component
as a function of time. The target was monitored during the seasons 2008 and 2009
and analyzed with two different techniques, differential image photometry and Point
Spread Function (PSF) fitting. They found a significant decrease in flux by 0.2-0.4 mag
of the lensed components in all photometric bands, together with a significant increase
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of ~ 0.05-0.015 mag of the colour indices V —R and R —i between the two seasons.
They concluded by arguing that the flux and colour variations are very likely caused
by intrinsic variations of the quasar between the observing seasons, with microlensing
affecting probably the brightest A component, which showed the largest shift in color.
The flux and color variations of the doubly lensed quasar UM673 as a function of time
are analyzed in the second paper. The observations were carried out during four seasons
from 2008 to 2011 in the photometric bands VRi. Data were reduced by making use of
the PSF fitting alongside with aperture photometry. The brightest lensed quasar compo-
nent A showed some flux decrease between 2008 and 2009 in all bands of the order of
~ 0.1 mag, followed by an increase of the order of ~ 0.1 mag during the following sea-
sons. The colour index variations found between the seasons were smaller than those
found by previous studies.

Figure 4.1: The Milky Way and the Magellanic Clouds above the Danish telescope
dome, on the right in the picture. From http://www.eso.org/public/images/.
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Namea: Danizh 1.54-metra falascops
Site: La Silla

Altrtuda: 2375m

Encloswe: Classical dome

Type: Spactrographic telescops
QOptical Ritcheay-Chrétien Reiector

Diameter. 154dm

Matenal.  Cardit
Primary

M1:

Diameter. 0OE1m
Secondary

Mz

Matenal.  Cardit
Secondary

Mz

Moamnit: CHi-axis aquatonial mount

Frstlaght 20 Mowernber 1973
date:

Figure 4.2: Table summarizing the main properties of the Danish telescope. Adapted
from (http://www.eso.org/public/.)
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4.2 Data acquisition

The observations of the lensed quasars WFI12033-4723, HE 0047-1756 and Q 2237
+0305 were obtained in the V and R bands with the 1.54 m Danish telescope at ESO/La
Silla, Chile, by the MiNDSTEp (Microlensing network for the detection of small ter-
restrial exoplanets, [35]) quasar monitoring campaign. The observations were collected
during five observing seasons, from 2008 to 2012. The quasars were observed within the
following temporal intervals: from June 5 to October 4 2008, from June 19 to Septem-
ber 18 2009, from May 9 to August 21 2010, from June 11 to August 31 2011 and from
July 16 to September 16 2012. During these periods we observed the quasars every
two days, weather permitting, in the V and R filters of the Bessel system. The quasars
were observed on average three times per night. WFI12033-4723 was observed with an
exposure time of 180 s in V and R, except for a small number of images, with longer ex-
posure times of 300 s and 600 s, at the start of 2008. Exposure times for HE 0047-1756
varied from 180 s in both filters during the first two seasons to 240s in V and 210s in
R during the last three years. A few images in both bands at the start of the first season
were taken with exposure times of 300 s and 600s. Exposure times for Q 223740305,
were of 180 s in both filters for most part of the observing campaign. A few images in
both bands at the start of the first season were taken with exposure times of 300 s and
600 s and in June 2009 with exposure times of 200 s.

The median seeing of the observations was ~ 1.3”, taking into account both filters
and all data. The observations were made with the DFOSC imager, shown in Fig. 4.3,
with a pixel scale of 0.39”. The full field of view (FOV) was 13.7 arcmin X 13.7 arcmin.
A section of the FOV centred on the quasars is shown in Figs. 4.4, 4.5 and 4.6.
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4.2. Data acquisition

Figure 4.3: The Danish Faint Object Spectrograph and Camera (DFOSC). It
consists of a collimator and a camera, between which are a filter and a
grism wheel.  An aperture wheel is at the telescope focus. Adapted from
http://www.lIs.eso.org/sci/facilities/lasilla/.
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Figure 4.4: V-band image of WFI2033-4723 obtained by stacking the 14 best seeing
and sky background images (V-band template image). The quasar and the star, which
we use both as a constant reference and a PSF model, are labelled. The four lensed
quasar components are enlarged in the darker box. The field size is 9.7 arcmin X 9.5

arcmin. The stamps used for the kernel computation are defined as 17-pixel squares
(See Sect. 6.3.2).
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Constant
star

PSF

HE0047-1756

Figure 4.5: V-band image of HE 0047-1756 obtained by stacking the 10 best seeing
and sky background images (V-band template image). The quasar and the stars that we
use as a constant reference and PSF model are labelled. The double lensed quasar is
enlarged in the darker box. The field size is 8.5 arcmin X 8.8 arcmin. The stamps used
for the kernel computation are defined as 17-pixel squares (See Sect. 6.3.2).
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Figure 4.6: V-band image of Q 2237+0305 obtained by stacking the 7 best seeing and
sky background images (V-band template image). The quasar and the stars that we use
as a constant reference and PSF models are labelled. The alpha star, used in [25] for
photometric calibration, is also shown. The quasar is enlarged in the darker box. The
field size is 9.7 arcmin X 10 arcmin. The stamps used for the kernel computation are
defined as 17-pixel squares (See Sect. 6.3.2).
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Data Reduction

5.1 Data storage

All the images have been downloaded from the MiNDSTEp wiki page, where all the
data taken at the Danish telescope are available, apart from the frames acquired during
the year 2012, which were stored on an external hard drive enclosure at the end of the
observing run at La Silla in August/September 2012. Before proceeding with further
analysis, all the nightly frames have been flat fielded, bias subtracted, corrected for bad
columns, aligned to a common reference frame, trimmed at the edges in order to enclose
the same region, and finally, the images taken during a single night have been median
combined, in order to improve their signal-to-noise ratio and remove cosmic rays.

5.2 Flat Fielding and bias correction

All but 2012 data have been processed right after they were acquired at the tele-
scope, using a software with the purpose of performing flat fielding and bias subtraction.
The above pipeline also deleted all raw flat field and bias frames afterwards. Unfortu-
nately we found two computational mistakes in the pipeline, both in the flat fielding
and bias subtraction procedures. It was necessary to construct a back-up method to
retrieve the correct flat field correction and bias subtraction. The pipeline at the tele-
scope computed the master flat field frame by mean-combining a set of single dome flat
field exposures and dividing the resulting frame by its mean value, calculated though
without excluding the overscan regions of the DFOSC detector. The resulting flat field
frame was subtracted with a wrong bias master frame normalized by dividing the correct
mean-combined master frame by its mean, calculated over the entire set of pixels. In
other words, the subtracted bias frame had average one, practically meaning that no bias
frame was ever subtracted by the collected data. An example of frame produced by the
above pipeline is showed in Fig. 5.1: the typical donuts related to the inhomogeneous
response of the detector remain uncorrected. In order to obtain the correct flat field
frame, the flat field frame computed by the pipeline was subtracted a bias mean value,
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calculated from the overscan regions, and then divided by its mean calculated over a
smaller region of responsive pixels. The flat field master frames for the year 2012 were
instead computed by mean-combining the available dome flat field exposures and di-
viding them by the mean of the resulting frame, after having subtracted from each of
them the corresponding bias master frame. All the science images (except for 2012)
were then subtracted their mean bias value (from the overscan regions) and divided by
the retrieved flat field master frames. Bad columns were replaced with the appropriate
median of surrounding pixels. An example of science image, processed as described
above, is shown in Fig. 5.2. As it can be seen, the chip response inhomogenities and
the bad column features have been now correctly treated. Science frames collected in
2012 were instead subtracted the corresponding bias master frame and divided by the
appropriate flat field master frame.

5.3 Image alignment

Before subtraction, all images need to be astrometrically aligned to a reference
frame. The reference image of a given source is an image in a given passband char-
acterized by a very good seeing and low sky background. All the other images of the
same quasar are registered onto the reference coordinate grid, also when taken in a dif-
ferent photometric band. This is carried out using the ISIS! package by C. Alard ([9],
[8]). The astrometric alignment routine of this package efficiently identifies reference
stars in the field and performs a two-dimensional polynomial mapping to the reference
image. We chose a polynomial transformation of order 2 to remove the shifts and small
rotations between the images. In the case of WFI12033-4723, the average residuals cor-
responding to the astrometric transform along the x- and y-axes were of the order of
0.1 pixel and the mapping was computed using on average =~ 275 objects. The astromet-
ric transforms corresponding to HE 0047-1756 were characterized by average residuals
of the order of 0.2 pixel and obtained taking into account on average =~ 220 objects. In
the case of Q2237+0305, the average residuals were of the order of 0.18 pixels and 164
objects were identified on average for the tranform computations. Image resampling
was performed through bicubic splines. All images of a given night for the whole data
set were trimmed at the edges to contain the same region and median combined to im-
prove the signal-to-noise ratio and correct for cosmic rays. The combination was made
by using the IRAF routine IMCOMBINE, which combined images with different ex-
posure times and sky background levels by carrying out an appropriate scaling and by
adding a background constant before stacking them. After discarding images with high
sky background, disturbed by moonlight, clouds, bad tracking and bad columns, we fi-
nally used 85 nights for WFI 2033-4723, 108 nights for HE 0047-1756 and 57 nights for

! http://www2.iap.fr/users/alard/package.html
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Figure 5.1: A 300 s exposure frame of the quasar Q 2237+0305 in the V band (2008-
06-05), as reduced by the automated pipeline at the Danish telescope. Typical pixel
response inhomogenities and bad columns are left uncorrected.
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Figure 5.2: A 300 s exposure frame of the quasar Q 223740305 in the V band (2008-06-
05), as reduced by correcting the computational mistakes found in the Danish telescope
reduction pipeline. Typical pixel response inhomogenities and bad columns are now
corrected.
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Q2237+0305 in five years. V- and R-band images were not always both available at a
given night. The images were finally ready for applying the differential image subtrac-
tion technique and proceeding to further analysis.
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Theory and Practice of Differential Image
Analysis

6.1 Differential Image Analysis applied to lensed quasars:
an overview

As was shown in the case of Huchra’s lens ([173],[10],[101], [153]), an optimal pro-

cedure to perform photometry in the case of a multiply imaged quasar is the difference
image analysis method (DIA) proposed by [9] and [8]. The basic principle is to use a
high signal-to-noise template image, with good seeing and low sky background, which
is subtracted from every other target frame in the data set. Since the contribution from
the galaxy, which is not expected to vary, is removed in the subtracted images, modeling
the galaxy light distribution is no longer required. This greatly simplifies the photom-
etry of the quasars. Before proceeding to subtraction, each pair of images needs to be
astrometrically and photometrically aligned. After subtraction, relative photometry can
be carried out. This is achieved by building a model for the quasar images with a blend
of known PSFs making use of the HST astrometry of the quasar.
The idea of Alard & Lupton [9] is to compute the best-fit spatially non-varying convo-
lution kernel, which degrades the template PSF into that of the target frame and simul-
taneously matches atmospheric extinction and exposure time. The authors show that by
decomposing the kernel as a linear combination of N basis functions, its computation
can be as simple as determining a finite number of kernel coefficients. The coeflicients
are found by solving a linear system of equations containing various moments of the two
input images. The chosen convolution kernel is a sum of several Gaussians, which are
multiplied by polynomials to model the possible asymmetry of the kernel. The Gaussian
widths depend on the relative sizes of the PSF in the template and target frame. Alard
[8] extended this technique to the case of a kernel that varies across the chip. Assum-
ing that the amplitudes of the kernel components are polynomial functions of the pixel
coordinates of order n, the number of kernel coefficients of each component becomes
(n+1)(n+2)/2 larger than in the constant kernel problem.
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6.2 Full theory of the Alard&Lupton image subtrac-
tion method with constant and space-varying con-
volution kernels

In their first paper, published in 1998, [9] presented a method for optimal subtraction
of two images collected with different observing conditions (i.e. seeing, exposure time,
atmospheric extinction) in order to provide a new and fast method to analyze variability
of astronomical sources. After choosing the best signal-to-noise, seeing and low sky
background image (template) and registering the template and the target image to the
same coordinate grid, the method carries out the matching between the two different
PSFs. This approach consists of finding the least-square solution for the convolution
kernel K(u,v), with u and v coordinates in the kernel coordinate space, which convolves
the template T(x,y), with x and y coordinates in the image coordinate space, to give, as
a result, the target frame I(x,y) according to the following equation

T(x,y)®K(u,v) =1(x,y). 6.1)

When decomposing the kernel as a sum of k basis functions, the above problem
becomes a linear least-squares problem. By using a kernel of the form:

K@) =) aiBi(u,v), 6.2)

the squared difference between T'(x,y)® K(u,v) and I(x,y) is minimized by solving
the following linear system for the unknown coeflicients ay

Ma=V, 6.3)
where
Ci(x,
Mu:famwéggmw 6.4)
w:j}uyf?%”dmw (6.5)
o (x,y)
Ci(x,y) =T(x,y)® Bi(u,v). (6.6)

By looking for a kernel solution with least-squares, the authors have implicitly ap-
proximated the image Poisson statistics by a Gaussian distribution o (x,y) and assumed
that the template noise is negligible. The basis functions are chosen to be Gaussian
functions of widths o, modified by a polynomial factor. The kernel decomposition
assumes the form:
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constant and space-varying convolution kernels

(u 2

K(u,v) = Z Z Zake 207, ul”vm" (6.7)

where 0 <[, < D,, and 0 < [,, + m,, < D, being D,, the degree of the polynomial modi-
fying the Gaussian component n. Each component n admits a total of (D, + 1)(D,, +2)/2
terms. The value of k is determined by the values of the other indexes n, [,,, m,,.

In crowded fields, with many stars for modeling the PSF, the fit can be carried out
over small regions and the kernel variations can be neglected. On the other hand, in the
case of sparse fields when dealing with quasars or supernovae, the number of objects
needed to compute the kernel cannot be found in a small area and the kernel variations
cannot be ignored. Moreover, by introducing new coefficients in order to solve for the
kernel variations, the computing time will increase as the square of the number of the
coefficients. These considerations led Alard to the publication of a second paper, [8], in
which a method for image subtraction with non-constant kernel solutions is proposed.
This allows to obtain a solution investing little additional computing time.

To describe the spatial variation of the kernel as a function of the variables x and
y, the kernel can be decomposed as a sum of basis functions at each spatial point (x,y).
Hence, the coefficients a; will become functions of (x,y). Assuming that the coefficients
ay are polynomial functions of degree dj

ar(x,y) = Zbl ny , (6.8)

the resulting kernel can then be written as:

24v2)

K(u, v)xy—ZZZZb Xyle 2"% ubmymn (6.9)

nmnlj

where the notation is the same as in Eq. 6.7,0<i<d;and 0 <i+ j<dy.
In this case, finding a least square solution to the Eq. 6.1 is equivalent to solving
the following linear system for the coefficients bi.‘j

Mb=V, (6.10)

where the matrix element M), , is given by

M,, = fWp(x,y)Pp(x,y)Wq(x,y)Pq(x,y)dxdy. (6.11)
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The indexes p and q span over the number N of unknown coefficients, (D, + 1)(D,, +
2)(dy + 1)(dy +2)/4 for each component n. The functions appearing in the matrix are
given by

_T®Bux,y)  Cplx,y)
Wp(x,y) = o) - oty (6.12)

and

Py(x,y) = xil’yjl’. (6.13)

The components of vector V have the form:

W, (x,
v, = f I(x,y) U’Zixyy) \p (e, y)dxdy. 6.14)

All the above integrals extend over the entire images. By dividing the integration
area into smaller sub-areas of index r and center (x,,y,), within which the kernel can be
considered constant, the above matrix becomes

My = Y Poliea Pyt | Wy, ey (6.15)

and the above vector takes the form

VP‘ZP (xr’yr)f I(x, p( ’y) dxdy. (6.16)

From Eq. 6.4,6.5,6.6,6.15 and 6.16, it can be seen that solving the kernel equation
in the case of a spatially-varying kernel can be simply deduced from solving the equa-
tions for the constant kernels corresponding to the image sub-areas and summing over
the sub-area solutions. This approximation allows to compute a non-constant kernel
solution with minimum additional computing time.

6.3 Image subtraction in practice

In this thesis image subtraction was carried out with the HOTPAnTS! software by
A. Becker, which is an enhanced and modified version of the [8] method and the corre-
sponding implementation software ISIS. This software is given the template image and
the target frames to be processed. In creating the template images, we stacked the frames
with the best seeing and sky background at our disposal. In the case of WF12033-4723
we computed the median stack of 14 images, both in the V- and R- bands. A similar

! http://www.astro.washington.edu/users/becker/hotpants.html
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Figure 6.1: FWHM distributions of a nearby star of WFI12033-4723 (top), HE 0047-
1756 (middle) and Q 2237+0305 (bottom) in filters V (left) and R (right) in terms of the
corresponding Gaussian o.
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Figure 6.2: V-band difference images of WFI2033-4723 from 2008 to 2012. The cor-
responding dates are listed in Table 11.2.
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procedure was carried out in building the template images for HE 0047-1756, for which
we were able to combine 10 frames in V and 14 frames in R. In the case of Q 2237+0305
we used 7 frames in the V-band and 14 frames in the R-band.

6.3.1 HOTPANTS modus operandi

HOTPANTS divides the frames into square regions, within which smaller regions
called stamps, centered on individual stars, are chosen. The software is also given the
list of stars at the center of the stamps. A kernel solution is derived for each stamp.The
kernel sum is used as a first metric to discard bad stamps. The photometric scaling
between two images is the sum of the convolution kernel. This result follows from Eq.
6.1 and from noticing that the integral of the convolution of two functions is the product
of their integrals. In formulas,

f(T@K)(x,y)dxdy:fT(x,y)dxdny(u,v)dudv:f[(x,y)dxdy. (6.17)

From the two rightmost terms it can be concluded that F; = Fr Ksyu, where Fy and
Fr indicate the flux of a source in the image and template respectively and Kg s is the
sum of the kernel.

This can be used to discard variable stars (not suitable for determining the photo-
metric alignment between the images) by sigma-clipping outlier stamps from the dis-
tribution of the kernel sums. It is useful to have multiple choices in a particular image
region in case any objects are sigma-clipped. At this stage, another metric is used to
discard bad stamps: after convolution and subtraction, the mean of the distribution of
pixel residuals divided by the estimated pixel variance across each stamp provides an
additional figure of merit to sigma-clip stamps out and replace them with neighboring
stars. The constraints on the convolution kernel for each stamp then allow for the fitting
of the coordinate dependent amplitudes of the kernel components.

6.3.2 HOTPANTS implementation

As analytical kernel basis functions we chose three Gaussians, which were modi-
fied by multiplicative polynomials of orders 4, 3 and 2, respectively, with the aim of
modeling the kernel asymmetries. In general, we chose a narrow Gaussian which var-
ied to order 4, a central wider Gaussian which varied at order 3 and a broad Gaussian,
which varied at order 2, in the coordinates (u,v) of the kernel space. The values of the
Gaussian widths o were computed on the basis of the seeing range of the templates and
target frames given to HOTPANTS. For the target frames we computed, in the V and R
bands, the seeing distribution of a star in the quasar neighborhoods. We obtained the
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corresponding o distribution, as shown in Fig. 6.1, making use of the relation between
the Full Width at Half Maximum (FWHM) and the o of a Gaussian profile. The triplet
(0.8,1.4,2.3), expressed in pixel units, was a good general choice to build the kernel
basis functions which, convolved with the typical template o of 1 pixel, reproduced the
typical target frame o values. These values were hence adopted as our Gaussian widths.
The polynomials modeling the spatial variation of the kernel amplitudes were allowed
to vary at spatial order 2 in the image space coordinates (X,y). The final number of
stamps differed from case to case since it in general depended on the star distribution
in the field. The field characterizing the frames of WFI 2033-4723 was rich with stars,
while those corresponding to HE 0047-1756 and Q 2237+0305 were quite sparse. The
convolution kernel of WFI12033-4723 was derived by taking into account on average 27
stamps in V and 26 in R; on average 8 stamps in V and 10 in R defined the convolution
kernel for HE 0047-1756. In the case of Q 2237+0305, 15 stamps were used on average
in the V-band and 12 in the R-band. The size of the stamps of 17x17 pixels was such
that it contained the whole star flux profiles. Figs. 4.4, 4.5 and 4.6 show the squares
defining the stamps that HOTPANTS selected across all observing seasons in the filters
V and R for the three systems.

Additional necessary inputs for the HOTPAnTS software were the target frame and
template gain (G) and readout noise (RON). Throughout the years 2008-2011 the in-
strumental gain G was 0.76e¢~ /ADU and the readout noise RON was 3.21e~. The G
and RON values changed in 2012 due to an upgrade of the DFOSC detector between
2011 and 2012. The values valid for 2012 are G = 0.24¢~/ADU and RON = 5.28¢". 2
The gain and RON had to be adjusted appropriately before giving them to HOTPAnTS.
Since both the target frames and the templates are in general stacked images, we needed
to define an effective G and RON by using standard variance propagation. Starting from
the following expression for the stacked image

N F;x1I;
I= Z]: o (6.18)

where [; represents a single exposure, F; the weights which bring the single expo-
sures to a common exposure time and N the number of single exposures, we defined the
corresponding variance o2, in which we arranged terms in order to isolate the effec-
tive readout noise and photon noise components. Another adjustable set of parameters
was the model for the sky background, which was selected to be an additive constant.
The output by HOTPAnTS was the difference image, with the seeing of the current tar-
get frame and the photometric scale of the template, and the corresponding noise map.
Fig. 6.2 shows the sequence of difference images for WFI12033-4723 in filter V.

>The G and RON values for 2012 are kindly provided by Noé Kains.
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6.4 Photometry

Photometry on the difference images was performed using the GALFIT software
(version 2.0.3, [115]). The GALFIT software was modified to allow the fitting of a
blend of PSFs with fixed relative separations and linear fluxes. We used it to analyze
the lensed quasars in the original images and in the difference images. This was done
as follows:

1. A nearby star was chosen as a PSF model (the chosen stars are labelled as PSF
in Figs. 4.4, 4.5 and 4.6). We used only one star since we noticed a remark-
able variation of the PSF through the field and decided to select the closest bright
enough, isolated and not saturated star in the neighborhoods. The GALFIT soft-
ware normalized the star chosen as PSF so that any variability was not an issue.
The PSF was built by extracting a 17x17 pixel box surrounding the star; the PSF
was sky-subtracted and centered at pixel (9,9) according to the formula reported
in the GALFIT manual. We used the IRAF routine IMSHIFT for shifting the PSF
center.

2. Using the PSF model, the quasar positions were determined from the original
stacked images and the templates with GALFIT by keeping all the quasar fluxes
and the position of only one of the lensed quasar images as free parameters. The
sky background values at the quasar position were fixed to median values esti-
mated from 5151 pixel empty regions nearby the quasar. The positions of the
remaining lensed quasar components relative to the free quasar component were
kept fixed at the values shown in Table 6.1, obtained from the CASTLES 3 web
page (C.S. Kochanek, E.E. Falco, C. Impey, J. Lehar, B. McLeod, H.-W. Rix) and
determined using Hubble Space Telescope data.

In the case of the original stacked images and template images, since in general
they contained a number of single exposures with different exposure times, we let
GALFIT build the appropriate corresponding sigma image by providing it with
the equivalent GAIN and RDNOISE of the frames, since GALFIT was only able
to correctly compute the noise image for a stack of N images with identical gain,
readout noise and exposure time.

3. In the data of WFI12033-4723 and HE 0047-1756 we could not significantly de-
tect the lensing galaxies. Our positions were therefore minimally affected by the
presence of the V ~ 21 mag (WFI12033-4723) and V ~ 22.5 mag (HE 0047-1756)
lensing galaxy and in these cases the above description of the determination of
the quasar positions was used. Keeping fixed the nightly lensed quasar positions

3http://www.cfa.harvard.edu/castles/
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Table 6.1: HST relative astrometry of WFI12033-4723, HE0047-1756 and
Q223740305 images, obtained from the CASTLES webpage.

Al A2 B C
WFI2033 RA(") 2.196+0.003 —1.482+0.003 0 —2.114+0.003
DEC(”) 1.261+0.003 1.376+0.003 0 ~0.277 +0.003
A B
HE0047 RA() 0 0.232+0.003
DEC(”) 0 ~1.408 +0.003
A B C D
Q2237 RA(") 0 0.673+0.000  0.635+0.000  —0.866 = 0.000
DEC(”) 0 1.697+0.000 1.210+£0.000  0.528 +0.000

obtained above, we determined the fluxes at the position of the quasar images in
the difference images. The GALFIT software was allowed to fit negative fluxes as
well in order to process the differential fluxes of the subtracted images. In the case
of Q2237+0305, on the other hand, we dealt with a lensing galaxy with an optical
average magnitude of ~ 15 mag. In this case, we opted for fitting the quasar posi-
tions on the difference image residual fluxes instead of using the original stacked
images.

Then we determined the fluxes in the difference images at fixed centroids of the
quasar images, which were computed by yearly averaging the best fit positions of
the quasar images obtained from the procedure above. The result for all quasars
were the difference fluxes between the epoch considered and the template image.
For the difference image photometry with GALFIT the output noise map from
HOTPANTS was used.

The robustness of the method just described has been tested also by computing
the light curves of the four components of quasar HE 0435-1223 ([169], [171]),
observed by MiNDSTEp and already published by [125], and comparing them
with the results by [26] (in the R band). The consistency of the four light curves,
obtained with two different telescopes and two different methods, is very good,
as shown in Fig. 6.3, with an average weighted root mean square deviation
of rms = 1.360. A similar test has been done by computing with this method
the light curves of quasar UM673 ([90], [146], [145]), [142], [39]), observed
by MiNDSTEp and published by [124], and comparing the results for the two
components with the results obtained in filters V and R by [75]. The average
weighted root mean square deviation was rms = 1.6 0.
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Figure 6.3: The R light curves of the four components of the quasar HE 0435-1223 as of
the present work are plotted as a function of the Modified Julian Date (MJD) on top of
the corresponding light curves as found by [26] (from 2004 to 2010) with the purpose
of showing the consistency of the obtained light curves. The match is only possible in
the time span enclosed between the two dashed lines, which corresponds to years 2009
and 2010.
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6.4.1 Systematics with using GALFIT
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Figure 6.4: Frequency distributions of Am/o, the difference between output and input
magnitudes in units of GALFIT o, for the components B, A1, A2 and C of 50 mock
models of WFI2033-4723 under three different seeing regimes.

In order to test the PSF fitting with GALFIT, we created mock models of the quasar
WFI12033-4723 for three different values of the seeing in filter V. We chose to test the
case of WFI12033-4723 because it was characterized by low fluxes and highly blended
components. Starting from three images of a real star in the surroundings of the quasar,
with FWHM 0.9”, 1.31”, 2.1”, we generated with GALFIT, at each seeing value, 50
artificial realizations of the quasar, with flux values as computed from the V template
and taking those into account as mean values of the corresponding Poissonian noise.
The quasar centroid was chosen, at each realization, within one pixel, with a uniform
distribution. To each artificial quasar was added a sky background with mean value
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as computed from the V template, including Poissonian noise, and a Gaussian readout
noise realization obtained with the IRAF routine MKNOISE. No lensing galaxy was
included in these simulations. The photometry of the artificial models was then carried
out with GALFIT, choosing a PSF close to that used in building the artificial models.
Fig. 6.4 shows the distribution of the ratio Amag/o-, which represents the difference
between the GALFIT output flux and the known input flux, in units of GALFIT sigmas,
for the quasar images and for the three values of seeing. The majority of realizations
lies between Amag/o ~ 0 —2 with minor tails at Amag/o ~ 3. The effects leading to
the systematic discrepancy between the input and output fluxes were determined by the
differences between the PSF of the quasar and the PSF chosen to model it. The average
magnitude discrepancy in the most frequent seeing regime did not exceed 0.02 mag,
negligible for the purposes of this thesis.
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WFI2033-4723

In what follows we report the results obtained for the quasar WFI12033-4723. This
material has already been published in the paper [2] listed in the List of Publications.

7.1 Light curves of the quasar WFI2033-4723

Figure 7.1 shows the light curves for the quasar WFI12033-4723 components B, A1,
A2, C and the constant star in Fig. 4.4 in filters V and R. The light curves are computed
by using instrumental magnitudes, which are defined as:

x = —2.5%X1og((AFx + Fx1)/FxRef) (7.1)

where AFy is the flux difference of the quasar components in the subtracted image,
which has the photometric scale of the template, Fy r is the corresponding flux in the
template and Fyg.r that of the constant reference stars, marked in Figs. 4.4, 4.5 and
4.6, in the X band. Instrumental colors are defined accordingly from the magnitudes.
The individual data points composing the light curves are also listed in Table 11.2. The
light curves of images B (filled dots), A1 (asterisks), A2 (squares), C (filled diamonds)
are shown in red, green, orange and blue, respectively, as a function of the Modified
Julian Date (MJD). The quoted error bars were determined by the GALFIT software,
as explained in paragraph 6.4. The illustrated photometric data of the quasar compo-
nents have been shifted in accordance with the time delays published by [158], namely
Atp_c = 62. 6Jr4 ! 5 days and Arp_4 = 35.5 + 1.4 days, with image B leading. Components
B, Al, A2,C became brighter in 2009 and dimmer again across the remaining seasons,
showing an overall magnitude variation of ~ 0.6 mag in filter V and ~ 0.5 mag in filter R.
We list in Table 7.1 the average magnitudes, computed within each season, for a more
detailed picture of the brightness evolution of the four images. The quoted error bars
are standard deviations computed within each season. Fig. 7.2 is intended to reveal any
differences between the variation of the four lensed components.
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7.1. Light curves of the quasar WFI12033-4723

The light curves A2-Al, B-Al, C-Al are shown in the V and R bands. The differ-
ences were computed upon interpolation of the brightest component at the observation
dates of the weakest one in the pair after correcting for the time delays between the
pair components. The interpolated magnitude was computed according to the following
linear interpolation formula

I1—1y
ti—to’
where my is the interpolated magnitude value at the epoch #;, while m and m are the
observed magnitudes corresponding to the epochs #; and 7, respectively, with 79 < t; <
t1. The error bars of the observed magnitudes were propagated through the interpolation
formula on the interpolated magnitude m;. The error bars of the two terms involved in
the difference computation were then added in quadrature. The figures suggest that
the variation of component C through the observing seasons differed from the others,
showing in the R band a significant variation of ~ 0.16 mag between 2008 and 2011.

my = mg+ (m —mo) (7.2)

Table 7.1: V-band and R-band yearly averages of WFI2033-4723 instrumental magni-
tudes.

2008 2009 2010 2011 2012
(B)y 2.02+0.03 1.63+0.02 1.89+0.04 2.06+0.03 2.21+0.06
(Al)y 1.47+0.05 1.09+0.02 1.30+£0.08 1.55+0.07 1.69+£0.07
(A2)y 202+£0.04 1.67+£0.04 1.82+0.06 2.10+0.05 2.22+0.01
©O)y 235+£0.03 2.10+£0.02 2.22+0.06 2.58+0.02 2.67+0.01
(B)g 207+0.02 1.76+0.04 196+0.03 2.11+0.03 2.24+0.02
(Al)g 1.48+£0.03 1.21+0.08 1.33+0.05 1.57+£0.04 1.57+0.02
(A2)g 201+0.03 1.74+0.06 1.83+0.05 2.12+0.10 2.29+0.11
O)r 230+£0.02 2.15+0.04 2.22+0.04 252+0.03 2.63+0.02
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Figure 7.2: The light curves A2-A1l, B-Al, C-Al are shown in the V- (left) and R-
band (right) in the upper, middle and bottom panels, respectively. The differences are
computed, after correcting for the known time delays, by interpolating in between the
data points of the brightest component of each pair and by subtracting their average
value. The difference between C and Al in the R-band shows a significant magnitude
variation of 0.16 mag between 2008 and 2011.
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Figure 7.3: (V—=R) . light curves of WFI12033-4723 from 2008 to 2012. Components
B (filled dots), A1l (asterisks), A2 (squares), C (filled diamonds) are depicted in red,
green, orange and blue, respectively.

Figure 7.3 shows the evolution of the color (V — R)j,g,. of the four components.
We note that the four images became bluer between 2008 and 2009 by ~ 0.05 mag,
in correspondence to the quasar brightening, and gradually redder through the remain-
ing seasons. We also computed the color difference between the image pairs Al — B,
A2-B, C—-B, A1 -A2, A2—-C, Al - C, after interpolating the color of the brightest
component of each pair in correspondence to the days at which the other has been ob-
served. The error bars of the two terms involved in the difference computation were
added in quadrature. Since quasars emit at different wavelengths from regions of differ-
ent size, the magnification of the emitted light caused by microlensing will depend on
the observed passband. This phenomenon is referred to as chromatic microlensing [161]
and implies that the observed color of a quasar image undergoing a microlensing event
varies. In absence of lensing we expect the colors of the quasar components to differ
only by a constant, caused by the differential intergalactic extinction along their lines of
sight. When the color light curves of the quasar images cannot be matched by simply
shifting them by a constant, the simplest explanation we can provide is microlensing
affecting images in an uncorrelated fashion [161]. We did not find systematic long-term
color difference variation across the whole observing campaign, but we cannot not rule
out intra-seasonal variations of the order of ~ (.1 mag. Intra-seasonal average values of
the instrumental color (V — R) ;. for the four components and color difference between
all possible pairs of components are given in Tables 7.2 and 7.3.
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Table 7.2: Yearly averages of the instrumental color V — Ry, for the four lensed com-
ponents of quasar WFI2033-4723.

2008 2009 2010 2011 2012
(V=R)sirg —0.05+0.02 -0.10+0.01 -0.06+0.03 -0.05+0.03 -0.03+0.07
(V=R instr.a1 —0.01+£0.03 -0.07+£0.02 -0.03+0.05 -0.01+0.07 0.12+0.09
(V=R insir.a» 0.01£0.04 -0.03+0.04 -0.01+0.08 0.02+0.08 -0.07+0.10
(V=Bsir.c 005+£0.03 -0.02+0.02 0.00£0.03 0.05+0.03 0.04+0.01

Table 7.3: Yearly average differences of the instrumental color V — Ry, for all the
possible component pairs of quasar WFI 2033-4723.

2008 2009 2010 2011 2012
AV =R)insiraip 0.05+0.03 0.06 £0.05
AV =R)insir.a2p 0.05+0.04 0.03+0.07
AV =R)ipsirce 0.11£0.05 0.08 £0.03

AV = R)nsir.a142 —0.02+0.06

-0.04+£0.06 0.0+0.1 0.0£0.1 0.19+0.01

AV = R)nsir.a2c —0.05+£0.04

-0.01+0.05

AV =R)insiraic  —0.06+£0.04

-0.04+£0.04
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HE 0047-1756

In what follows we report the results obtained for the quasar HE 0047-1756. This
material (exception made for Figure 8.6) has already been published in the paper [2]
listed in the List of Publications.

8.1 Light curves of the quasar HE 0047-1756

In Figure 8.1 we show the light curves of the quasar HE 0047-1756 from 2008
to 2012 for filters V and R. The individual data points of the light curves are also
listed in Table 11.1. The error bars were determined by using the GALFIT software as
explained in paragraph 6.4. The light curves for images A and B are plotted in red and
green, respectively, as a function of the Modified Julian Date (MJD). The light curve
of a star in the field, the constant star in Fig. 4.5, is also shown in black. In the year
2008 the light curves of both lensed quasar images are characterized by a Am ~ 0.1 mag
intrinsic variation of the quasar on time scales of ~ 50 days. The data suggest that this
rise ends around MJD — 2450000 ~ 4680 in image A, but around MJD — 2450000 ~
4690 in image B. This delay of the brightness rise in image B is analyzed in detail in
Sect. 8.2. In the year 2009, both quasar images became more luminous. Starting from
2010 the quasar became dimmer and again brighter across the last two periods. The
overall variation of magnitude in both filters did not exceed ~ 0.3 mag. The average
instrumental magnitudes of components A and B across the 5 periods are shown in
Table 8.1.

Table 8.1: V-band and R-band yearly averages of the HE 0047-1756 instrumental mag-
nitudes.

2008 2009 2010 2011 2012
(A)y -0.25+£0.02 -0.49+0.02 -0.36+0.03 -0.41+0.01 -0.53+0.01
(B)y 1.21+£0.03 1.01+0.03 1.16+0.06 1.19+£0.04 1.08+0.03
(A)g -0.21+£0.01 -0.37+£0.02 -0.28+0.02 -0.34+0.01 -0.44+0.02
(B)g 1.21+0.03 1.08+0.02 1.20+£0.03 1.22+0.02 1.13+0.03
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8.2 Time delay for HE 0047-1756
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Figure 8.2: Distribution for time delays based on our light curves of components Ay and
By according to the spline method in [147]. The probability has been computed from
1000 resamplings of the inferred model for the light curves. Mean value and standard
deviation of this distribution are At = 7.2 + 3.8 days.

Several methods have been introduced in order to determine time delays in lensed
systems ([81] and references therein; see also [18], [55], [113], [147]). We applied the
PyCS software by Tewes [147] to our V and R light curves from 2008 to 2012. The
PyCS software allows for time delay measurements in presence of microlensing, de-
fined as extrinsic variability, as opposed to the intrinsic variability of the quasar. We
used the free-knot spline technique and the dispersion method available in the package.
Table 8.2 summarizes the main input parameters for the PyCS spline and dispersion
methods (see [147] for further details).

The free-knot spline technique uses cubic splines (a spline consists of several polyno-
mial pieces which are connected at the locations of the knots) to model both the intrinsic
and extrinsic variability of the light curves and adjusts simultaneously the splines, the
time shifts and the magnitude shifts between the light curves in order to minimize a
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Figure 8.3: Distribution for time delays based on our light curves of components Ay and
By according to the dispersion method in [147]. The probability has been computed
from 1000 resamplings of the inferred model for the light curves. Mean value and
standard deviation of this distribution are At = 8.0 £4.2 days
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Table 8.2: Summary of the main input parameters for the PyCS spline (spl) and disper-
sion (disp) methods. Indices A and B refer to the quasar images. 7;,; and 7., define
the initial spline knot separations (in days) for the intrinsic and extrinsic variation mod-
els, respectively. € indicates the minimum knot distance allowed in the free-knot spline
fits. B and « are the power-law exponent and the scaling factor of the spectrum of the
generated noise, respectively. In the dispersion method only data with observational
gaps shorter than interpdist were interpolated. The low-order polynomials modeling
the extrinsic variability in the dispersion method were chosen of order nparams (See
[147] for detailed explanation.)

Spl : Nintr 75 days
Spl: Nextr 520 days
spl: e 15 days
spl: aa 1.1
spl:Ba 0
spl:ap 3.1
spl:Bp 0

disp : interpdist 10 days
disp : nparams 1
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least-square fitting figure of merit that takes into account all data points.

The dispersion method goes back to the dispersion techniques by [113] and simultane-
ously adjusts the time shifts and low-order polynomial representations of the extrinsic
variability in order to minimize a scalar dispersion function that quantifies the devia-
tions between the two components of all possible combinations of light curves. This
method does not assume any model for the intrinsic variability.

The results determined with the spline fitting technique and dispersion technique are
7.2 +3.8days and 8.0 + 4.2 days, respectively. The mean value and quoted error bars
correspond to the mean and standard deviation of the resulting time delay distributions,
shown in Fig. 8.2 and 8.3, obtained by drawing 1000 realizations of the observed light
curves. The light curve realizations were drawn taking into account a free-knot spline
model for the intrinsic variability, a free-knot spline model for extrinsic variability and
power-law noise models for the light curves, as explained in [147]. On the other hand,
the application of these methods to the R-band data in the years 2008-2012 failed to
converge to a unique answer.

We carried out a local analysis on year 2008 in the V band in order to confirm
the obtained results and show that the above analysis was not biased by the existence
of the observing gaps. We found out that the best way to analyze such a short light
curve portion was to follow a linear interpolation scheme, which did not introduce the
difficulties of generating the model for the intrinsic and extrinsic variability — necessary
inputs for the PyCS software in order to draw new realizations of the light curves — from
a reduced number of data points. Our approch, aimed at determining the time delay
which minimizes the magnitude difference between the light curves, was published first
by [54] and goes back to [81]. It proceeded through the following steps:

1. Component A of each of 10000 bootstrap resamplings of the observed light curve
was shifted by the time delay Az to be tested. The time delay values were cho-
sen in the range from 0 to 50 days (image A leading). Such a high number of
resamplings constrained the uncertainties on the time delay measurement.

2. The light curve of the brightest component A was linearly interpolated in corre-
spondence to the dates at which the B light curve had been observed. Only gaps
shorter than 20 days were interpolated.

3. Each resampling was smoothed by using a triangular filter with a width ¢ of 3 and
6 days respectively for the brighter component A and the weaker component B.
The use of larger windows, 1.e. 6 and 12 days, did not change the results. By using
a triangular filter, we determined, for a given component, the magnitude at any
epoch #; as a weighted average of magnitude values corresponding to neighboring
epochs ¢; with |¢; — ;| < 6. The triangular weight had the following shape
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Figure 8.4: Distribution p for time delays between 0 — 50 days based on our light curves
of components Ay and By. The probability has been computed from 10000 bootstrap
resamplings of the observed light curves. For each resampling the brightest component
A has been interpolated in correspondence to the dates at which B has been observed.
The region above the dashed line contains 95% of the statistical weight of the distribu-
tion, after discarding the peak at 0 lag. Mean value and standard deviation of this region
are At =7.6 + 1.8 days.
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Figure 8.5: Distribution p for time delays between 0 — 50 days based on our light curves
of components Ay, By and Bgr. The probability has been computed from 10000 boot-
strap resamplings of the observed light curves. For each resampling the brightest com-
ponent A has been interpolated in correspondence to the dates at which B has been ob-
served. The region above the dashed line contains 95% of the statistical weight. Mean
value and standard deviation of this region are At = 7.6 +2.9 days.
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lti=t)l
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wij =

where 0, indicates the Poissonian noise corresponding to the magnitude m; ob-
served at the epoch ¢;.

4. From the resulting light curves, comprising N epochs, we computed the weighted
magnitude difference between the components Am and determined the 2

N A . — Am)?
X‘Z/ _ N1_2 Z (ma(t;) —mp(t; + At) — Am) (8.2)
1

O'mAz + O'mBz ,
where ¢; is the generic time at which data has been collected. o,,4 and o,p are
the Poissonian noise propagated through the interpolation formula for m4(#;) and
the Poissonian noise corresponding to mp(t; + At), respectively.

5. The time delay corresponding to the minimum y2 was the optimal time delay at
any given resampling (see [54]).

It turned out that only in year 2008 the light curves of components A and B were
characterized by an intra-seasonal (intrinsic) variation feature useful for the purpose of
determining the time delay between the two components. Moreover, the overall A and
B light curves did not differ simply by an additional constant, since their difference
increased as a function of time. By inspection of Fig. 8.1 we noticed that the variation
of component Ag differed from that of components Ay,By and Bg. The algorithm was
applied at first to the light curve couple AyBy. The probability distribution of time
delays obtained by using this method is plotted in Fig. 8.4. The probability of each
1-day bin was calculated as the ratio between the occurence of light curves with best-
fitting time delay in that bin and the total number of resamplings. This procedure also
included a peak at 0-day lag as result, possibly a spurious peak deriving from correlated
brightness fluctuations at 0 lag. This correlation effect appears when dealing with optical
discrete data, as already reported by [154] and by [23], which described it as a frame-
to-frame correlation error in the photometry. We computed, for the region above the
dashed line, carrying 95% of the statistical weight of the distribution (not taking into
account the peak at 0 lag), the mean time delay and the standard deviation, obtaining
At =7.6 + 1.8 days. In order to assess whether the distribution at 0 lag corresponded
to a spurious peak, we applied the above algorithm to the light curve couple Ay By,
where Byp is the average of the light curves of component B in both filters. The aim
was to break the correlation at 0 lag between the multiple photometric data recorded
on a single frame (in a given filter). Although it is not strictly clear whether this can
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Figure 8.6: V- (upper panels) and R- (bottom panels) band light curves of HE 0047-
1756 in 2008. Components A (diamonds) and B (squares) are depicted in orange and
blue, espectively. Image B light curve has been shifted backwards along the MJD-axis
by a time delay of 7.6 days and along the mag-axis by the average magnitude offset
to A in 2008 (Amy = —1.45, Amr = —1.41). The figure is intended to highlight the
different variation amplitude shown by component A in the R band, which constitutes a
complication in the time delay determination.
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be done since interband time delays have been measured for several non-lensed quasars
[76] as due to light travel time differences between two different emission regions (and
the above analysis on the full light curves in the R band did not converge to a unique
result), the procedure led to a time delay distribution (shown in Fig. 8.5), with no peak
at 0 lag, whose 95% statistical weight region is described by a mean time delay and
standard deviation of Ar = 7.6 £2.9 days. Therefore we conclude that the time delay
analysis carried out by taking into account the year 2008 only in the V band produces a
result consistent with the above analysis including the full light curves.

In Fig. 8.6 we show the quasar A and B light curves after shifting image A ahead
by 7.6 days and image B up by the appropriate magnitude offset matching the light
curves in 2008 (Amy = —1.45 in the V band and Amg = —1.41 in the R band). As
stated above image A in the R band varied differently than the other images with a
variation amplitude smaller by a factor ~ 2. In Fig. 8.7 we show the difference between
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Figure 8.7: Difference between the light curves of HE 0047-1756 components A and
B after shifting component A ahead by 7.6 days. Component A is interpolated at the
epochs of component B before subtraction.

the light curves of components A and B in both filters. The error bars involved in the
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difference computation were added in quadrature. From these plots it can be seen a
secular evolution of the magnitude difference between the quasar components by ~ 0.2
mag across the 5 periods, which is mainly linear and we explain it as due to a long-term
microlensing perturbation. Such a behaviour has already been observed for the double
quasar SBS 1520+530 by [54].
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Figure 8.8: (V — R) 5. light curves of HE 0047-1756 from 2008 to 2012. Components
A (diamonds) and B (squares) are depicted, respectively, in orange and blue in the first
upper panel. In the bottom panel we show how the color difference between the two
components evolves. The difference is computed by interpolating the magnitude of the
brightest component in the pair in correspondence to the dates at which the weakest
one has been observed. The horizontal dashed lines define +0.05 intervals around the
average color difference.

An analysis of the color index V — Ry, light curve as a function of the MJD, shown
in the upper part of Fig. 8.8, reveals that the two components spanned the highest color
variation of ~ 0.07 mag between seasons 2008 and 2009, with both images turning bluer
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in correspondence to the 2009 brightnening of the quasar, as already observed by [157],
[116], [125], [124]. The yearly averages of the color are shown in Table 8.3.

Table 8.3: Yearly averages of the instrumental color V — Ry, for the two lensed com-
ponents of quasar HE 0047-1756.

2008 2009 2010 2011 2012

(V=BR)msra -0.04+£0.02 -0.11£0.01 -0.08+0.02 -0.07+0.01 -0.08+0.01

(V=Bsirg 0.00+£0.03 -0.07£0.04 -0.04+£0.05 -0.03+£0.05 -0.04+0.04

Table 8.4: Yearly average differences of the instrumental color V — Ry, s, between com-
ponents A and B of quasar HE 0047-1756.

2008 2009 2010 2011 2012

AV =R)ipsir. —0.04£0.04 -0.03£0.03 -0.05+£0.05 -0.04+£0.06 -0.03+0.04

The color difference between the quasar images was mainly constant ~ 0.04 through-
out the five seasons, as shown in the bottom panel of Fig. 8.8. We computed the color
difference after shifting the color light curve of component A by 7.6 days and linearly
interpolating it in correspondence to the observation dates of component B. The error
bars involved in the difference computation were added in quadrature. The yearly av-
erages of the color difference are shown in Table 8.4 and are consistent with a constant
offset between the color light curves.
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Q2237+0305

9.1 Light curves for Q2237+0305

Figures 9.1 and 9.2 show the light curves of the four components of quasar Q 2237+0305
in the standard V and R bands. The error bars were determined by using the GALFIT
software as explained in paragraph 6.4. Figure 9.1 displays the light curves of compo-
nents A in fuchsia and pale pink, component B in dark and pale green, component C in
navy blue and sky blue, component D in two shades of yellow. The first twelve portions
of the light curves, which are depicted using the lighter colors, represent the results of
the OGLE campaign from 1997 to 2008, which are available from the OGLE internet
archive !|. We have been able to join up our results with the previous OGLE light curves
in 2008, as explained in section 9.2. The last five years of monitoring, corresponding
to our data, are displayed in more intense colors and are labelled at the bottom of the
plot. The OGLE monitoring first showed, with smooth well sampled light curves, that
microlensing is practically going on all the time in all multiple images of the quasar
Q2237+0305. Since the time delays between the quasar components are predicted to
be of the order of 1day, the light curves can be straightforwardly compared. None of
the components followed the same variation pattern, which means that microlensing
was constantly at work during the OGLE monitoring campaign. This is what we also
recorded during the last five seasons of monitoring. In the V band the flux of image
A became weaker by ~ 0.5 mag during our monitoring. Image B became dimmer by
~ 0.3 mag. Image C flux turned slowly weaker during the first three season, similarly to
image B, to become then much brighter between 2011 and 2012 by ~ 0.8 mag. During
the five years of monitoring image D became weaker by ~ 1.25 mag. So all the com-
ponents are characterized by more or less dramatic, but independent, variation patterns.
The most striking features are seen in image D, which became brighter than image B
and C for the first time since the beginning of the OGLE monitoring campaign and then
weaker again, as it used to be in the previous monitoring seasons. Additionally, image C
became again weaker than image B after the reported high-magnification event in 1999

Thttp://ogle.astrouw.edu.pl/
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Table 9.1: Yearly averages of the color V — R for the four lensed components of quasar
Q2237+0305.

2008 2009 2010 2011 2012
(V=R), 0.12+0.14 0.04+£0.02 0.13£0.04 0.14+£0.02 0.15+0.02
(V-R)p -0.01+£0.09 -0.06+0.03 -0.12+0.04 -0.12+0.03 -0.10+£0.05
(V=R)¢ -0.24+£0.26 -0.16+0.08 -0.12+0.10 -0.26+0.13 -0.23+0.04

(V=-R)p 0.34+0.16 0.25+0.06 027+0.11 0.69+0.10 0.85+0.12

and again brighter in 2012. Figure 9.2 displays the light curves of components A in
fuchsia, component B in green, component C in blue, component D in yellow. In the
R band image A became fainter by =~ 0.5 mag, image B weaker by ~ 0.2 mag and im-
age D by ~ 0.75 mag. Image C also dimmed by ~ 0.2 mag until 2011, getting suddenly
brighter by more than ~ 0.5 mag in 2012. While in the V band we were able to join
up our light curves with the OGLE data, this was not possible in the R band, because
OGLE did not use this filter. In this case we had to model the galaxy on the template
image as explained in the following section. By proceeding in this way it was possible
to plot the R-band magnitudes in standard magnitudes. The consistency of the obtained
magnitudes has been checked by graphically comparing our data to the data collected at
the MAIDANAK telescope, for which a plot is available at the observatory webpage 2,
as a part of the publication prepared for MNRAS by Vakulik et al. The picture shown
in Figure 3.5 has been graphically compared to our light curves in 2008 and we found
qualitative agreement between the data.

We used the V- and R-band magnitudes obtained above to compute the V — R color
of the quasar images as a function of time (MJD). As we mentioned in Section 7.1, when
the color light curves of the quasar images cannot be matched by simply shifting them
by a constant, the simplest explanation we can provide is microlensing affecting images
in an uncorrelated fashion. As shown in Figure 9.3, the V — R color of component
D showed an indipendent variation pattern during the last three seasons, in correspon-
dence to its brightness variation, turning redder by ~ 0.6 mag, in contrast to the other
components. Component A showed a more modest color variation, turning redder by
~ 0.1 mag. In Figure 9.4 we show how the color difference between the components
BA, CA and DA evolves. The error bars of the terms involved in the difference computa-
tion were added in quadrature. These plots reveal that, taking the color of component A
as a reference, component D behaves differently from the others and significantly turns
towards the red. The yearly averages of the color for all the components are shown in
Table 9.1.

2http://www.astron.kharkov.ua/dip/maindep.htm
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Figure 9.1: V-band light curves of Q 2237+0305 from 2008 to 2012 are shown on the
right side of the plot. Components A (filled dots), B (asterisks), C (squares), D (filled
diamonds) are depicted in fuchsia, green, blue and yellow, respectively. The light curve
of a star in the field, labelled as Const. in Fig. 4.6, is shown in black and shifted by
—2mag. The light curves from the MiNDSTEp campaign have been photometrically
joined up with the 12-year-long OGLE data.
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Figure 9.2: R-band light curves of Q2237+0305 from 2008 to 2012. Components A
(filled dots), B (asterisks), C (squares), D (filled diamonds) are depicted in fuchsia,
green, blue and yellow, respectively. The light curve of component D is shifted by
+0.5 mag. The light curve of a star in the field, labelled as Const. in Fig. 4.6, is shown
in black and shifted by —1.5 mag.
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Figure 9.3: V — R color of the components of the quasar Q 2237+0305 as a function of
the MJD. Components A (filled dots), B (asterisks), C (squares), D (filled diamonds)
are depicted in fuchsia, green, blue and yellow, respectively. The years in which data
were collected appear at the bottom of the figure.
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Figure 9.4: Differences of the V — R colors of the component pairs BA, CA and DA of
the quasar Q 2237+0305 as a function of the time (MJD).
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9.2 Q2237+0305 standard photometry: modeling the
galaxy on the R-band template

The measurement of the flux for the template image Fx 7, which is necessary to
calculate the magnitude as in equation 7.1, was calculated by neglecting the presence
of the weak lensing galaxies in the case of WFI12033-4723 and HE 0047-1756. This
was no longer possible in the case of Q 2237+0305, whose lens is a barred spiral galaxy
with an average magnitude of ~ 15 mag in the optical bands ([177], [135], [127]). In the
V band, our approach consisted in avoiding the galaxy modeling. Since in our images
the galaxy is not well resolved, an attempt to fit a model to the galaxy has generally been
regarded as the last resort. The OGLE light curves in the V band are public and their
standard photometry was obtained by modeling the galaxy on HST images of the lens,
as explained in [173]. Therefore, we opted for simply joining our light curves to the
OGLE light curves. This was possible by noticing that, at any given night, the unknown
flux of image i on the template is related to the corresponding image magnitude my;,
measured by OGLE, by the following relation

Ai+0A;=Ag10" 75" .1)
where A; + 0A; is the sum of the flux on the template and the differential flux com-
puted at that night, A, the number of counts per second of the « star showed in Fig. 4.6,
and m,, its magnitude, fixed at 17.5 mag according to [173]. We chose a good seeing
night, common to our data and the OGLE campaign, and corresponding to a Modi-
fied Julian Date (MJD) of 54685.3 days. Substituting the values corresponding to each
quasar image in the previous formula, we obtained, for each of them, the number of
counts per second A; for the template image. This allowed to translate our differential
fluxes into total magnitudes, as those used for the OGLE light curves. The magnitude
of the star a, m,, and its flux at the chosen night provided the zero point needed to join
the data.
On the other hand, in the R band, we could not compare our data with any other pub-
lished light curves. So we chose to model the lensing galaxy of the quasar Q 223740305
by using the GALFIT software. The model consisted of:

1. The four point-like images of the quasar. The system geometry was fixed as
outlined in Table 6.1. The position of one image was allowed to vary together
with the fluxes of the four images.

2. A galactic exponential disk profile component.

3. A de Vaucouleurs’ profile for the galactic bulge.

These choices are based on the evidence that a disk galaxy is a composite system well
described by a combination of an exponential disk and a de Vaucouleurs’ bulge profile.
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A de Vaucouleurs’ profile contributes to describing the surface brightness of an elliptical
galaxy and can be written as a function B(r) of the distance r from the center, as follows

_ ral/4a_
B(r)=1I,e 7.671(7;) " =11 (9.2)

where [, is the surface brightness at the radius R,, which encloses the disk region con-
tributing to half of the galaxy brightness. This is a special case of Sersic’s law, where the
Sersic’s index is fixed at n=4. The exponential disk component /() typically describes
the profile of disk galaxies at large radii and has the shape

1(r) = L %) (9.3)

where [, represents the surface brightness of this component at the center of the disk
and R, is the exponential scale length.

For both the exponential disk and the de Vaucouleurs’ profile components, the input
parameters were the disk ellipticity, measured on the image and fixed at 0.65, and the
PA, the position angle describing the orientation of the disk major axis, fixed at 58.36
degrees towards the right, as seen in Figure 4.6. Both the parameters were measured by
using simple graphic tools of the package ds9. For both profiles the central position was
left free, together with the profile scales R, and R, and the total profile magnitudes. The
result of the fit is summarized in Table 9.2.

By adding the fluxes on the template image to the differential fluxes computed for
each night and by making use of the standard magnitude for the star « in the R band
(Raipha = 17.28 mag according to [25]), it was possible to plot the light curves in stan-
dard magnitudes. The best fit model that we used is far from being accurate, since the
lensing galaxy in Q 223740305 shows an important bar component that cannot easily
be modeled with simple galaxy model profiles. Nevertheless in quasar microlensing the
relative flux variations between the quasar components are the prime focus of interest
and obtaining the light curves in standard magnitudes does not add any fundamental
detail to our knowledge of microlensing, and can be regarded as a refining exercise.
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Table 9.2: The table summarizes the best fit model parameters for the lensing galaxy of
the system Q 2237+0305 in the R band. The labels Xjygex, Vindex T€present the central
position of the brightness profiles. The letters A, B, C ,D stand for the flux of the quasar
components on the R-band template image, M;, 4., indicates the integrated instrumental
magnitudes of the brightness profiles.

XA 777.4 px

VA 679.3 px

A 1477 counts/s
B 450 counts/s
C 278 counts/s
D 641 counts/s
XdeVac 776 px
YdeVac 681 px

M jovac 16.4 mag

R, 4.7 px

Xexp 776 px

Yexp 682 px

M,y 15.5 mag

R, 10.4 px

Y2 42
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Summary and conclusions

10.1 Summary

We have presented V-band and R-band photometry of the gravitational lens systems
WFI12033-4723, HE 0047-1756 and Q 2237+0305 from 2008 to 2012. Data were col-
lected by the MiNDSTEp collaboration with the Danish 1.54 m telescope at La Silla,
Chile. By applying the Alard & Lupton image subtraction method ([9], [8]), as imple-
mented in the HOTPAnTS software, we have constructed the light curves of the multiple
images of the quasars.

1. The lensed images of the quasar WFI12033-4723 varied by ~ 0.6 mag in the V
band and ~ 0.5mag in the R band during the campaign, becoming brighter in
2009 and gradually weaker until 2012. After computing the A2-Al, B-Al, C-
Al light curves, we found that C-Al showed a variation of ~ 0.2 mag in the R
band across the period 2008-2011. We suggest that microlensing affecting only
the outer part of the accretion disk of image C could in principle explain the be-
haviour seen in the R band. This relies on the hypothesis that an outer and hence
cooler part of the disk, with emission at longer wavelengths, is magnified by the
caustic pattern.

2. The two lensed components of quasar HE 0047-1756 reached their maximum
brightness in 2009 and again in 2012, with a magnitude variation of = 0.2 —
0.3 mag. We were able to provide a measurement of the time delay between the
two components of this system for the first time. We applied the PyCS software
by [147] to our whole V-band and R-band dataset. The free-knot spline technique
and dispersion technique provided in the V-band consistent estimates of the time
delay of 7.2+ 3.8 and 8.0 £4.2 days. In the R-band the methods did not converge
to a unique result. By making use of a linear-interpolation scheme applied to the
brightest component A (see [54]), we carried out a zoom-in analysis on 2008 and
determined the time delay value minimizing the magnitude difference between
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the light curves Ay and By. We found out that component B is delayed with re-
spect to A by Ar =7.6+1.8 days. In order to verify the spurious nature of a O lag
peak, included as a possible result in the above zoom-in analysis, we applied the
linear-interpolation scheme to the light curves Ay and Byg. The latter is the aver-
age of the light curves By and Bg in 2008. We estimated the corresponding time
delay at Ar = 7.6 £2.9 days. Therefore, we conclude that the time delay analysis
carried out by taking into account only the year 2008 in the V band produces a
result consistent with the analysis including the full light curves. The magnitude
difference between the light curves of A and B in both bands increased from 2008
to 2012 by ~ 0.2 mag, showing a long-term linear uncorrelation between the two
components, which can be explained with a long-term microlensing perturbation.
The images of quasars WFI12033-4723 and HE 0047-1756 became bluer when
getting brighter. This is consistent with previous studies (e.g. [157]). A possible
explanation to this finding is obtained by considering the accretion disk models
for quasars. A boost in the disk accretion rate could produce a temperature in-
crease of the inner regions of a quasar, hence a brighter and bluer emission. The
color difference between the components of each quasar is consistent with being
constant across the five periods.

. In the case of quasar Q2237+0305 we were able to compute the photometry in

standard magnitudes, joining up our curves with the OGLE ones in the V band
and recurring to modeling the lensing galaxy in the R band. As already demon-
strated by the previous monitoring campaigns, all the components of the system
showed impressive and uncorrelated variations of flux. In the V band, image A
became fainter by ~ 0.5 mag during the 5-year monitoring. Image B became in-
stead dimmer by ~ 0.3 mag. Image C flux turned slowly dimmer during the first
three season, similarly to image B, to become then much brighter between 2011
and 2012 by ~ 0.8 mag. Image D dimmed by ~ 1.25 mag. Hence, all the compo-
nents showed independent variation patterns. The most striking features are seen
in image D, which became brighter than image B and C for the first time since
the beginning of the OGLE monitoring and then weaker again, in what appears to
be a typical shape of a high-magnification event. Image C became again weaker
than image B after the reported high-magnification event in 1999 (M JD = 51400)
and brighter in 2012, in what resembles the ascending portion of another high-
magnification event. We found similar variation patterns in the R band. Image
A became fainter by ~ 0.5 mag, image B by ~ 0.2 mag, image D by =~ 0.75 mag
and image C by =~ 0.2 mag until 2011, getting suddenly brighter by more than
~ 0.5mag in 2012. The computation of the V — R colors of the quasar compo-
nents indicated that component D became redder by ~ 0.6 mag, in contrast to the
smaller color variations of the other components. Chromatic microlensing might
provide an explanation to this finding.
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10.2. Conclusions and outlook

10.2 Conclusions and outlook

This thesis work has focussed on the observation of the quasar microlensing phe-
nomenon in multiply imaged quasars. The relative light curves have been built by
making use of the difference image analysis (DIA), arguably the best way of treating
variable sources in presence of wide overlapping and non-varying galaxies. The out-
standing results obtained with a 1.5 m class telescope, average exposures of 3 minutes
and an average seeing of 1.3”, reveals how the technique has a huge potential for in-
vestigating an increased number of gravitational systems, with the aim of computing
time delays and accessing the spatial structure of distant quasars. The possible devel-
opment of a more automated software would help meet the requirement of analyzing a
larger number of systems in order to build wider statistical samples, from which deduc-
ing fundamental astrophysical quantities and scales. Since 2012, no additional quasar
monitoring has been going on at the Danish telescope. Nevertheless, a new quasar mon-
itoring campaign has been started at the Las Cumbres Observatory Global Telescope
Network (LCOGT) and the method presented above has already been applied to the
first data.
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Appendix A

Photometry of WFI12033-4723, HE 0047-1756 and Q 2237+0305.
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