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1 Introduction

This master thesis is written at the University of Copenhagen and supervised by prof.
Jens Hjorth. The thesis contains my theoretical and observational work on Gravita-
tional Lensing. My work was based on observational data of the gravitational lens
systems gathered at the Nordic Optical Telescope (NOT), La Palma. The two main
purposes of this thesis are to analyze quasar microlensing effects and determine the
time delay of the lensed system SDSS J0903+502.

The thesis is divided into four parts.

2 In this section I introduce the lensing theory so that the reader can follow and un-
derstand the work done for this thesis. I begin by presenting the history of microlensing
and alternative methods for measuring dark matter. Then I show the methods for sim-
ple lens modeling and show what the visible lensing effects are. At the end I explain
what the time delay in gravitationally lensed quasar is and the physics of quasars.

3 This section is based on a paper published in A& A and it introduces the main topics
of quasar microlensing. On the beginning it is presented the history of microlensing
and alternative methods for dark matter measurement. Further, it is shown how to
obtain and analyze the microlensing signal in a lensed quasar light curve. At the end
it is explained how the microlensing affects quasar spectra and how galaxy extinction
influences the microlensing results.

4 In this section I present the observational part of my master thesis. 1 begin by
explaining the difficulties involved in planning lensing observations and how one can
overcome them. Then I review my monitoring program at the Nordic Optical Telescope
(NOT). At the end I present the image reduction and deconvolution procedures and
their implementation in gathered data.

5 This section presents the results of a half year of observations done at the Nordic
Optical Telescope in the period October 2005 — April 2006. Here I present the anal-
ysis and conclusion from reduced and deconvolved images. At the beginning of this
Chapter it is shown how the deconvolved images look and the astrometric and photo-
metric results are presented. Next, I introduce the techniques and results of the SDSS
J0903-+502 lens modeling. At the end I present the light curve of the quasar images
and its analysis.



2 Strong Lensing Theory

In this section I introduce the lensing theory so that the reader can follow and under-
stand the work done for this thesis. I begin by presenting the history of microlensing
and alternative methods for measuring dark matter. Then I show the methods for sim-
ple lens modeling and show what the visible lensing effects are. At the end I explain
what the time delay in gravitationally lensed quasar is and the physics of quasars.

2.1 Historical background

The history of Gravitational Lenses (GL) begins with the beginning of modern physics.
The first valuable scientific book (1704) "Opticks" contains basic GL ideas, its author
— Sir Isaak Newton predicts that light rays can be bent by bodies.

This brilliant idea was forgotten for almost 3 generations. In the late seventeen
hundreds, scientists came back to the subject with the idea of existence of black holes.
"Black hole" (name invented much later) is an object so compact that it bents light in
to a loop. Laplace (1795) gives the first equation for a critical radius of such a body.
His equation is derived from the assumption that the body’s escape velocity is equal to
the light velocity: M
> (1)
He also points out that black holes can be found by observing the behavior of objects
moving in its vicinity.

Physicists inspired by Laplace‘s idea started studying the way celestial bodies affect
light rays. An equation for the deflection angle was first introduced by J. Soldner (1804),
he presents light as particles in the gravitational field and uses Newtonian mechanics
to calculate deflection, giving:

Rms -

C
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A big step forward in GL history was made by a famous physicist Albert Einstein.
His general relativity theory gave the correct description of the behavior of light rays
in a gravitational field. Einstein (1915) presents the equation for the deflection angle

based on relativity and obtains a result which differs from "Newtonian" only by a factor
of 2.

o =

_4GM

O =

(3)

Observers inspired by Einstein’s paper, made the gravitational deflection measurements
during the solar eclipse right after World War I. Although the observations (because
of the lack of precision) did not rule out the Newtonian description, it made Einstein
famous. The real proof was made 60 years later by use of radio-interferometer (Fomalont
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& Sramek 1975). Since the time of Einstein, gravitational lensing gradually became of
more interest to astronomers. The main question was if a lensing event is observable.

During a time of an extensive gravitational lens research astronomers also focused
also on other important cosmological issues.

Shapley (1919) noted that galactic redshifts were positive, with the only exceptions
being those in our own galactic neighborhood. Then, during the period 1923-24, Edwin
Hubble discovered Cepheid variables in neighboring galaxies. These stars vary in light
output in such a way that their intrinsic luminosity and the period of variability are
linked. Measuring the period of variability can therefore in principle establish their
intrinsic luminosity and hence their distance. Hubble used these stars to measure the
distances to forty-two galaxies. Doing this he discovered that the observed redshifts were
proportional to the distances. In 1929 he published the law of spectral displacements
(Hubble 1929), which is now called Hubble‘s Law.

r=z/Hy (4)

Since the Hubble discovery the history of lensing is strongly related to the discovery
of quasars.

The first quasar was discovered with radio telescopes at the end of the 1950s. Many
were detected as radio sources with no corresponding visible object. In 1960, a radio
source called 3C 48, was finally connected to its optical object. Astronomers detected
what appeared to be a faint blue star at the location of the radio source and obtained its
spectrum. Containing many unknown broad emission lines, the anomalous spectrum
interpretation claimed by Bolton et al. (1963) of a large redshift was not generally
accepted.

In 1962 another radio source, 3C 273, underwent five occultations by the moon.
Measurements taken during one of the occultations allowed (Schmidt 1963) to optically
identify the object and obtain an optical spectrum. This spectrum revealed the same
strange emission lines. Schmidt (1963) discovered that that these were actually spectral
lines of hydrogen redshifted at the rate of 15.8 percent, he showed that 3C 273 was
receding at a rate of 47,000 km/s. This discovery revolutionized quasar observation
and allowed other astronomers to find redshifts from the emission lines from other
radio sources.

The word "quasar" is derived from quasi-star or a contraction of the more formal
term quasi-stellar radio source. Later it was found that actually only 10% of quasars
have strong radio emission. Hence the name ’QSO’ (quasi-stellar object) is used to refer
to these objects, including the 'radio-loud’ and the ’radio-quiet’ classes.

During 1960 the main topic was quasar high redshift and whether quasars were
nearby or distant objects. One suggestion was, that the high redshift of quasars was
not due to the Doppler effect but rather to light escaping from strong gravitational field.
Although the shape of the continuous part of a quasar spectrum is very different from



any other stellar object. Quasar spectra possess no thermal spectrum, their spectra
have no peaks (see Figure 13).

There were strong arguments against the idea of cosmologically distant quasars. One
of them was that it implied energies that were far in excess of known energy conversion
processes, including nuclear fusion. This objection was removed with the proposal of the
accretion disc mechanism in the 1970s and today the cosmological distance of quasars
is accepted by almost all researchers.

In the 1980s, models of quasars were developed. In these models, quasars were a
class of active galaxies. In many cases it is simply the viewing angle that distinguishes
them from other classes, such as blazars and radio galaxies. The huge luminosity of
quasars is believed to be a result of friction caused by gas and dust falling into the
accretion discs of supermassive black holes, which can convert about half of the mass
of an object into energy.

This mechanism is also believed to explain why quasars were more common in
the early universe, as this energy production ends when the supermassive black hole
consumes all of the gas and dust near it. This means that it is possible that most
galaxies, including our own Milky Way, have gone through an active stage (appearing
as a quasar or some other class of active galaxy depending on black hole mass and
accretion rate) and are now quiescent because they lack a supply of matter to feed into
their central black holes to generate radiation.

Refsdal (1964), moves GL theory forward and establishes remarkable cosmological
applications. Refsdal, inspired by both Einstein’s and Hubble’s great discovers, pointed
out that if the lens is strong enough then the lensed source can be seen as a multiple
images. Additionally if the source is variable (QSO) variations are observable in all the
source images with some time delay from which Hubble constant can be calculated, as:

At oc Hy't (5)

Finally Walsh et al. (1979) discovered the first gravitationally lensed system, QSO
09574561, which appears to be a variable quasar with two counterparts separated by
6”. Since that time enormous number of theoretical and observational GL publications
came out and gravitational lensing became a major tool in astrophysics and cosmology
(see Table 1).

Additionally to the GL by the galaxy, the light paths of the quasar images are
affected separately by each object in the lensing galaxy. This effect is called "mi-
crolensing". The first quasar microlensing event was discovered 16 years ago by Irwin
et al. (1989). But the history of microlensing analysis, begins earlier than its discovery,
it begins with the seminal work of Refsdal (1966). Refsdal presents analysis of the theo-
retical brightness variation of a distant quasar as a single star passes through its beam.
Initially, scientists considered microlensing as a magnitude variation caused by a single



Table 1: Time delays measured at optical wavelengths. The table shows the measured
values: z,,,—redshift of source, z,,4 redshift of deflector(lens), 0,,,« max angular image
separations, A7 — time delay.

Source Zms  Zmd  Omax AT(Days) Reference

0957+561 141 0.36 671 41743 (Kundic et al. 1997)
PG 1115+080(C-A) 1.72 0.31 272 9.443.4 (Schechter et al. 1997)
HE 1104-1805 2.32 0.73 32 267490 (Wisotzki et al. 1998)
B1600+434 159 041 174 51+4 (Burud et al. 2000)
RX J0911.4+0551 2.80 0.77 3’1 146+8 (Hjorth 2002)

SBS 1520-+530 1.86 0.71 176 13046 (Burud et al. 2000)
HE 2149-2745 2.03 049 177 103+24 (Burud et al. 2002)

object. But later it was proved that because of the big optical dept in a microlensing
event, more than one object is involved.

The first person to perform a numerical simulation of the complex microlensing
events was Young (1981). He shows how stars can affect the images of the quasar by in-
troducing a complex variability. This was the first paper in history, where microlensing
light curves were generated.

Paczynski (1986) work, significantly developed microlensing methods. He introduces
a large number of microlensing events and describes numerical models of microlensing.
Paczynski introduces a completely new method of microlensing analysis. His method
is based on shooting with the rays through a regular grid of points in the image plane.
Using this method he was then able to calculate positions of quasar images.

A big improvement was achieved with the ray-shooting method introduced by Kayser
(1986) and Schneider & Weiss (1988), which does not attempt to find the images of
point sources, but instead calculates rays on a grid in the lens plane, obtaining a map
of the magnification in the source plane.

Light coming from sources, especially from distant ones, is influenced by dust along
the its path. This is a well known fact, which has been taken into account for years by
astronomers measuring astrophysical and cosmological parameters. Extinction changes
most of the measurements, it influence Hubble Constant estimation (Freedman et al.
1998), the cosmological model using Ia supernovae (Perlmutter et al. 1997) and gravi-
tational lens modeling (Kochanek 1996).

The first idea to use gravitationally lensed quasars as a probe for the extinction
curves in high redshift galaxies was given by Nadau et al. (1991). Astronomers inspired
by Nadau started looking for extinction in the distant galaxies. In most of the galax-
ies extinction appears to by detectable (Falco 1999) but extinction curves were very
different from that of the Milky Way

The Hubble constant and dark matter have recently become of major interest among



astronomers. GL gives an alternative insight to those two issues, which is why it became
a powerful astrophysical tool.

2.1.1 Previous work on SDSS J0903+502

The second part of this master thesis is based on the observations of a doubly lensed
quasar SDSS J0903+502, which discovery as first reported by Johnston et al. (2003).
It was discovered from the Sloan Digital Sky Survey targeted for SDSS spectroscopy
as a luminous red galaxy, although the spectra showed existence of a quasar at z~~3.6.
Further research, photometric and spectroscopic survey at the Apache Point Observa-
tory in New Mexico (York et al. 2000) and one night spectroscopy and imaging on the
Keck II telescope gave information about SDSS J0903+503 physical properties.

Figure 1: SPIcam r-band image of the area around SDSS J0903+502. The two quasar
images and the galaxy are labeled A, B and G respectively.

Using these observations, Johnston et al. (2003) estimated the positions and the
magnitudes of both quasar images and the galaxy in i and r-band (see Table 2).

Johnston et al. (2003) also modeled the lensing galaxy. Assuming that the lens is an
isothermal singular sphere he obtained that ellipticity e=0.47 at an angle 6, = 4°.6+2.8,
giving a time delay of At = 67.4 4+ 2.8 days.



Object R.A. Decl. r mag i mag

QSO A 0903 35.132 +50 28 20.21 19.9940.01 19.43+0.01
QSO B 0903 34.877 +50 28 18.75 20.78+0.03 20.27+0.05
Galaxy 09 03 34.925 +50 28 19.53 19.59+0.02 18.86+0.04

Table 2: ARC Photometry model results

2.2 The point-like deflector.

According to Einstein’s principle, an object which possesses mass changes the shape
of space time in its vicinity. Therefore, the deflection of a light beam by a massive
object, is really caused by the light beam moving along a geodesic in the locally curved
space-time.
The goal of this section is to find out how light is deflected on massive bodies.
Equation 6 is a full description of the light path in spherically symmetric gravita-
tional field for an arbitrary distance from the deflector:

dx

¢min - ¢infty = /1 . (6)
0 \/1—x2—2G—M(1—x3)

Tmin

Figure 2: Light beam deflected by a massive object, where « is the deflection angle and
Tmin 18 the minimum distance.

Approximations. When we expand equation 6 to first order, then the deflection angle

equals:
4GM
a = : (7)

Tmin
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Figure 3: The figure shows the position angle of the image (#) and the original source
(B), along with the deflection angle (o). OS, OL and LS are the angular diameter
distances from the observer to the source, the observer to the lens, and the lens to the
source respectively.

Figure 4: An Einstein ring is formed when the source (S) is perfectly aligned with the
lens (L) and the observer (O).

This configuration is shown on Figure 2. From simple geometry of the system
(see Figure 3) we know that:

0Dos ~ BDos + aDys (8)
where & is given by the equation:
. Drs
a=a—. 9
Do (9)

Lens equation. Now when we know the deflection angle of the light, we will write the
relation between the source and image positions, which is called lens equation.
We can obtain the lens equation by putting equation 9 in to equation 8:

0~ (4. (10)



This equation is not so useful since we can observe only one variable, 6§ and the
other two, 7 and «, are unknown, thus, we rewrite « as:

 Dys 4GM
B DOS Tmin

«

(11)

and from Figure 2 and Figure 3 we see that ry;, = Doy, s0 :

D 4GM
oo Dis 4GM (12)
DosDor, 0
Now the lens equation as the form:
0 — B0 — 0% =0 (13)

where 0 is the "Einstein radius" described by the equation:

0. = \/ D e (14)

The Einstein radius, 0g, is the radius of the ring, so called "Einstein ring", which
is created when the source is aligned with the observer and the lens (see Figure 4).

This description is only valid for models assuming point-like lenses and point-like
sources.

2.3 Extended lenses

From the previous chapter we have learned about the physics of a point like lens but in
most the cases lens is not a point but has an extended mass distribution. To understand
the method used to measure the Hubble constant we need to know the mathematical
description of extended lenses.

The problem of extended lenses is very complex so in this chapter I will try only
briefly show how one can calculate the deflection due to an extended mass.

2.3.1 Theory

In the case where a lens is not a point we have to, instead of a point mass — M, use a
surface mass density — X(&):

() = [ drolé.6.6) (15)



Source plane

s OaL

Lens plane

Ohserver

Figure 5: The deflection of light by an extended lens, where ¢ is a coordinate on a lens
plane and 7 is a coordinate on a source plane.

where 7 is the direction of the observer-lens line, p is the spatial density and f:, f;, f_;;,
are the arbitrary space variables. Now the deflection angle have form:

—
gc
—

a—4G/d2§E NS TS e

£-
> 16
i (16)

We can see from Figure 5 that:

—

= &{DoL (17)
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By introducing equation 16 with new variable 6, we obtain the deflection angle for
extended mass new form:

0—0
2
1
/d@/—i “9 ik (18)

where: £(6) is the dimensionless surface mass density given by equation:

Y(Dor0
K(0) = Z(DoLb) (19)
2CI‘
Y is the critical surface mass density, given by equation:
1 D
Vo = ————20 (20)
e DOLDLS

It is also convenient to represent the deflection angle in terms of a projected gravi-
tational potential:

=26 [ @2 S (E)mig €| (21)
So the deflection angle is: L .
a(§) = 28¢9(¢) (22)
Having equation 22 we can find the rescaled projected gravitational potential:
Dys
UV=2——— 23
DOSDOL¢ (23)
and now we can rewrite the lens equation in the simple form:
3 =0—A0(0). (24)

As we see from equation 24 in order to calculate the real position of a source, one
has to know the mass distribution of the lens. In the case of gravitationally lensed
quasars, the mass distribution of deflectors is never accurately known, as there are no
direct observations which allow us to accurately measure it. Thus, in order to calculate
the lens equation for extended lens one has to create mathematical model of mass
distribution. Those models are described in the next sections.

2.4 Power-law lenses

The mass distribution models described in this section are rather simple but they are
still applicable to real lensing systems.

11



2.4.1 Theory

For simplicity we can assume that the deflectors (high redshift galaxies) are circularly
symmetric. This assumption simplifies the calculation, reducing it to the power-law
analysis.

When the lens has the circularly symmetric density distribution, p oc =", then the

deflection angle is given by:
0 2—n
ald) =10 (Z) (25)

and the dimensionless surface mass density — the convergence is:

w(0) = > 3 z (%)H (26)

where n is the power index and b, is the deflection scale.

2.4.2 Point-like lens

For the limit n — 3, we get a point-like lens, and b becomes:

= \/ DosDor AMG (27)
Dys
and the deflection angle is given by equation:
b2
= — 28
o= (28)

and the convergence is simply: « = 0.

2.4.3 Isothermal lens
For n=2, we get the isothermal lens, and b is given by:
b= O'DosDOL47T (29)

where: o — is the velocity dispersion of the lens, the deflection angle is: o = b, and the
convergence is:

K= —. (30)

2.5 Lensing effects

In this section we apply the lens equation to simple mass models to the lens equation
in order to observe the lensing effects, i.e., the change of the image positions, magnifi-
cations (see also Appendix D) and distortion.

12



2.5.1 Images

Point-like lens. In the case of the point-like lens, the lens equation has the form:
0* — 30 — 0% =0 (31)

This equation has two solutions, the images appear on the opposite sides of the

lens with separation:
62
A0 =0, —0_ =201+ — > 20g. (32)
40%

Isothermal lens. The Singular Isothermal Sphere (SIS) model has the dimensionless
surface mass density given by:

16

B(0) = 55 (33)
and when we apply the lens equation, (24), we get two solutions:
o If 5 < 0, we get two images:
0=0+0ps (34)
0=0—0s0 (35)
o If 3 > 0, we have only one image:
0= B+ 0s (36)

From equations 34 and 35 we see that Af = const, which is an important
feature of isothermal lenses.
2.5.2 Source distortion

In the previous sections we did not consider what happens if a source is not just a point
but has some angular distribution of brightness. Now we will examine how such an
object will be magnified by different lenses.

13



Figure 6: Magnified images of a source lensed by a point mass. The dashed circle is the
Einstein ring. The solid angle of the source df2 is magnified in the lens plane to df2.

and df)_ for the two images.

Point like lenses Let us first consider a point-like lens and a source with an angular
position ﬁ, with this setup there are two images of the source seen by an observer in
angular positions 6, and #_ given by equation 13.

The solid angle of a source is given by equation:

ds

A0 = 5 = g (37)

oS

and its images are distorted accordingly:
ds

A = == = frdpdo. (38)

OL
and knowing the equations 37 and 38, we obtain the amplifications of source images:

Q 1 2 4202

A2y Qidei__i B° 4 205 (39)

Ap=—== =-4_F 7B
A BB 27 9, /32 4462

14



2.5.3 Extended lenses

For the extended mass distribution, we use the two dimensional vector of deflection, &
(equation 18). To obtain the magnification we use the Jacobian which is maps between

a source and an image:
0B; 0*W
Ai(0) = =5 = <6i7j - 78686») (40)
i0Uj

then A;;(6) is equal to:

A:<1—’f—’h — ) (41)

—V2 l—rk+m

where 7 is the shear given by equations:

1 [(0*°0 9*°0
== -—=. 42
o 2(@9% aeg) 42)

0*U
= 43
2= 96,00, (43)
Now we can define the amplification for an extended lens mass:
A= (detdy ' = — 1 (44)
(1-r)2 =792

where: v = /7?2 + 3.

2.5.4 Circular lenses- power-law

Shear for circular lenses with a power law distribution is given by:

0="7(2) " (4

Magnification of source images in power-law model is:

AL =1—-k=£7. (46)
To get the shear profiles and magnifications for a specific model of a circular lens

we simply substitute equations 46 by any of a shear with a circular symmetry lens
described in Section 2.4.

15



2.6 Critical and caustics lines

In order to visualize how images are placed and distorted we define some specific curves.

e Critical curves — the curves in the lensing plane corresponding to infinite magnifi-
cation. They are closed and smooth curves which satisfy the condition: A(f) =0

e Caustic lines — are the critical curves mapped into the source plane by use of the
lensing equation.

Figures (7 — 9) show examples of caustic and critical lines. The left hand-side figures
show positions of the sources and caustic lines which divide the fields into 3 regions from
where a source produces 1, 3 or 5 images. The right hand-side figures show positions
of images and critical lines.

Figure 7: Left: The source is near the center of the inner caustic line. Right: The
source position causes the creation of the 5 symmetrically aligned images.

16




Figure 8: Left: The source is in the top corner of the inner caustic line. Right: The
source position causes the creation of 5 images.

Figure 9: Left: The source is above the top corner of the inner caustic line. Right:
The source position causes the creation of 3 images.

2.7 Time delay

When a GL source, a quasar, has an intrinsic variability due to some physical process,
this variability can be seen in all the images. Because of the two time delay factors,

17



geometrical and gravitational, quasar intrinsic variability shows up in the images at
different times. A description on what is a Hubble constant and how one can calculate

it using the time delay is given in the Appendices A and B respectively.

2.7.1 Gravitational time delay

The gravitational time delay occurs because a gravitational field affects space-time.
To obtain an equation for the gravitational time delay one has to consider radial mo-
tion (d¢ = 0) in the Schwarzschild metric (see Appendix C). First we introduce the

Schwarzschild metric:

1-GM/2R GM\*
2:—dt2—<1 —)d2 dy? + d?
ds <1+GM/2R> T o) (e dy+d=)

where:
o r=R(1+GM/2R)
e r = Rsinflcos¥
e y= RsinfsinV¥
e 2 = Rcosf
In the Newtonian limit, where gravity is weak, we have:
ds* = (1 +20)dt? — (1 — 2V)(dz? + dy? + d2°)

were: V= GM/R.

For light, ds=0 and assuming that light propagates along the z axis we get:

dt
T =(1-20).

We integrate equation 49 and get:

ty— 1 :/2(1—2\1/).

21

Finally we obtain that the gravitational part of the time delay is given by:

tgray = —2/ ’ U(z)dz.
21

18
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2.7.2 Geometrical time delay

The geometrical part of the time delay occurs because the light paths from both sources
have different lenght, so from a simple geometry we get:
DosDor, , 77

6tgeom - —TLS(QH)2 (52)

2.7.3 Time delay in an expanding Universe

The time delays obtained in the previous sections where for close by sources, thus, if
we also want to consider the time delay for distant objects we have to include also the
expansion of the Universe were all photons are redshifted. The final equation for time
delay in an expanding Universe is:

DosD 1 - =
5t:(1_zL)M< )

— J— 2_
0L (S0 B -

5 (53)

where:

z1, — is the redshift of the lens.

Thus, in order to obtain the Hubble constant from a time delay observation we need
to know the distances to both the lens and the source and the mass distribution of the
lens.

If we do not have any direct measurement of the distances to the lens and the source,
which is often the case, we need to calculate it. Calculation of the distances introduces
additional error into the time delay estimation because it requires prior knowledge of
the cosmological constants. One can calculate the approximate distance to an object
using:

Ry == sinh[yT =, =S 1(2)] for Qn+Qy <1

1
D(z) = 112 Rymul(2) for Qn,+Q =1 (54)
| Bugmg=gr sinlVT =0 = I(2)]  for Qo+ >1
where:

e Ry = ¢/H, is the Hubble radius
e I(z) is an integral I(z) = [;[f(2)]'dz of the function f(z):

F(2) = QL= 2)2 + (1= D — Q) (1 — 2)2 + Q) (55)

e g — redshift of the source,
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e 2, — redshift of the lens,
e (), — energy density of matter in the Universe,

e ()5 — vacuum energy density in the Universe.

From direct observations we can get z5 and zf, but €2, and {2, are unknown. Estimation
of this constants can change significantly time delay.
Recent observations of the CMB (Cosmic Microwave Background) and redshifts of
galaxies gave evidence for space being flat with density parameters €2, = 0.3, Q5 = 0.7.
The main uncertainty in the time delay calculations comes from lenses modeling.

Figure 10: Diagram of a two-image time delay lens. The lens lies at the origin, with
the two images A and B at radii R, and Rg from the lens center. The images define
an annulus of average radius (R) = (Rx — Rp) (Schechter 2003).

If a given lens can be approximated by a power law (section 2.4) then the time delay
between the two images can be described by (Schechter 2003):
1—n(x) (AR)’ AR\?
At = 2At 11— — — 56
s 100 = 25 () “(<<R>> %6)

where:

20



e (k) — is the mean surface density between the two images Atgis — is the time delay
for a singular isothermal sphere model of the lens given by equation:

Atgis = ————>(R3 — R3) o Hy* (57)

where Ry and Rp are the radii of the two co-linear images

— Ry = |5| +b
~ Rg =16 —b
— and b:47TDosDOLO'2

2.8 QUAS:i-stellAR radio sources

Before introducing dark matter measurements, it is essential to explain the nature of
quasars, the sources in the strong gravitational lensing events. This section contains
the history of the discovery of quasars and explains their known physical properties.

2.8.1 Definition of QSO

According to the Encyclopedia, a quasar (contraction of QUASi-stellAR radio source)
is an astronomical source of electromagnetic energy at very high redshift. In optical
wavelengths, a quasar is a point source. The general consensus is that this high redshift
is cosmological, a result of Hubble’s law, which implies that quasars must be very distant
and hence very luminous.

More than 60 000 quasars are presently known. All observed spectra have shown
considerable redshifts, ranging from 0.06 to the recent maximum of 6.4, most quasars
are known to lie at a distance of 1.0 Gpc or more. Quasars are found to vary in
luminosity in differing time periods, they vary in brightness every few months, weeks,
days or hours. The time scale of the variability indicates that quasars cannot be larger
than a few light weeks.

Scientists claim that quasars are probably small active galaxies, which are powered
by super-massive black holes (see Figure 11).

2.8.2 Quasar Spectra

Quasars have a non-thermal spectrum. They have about the same power at all wave-
lengths down to the microwave wavelengths. The spectrum looks like the synchrotron
radiation from charged particles spiraling around magnetic field lines at nearly the speed
of light (see Figure 13).

There are a few features distinguishing quasar spectra:
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Figure 11: Structure of a QSO — Elvis (2000)

e characteristic strong emission lines rising above a broad continuum (see Figure
12),

e the emission lines are highly shifted, indicating that quasars are high redshift
phenomena (see Figure 14),

e 1no absorption lines.

The Lyman-alpha forest indicates that the intergalactic medium has undergone re-
ionization into plasma, and that neutral gas exists only in small clouds. The other
interesting characteristic of quasars is that they show evidence of elements heavier than
helium. This is taken to mean that galaxies underwent a massive phase of star formation
creating population III stars between the time of the Big Bang and the first observed
quasars.

The size of quasars are known from quasar spectra studies (see Figure 12). From
the time-scales variability one can estimate an upper limit on the size. In most quasars
the variability has been found to be of the order of weeks or days, which sets an upper
limit of a few light weeks.
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Figure 12: A variability of the continuum and spectral lines in NGC 5548. First: The
UV continuum. Second: IUE-FES 5500A.

3 Microlensing — dark matter measurements

The term "microlensing" describes magnitude variations of a background source caused
by foreground compact objects (stars, planets). The quasar microlensing is a very effi-
cient tool for dark matter measurements. This section is based on a paper published in
A&A (see Appendix E) and it introduces the main topics of quasar microlensing. On the
beginning it is presented the history of microlensing and alternative methods for dark
matter measurement. Further, it is shown how to obtain and analyze the microlensing
signal in a lensed quasar light curve. At the end it is explained how the microlensing
affects quasar spectra and how galaxy extinction influences the microlensing results.

3.1 Other methods for measuring the Dark Matter in Universe

From cosmic microwave background surveys like COBE and WMAP astronomers have
proved that the Universe is flat. This is a revolutionary discovery because the matter
we observe is not sufficient to create flat space. Therefore, scientist are aware of, that
what we see is only a small fraction of what actually exists.

One of the methods for studying dark matter is observing distant object. In 1970
astronomers made observations of many galaxies in order to measure the rotation curves.
They discovered that the velocity does not decrease with the radius as it does in the
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Figure 13: Quasars have a decidedly non-thermal spectrum: they are luminous in the
X-rays, ultraviolet, visible, infrared, and radio bands. They have about the same power
at all of the wavelengths down to the microwave wavelengths. The spectrum looks like
the synchrotron radiation from charged particles spiraling around magnetic field lines
at nearly the speed of light.

solar system, the rotation velocity of galaxies is constant at large radii (Shalyapin 1993).
According Kepler law:

= (58)
the gravitational force, GATJQ(T), is balanced by the centrifugal force, U(:)Q, and if the
velocity, v(r), is constant, then the mass must scale with the radius, M (r) o r. Hence,
since the rotation curves of the galaxies are flat, their mass must be growing with the
radius.

The observations in Ha of the dust clouds surrounding galaxies shows that even
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Figure 14: The typical spectra of QSOs in the UV spectral range (Reichard 2003).

outside the galaxy where the stars are no longer visible, the rotation curve is still con-
stant, which means that more then 90% of the galactic mass is unknown and invisible.
Results from both galaxy rotation curve and CMB measurements make dark matter
research a major subject of Cosmology.

3.2 Microlensing extraction

The microlensing effect appears when one of the light path passes nearby a compact
object in the lens galaxy, thus a microlensing event affects only one of the light paths.

The observed magnitude changes of the quasar images are due to: brightness changes
of a quasar itself, galaxy lensing and microlensing. Additionally all brightness changes
can have the same order of time scale and magnification, which makes both time delay
and microlensing measurements difficult.

In order to analyze a quasar light curve one should separate the effects which influ-
ence quasar images. The most useful information for doing so is that intrinsic variability
of quasars appears in both images. As we have learned from previous section it appears
with some time delay, which length depends on the source-lens-observer geometry and
lens mass.

Thus, the first step for separating the influence of different events is to find the time
delay of the system (see Section 2.10). The next step is to shift all the data from one
of the images by the calculated delay. After shifting, the variability which appear at
the same rate and time in both images is the intrinsic variation of the quasar.
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In order to remove effects of intrinsic variations of a quasar from light paths it is
common to calculate the light paths difference. To get proper light curve difference one
has to make a transformation of one of the light curves:

A — A,
q= — el (59)
ti — tiy1
1
b= §(AZ + Az’—i—l - a(ti + tz’—i—l)) (60)
AT = at; + b (61)
Cli) = S Ay _ B, (©2)

7

Once one has shifted and subtracted the two images, only the microlensing variation
remains, (see Figure 15).

3.3 Microlensing light curve interpretation

The length of a microlensing event is directly dependent on the lens mass. Thus, if one
has the time scales of the events, one, in principle can calculate the mass of the lens.
In the case of quasar microlensing, the lens mass is a degenerate value of the relative
speed of the quasar and the lens.

An approximate value of the lens mass is given by the equation:

ti locity \ 2
M(Lss _ ( me XR’UG [0]64) y) [MG] (63)
E

where the Einstein radius (Rg) is:

. <4GM DLSDS)” ? - (64)

02 DL

where D;g is the lens — source distance and Dg is the source—observer distance, Dy, is
the lens—observer distance.

In order to calculate the mass one needs to know the relative velocity. The relative
velocity vt of the lensed system is a composite of three velocities, the transverse velocity
of the observer vy, the lens velocity v; and the source velocity vy (Kochanek 2004). The
relation between velocities is given by:

_ v Ds v Dos+ Vs
1+ZZDOL 1+Zl DL 1+Z5

(65)

(%
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Figure 15: R-band light curves of SBS 1520+4-530. Top: Original light curves of the two
images A and B. Middle: Time-delay light curves, with the B image offset by —0.69
mag and —130 days. Bottom: Difference between linearly interpolated B image and
A image.

27



where: v is given by equation:
vg = vems — (Vo - £)2 (66)

The transverse velocity of an observer can be calculated directly from the galactic
coordinates of the source (I,b). A source transverse velocity (vs) can in principle be
neglected because of the distance ratio. The last factor, v;, the lens transverse veloc-
ity, can not be calculated directly from observations, because it depends on the local
values of k and ~ given for different models. These values are essential for the correct
interpretation of microlensing events.

There are different methods for breaking mass — velocity degeneracy, the most pop-
ular is ray shooting (Wambsganss 2000). It is based on solving the lens equation, which
contains a prior lens model with given x and ~ values.

Since first microlensing detection, research has provided lots of new information
about both quasars and galaxies. In most gravitational lensing monitoring programs
microlensing events were detected, although its existence can not always be proved due
to poor sampling or low signal.

The discovered microlensing events are mostly much weaker than one can expect
from simple analysis. Assuming that the mass distribution in the foreground galaxies
is similar to the distribution of mass in our Galaxy, (most of the mass is gathered in
stars with mass interval 0.001-1) the time scale of microlensing events should be 3 or
4 times longer than those detected. From simple analysis where we assume a point-
source and a spherically symmetric lens model, the short length of the microlensing
event indicates that in the foreground galaxies most of mass is gathered in Jupiter-like
objects or smaller (see GII-Merino & Lewis).

On the other hand, if the analysis is based on the ray shooting, the same sets of
data can be interpreted differently. Now the source is no more lensed on single compact
object but, because of the big optical depth, is lensed by many objects at the same
time (see Fig 16). In this interpretation the most common compact objects in lensing
galaxies are stars in the range of 0.001-1 solar masses.

3.4 Microlensing in spectra

Microlensing has an interesting, observable effect on quasar spectra. Theoretically
lensing is an achromatic phenomenon, the deflection angle does not depend on the
wavelenght as long as the wavelenght is much shorter than the gravitational radius of
the lensing object (Ohanian 1983). Even so, there are a number of conditions which
will introduce wavelength dependency in the light curves and in the spectral features
of an observed event.

The most remarkable spectral microlensing effect is caused by the size-wavelenght
dependency of the source (Schneider 1986). Physical sources, like quasars, have different
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Figure 16: The Figure presents a magnification map. The big circle represents the pro-
jected Broad Emission Lines (BLR), the small circle represents the projected continuum
region, (Abajas et al. 2005).

apparent size in different wavelength (see Figure 11) and as we know from Section (2.6)
only the region close to the caustic is highly magnified and consequently smaller sources
are more magnified.

One of the examples is a quasar accretion disk. It is chromatically magnified by mi-
crolensing since its apparent size changes with wavelength. Conversely, differences in the
maximum magnification constrain the size of the quasar at the observed wavelengths,
which can test the accretion disk model for quasars. So called High Magnification
Events (HME), are best seen in blue, because the size of the emitting regions of quasars
are smaller in the blue than in the red. Similarly, the Broad Line Region (BLR) will be
affected by microlensing causing slight variations in the shapes of the lines, which has
been predicted to be observable. The relative sizes of quasars are known from quasar
spectra studies (see Figure 14) and from quasar spectra monitoring (see Figure 12).
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Summarizing, microlensing is a result of a combination of physical events occurring
in both the lens and the source, in order to obtain a correct interpretation of such an
event one has to take into the consideration the substructure of both the lens and the
source.

3.5 Extinction — important parameter in microlensing measure-
ment

From previous chapters we have seen that the microlensing is a small but very important
effect in science. In order to get reliable results one should consider galactic extinction,
which influences the image brightness and the color. This chapter is based on the work
of Eliasdottir et al. (2006)

Let us first consider how the extinction can be measured.

The most common way for measuring extinction curves is compering spectra of
the same type stars, which are located at different distance and at different galactic
position. Unluckily, this method is basically limited to the Milky Way stars and the
nearest galaxies.

It has been shown that the Milky Way extinction curves in the optical and the
ultraviolet changes the mean value depending on the direction, (Cardelli et al. 1989).

Ay =R\E(B-V) (67)

The mean extinction value of the Milky Way is R, = 3.1 (Cardelli et al. 1989) and
it varies form R, = 1.8 (Udalski 2003) in the direction of the galactic bulge to R, =
5.6 — 5.8 (Cardelli et al. 1989)

The images of a lensed quasar can be treated as "standard candles" shining though
distant galaxies. The light coming from images of a quasar, cross a lensing galaxy in
different parts, thus it is a very efficient method to estimate the relative extinction
curve in high redshift galaxies.

The gravitational lensing is mostly achromatic (see Section 3.4), so the wavelength
ratio between the images should be only due to extinction effect. In the case where one of
the images of the quasar appears far away from the lensing galaxy, the extinction effect
influences one light path, one image will be more red than the other. The extinction

affects each data point as:
m(A) = m(A) — A(X) (68)

where: m(\) is the measured magnitude , () is the intrinsic magnitude.
By compering quasar images one sees that:

Am(N) = (P — 1a) + Agr (V). (69)

30



In order to understand how the extinction affects quasar image brightness one has to
know the extinction law for the given galaxy. But, because of a lack of knowledge
about high redshift galaxies we do not have prior knowledge on which extinction law
to choose. One solution is to try to fit all known extinction laws to the data and then
check which fit is the best.

Let us consider three common extinction laws:

1. Empirical Galactic extinction law, parametrized by Cardelli et al. (1989)

A(N) = E(B —V)[R,a(z) + b(x)] = Aa(x) + Rib(x) (70)

(

where:

e R, is the ratio of total to selective extinction in the V band, i.e. R, =
A(V)/E(B —V), where E(B-V)=A(B)-A(V)
e a(x), b(x) are polynomials

e r=\1

2. Linear extinction law

Linear extinction law is characteristic for the extinction in the Small Magellan

Cloud (SMC):

A(N) = A(V) (WAO/J_ . (71)

3. Power law

Power law is an extended linear law:

A

AN = A(V) <m>_a . (72)

In order to fit the data points to the given extinction law one should follow the proce-
dure:

e Shift the wavelength of the measured band to the rest frame of the lensing galaxy:

)\j - (1 ijzl) (73)

were: )\? is the observed wavelength in j band and z; is redshift of the lensing
galaxy
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e calculate the magnitude difference in each measured band

e fit the function by substituting Agis(V) with A(V) in equation 69 where A()\) is
one of the three extinction laws described by equation 70, 71, 72.

Additionally, we should keep in mind that the spectra are also affected by mi-
crolensing (see Section 3.4), because of different apparent size of quasars in different
wavelenght, microlensing change the spectrum, magnifying this wavelenght in which
a quasar is the smallest (see Section 12). In order to make proper correction for the
microlensing effect one has to calculate the ratio of the spectral line emission to the
total emission in each band.

The extinction now has form:

(m” —m™)(N)) = A(N\) + A+ s (74)
where:
e 5 is a microlensing parameter,
e r; is a measured ratio of spectral line emission to total emission in band j.

Now the only thing left is to check which fit is correct for given data. To do it
one must estimate the error of the parameters of the fitted extinction curves. One of
the methods for estimating the errors is using Monte Carlo simulation. It is based on
the generation of many artificial data points with a Gaussian distribution based on
real data, which are then fit to it the extinction laws. That fit is correct if the fitted
parameters also follow a Gaussian distribution.

There have been several studies based on this theory, one of them, the survey of 10
gravitationally lensing galaxies by Eliasdottir et al. (2006). That survey used data of
galaxies with redshift z—0.04-1.01 obtained by VLT in optical and near infrared bands.
Using quasar images Elfasdottir et al. (2006) explored the effects of extinction.

It was found that seven out of ten system have detectable extinction along one of
the light of sight. The mean differential extinction for all seven galaxies was estimated
to by A(V) = 0.56 +0.04 and ratio of total to selective extinction R, = 2.8 +0.4 which
is consistent with the Milky Way.
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4 QObservations

In this section I present the observational part of my master thesis. I begin by explain-
ing the difficulties involved in planning lensing observations and how one can overcome
them. Then I review my monitoring program at the Nordic Optical Telescope (NOT).
At the end I present the image reduction and deconvolution procedures and their im-
plementation in the data. The observational data from the NOT are gathered in the
Appendix F.

4.1 Planning observation

The main problem with observations of a gravitationally lensed quasar is lack of knowl-
edge what a time delay is. The time delay measurements require well sampled light
curves with accurate photometry over a period of a time substantially longer then the
time delay. The time delay is not know arbitrary and one has to made a model of
lens and calculate a rough time delay before staring observations. The timescale of a
quasar variability is also unknown in advance. The procedure of solving this problems
is following:

e start to observe with an arbitrary sampling rate,

reduce data immediately,

check if any components varies,

if yes, step-out the sampling rates,

observe the variety in both components.

Other difficulty with a gravitationally lensed quasar observations is microlensing by
stars in a galaxy (see Section 3). The microlensing can change results of about 0.5—1.0
magnitudes and it is completely unpredictable. Thus, in order to get a time delay out
of lensed quasar monitoring one has to observe it with high rating, so that the events
like microlensing can be extracted from a quasar variability in the further analysis. In
the next section is presented the monitoring program at the NOT which goal was to
obtain both the time delay and the microlensing of the gravitationally lensed quasar.

4.2 Monitoring program at the NOT

The data were gathered from the monitoring program done at the Nordic Optical Tele-
scope (NOT) in the period October-April 2005/2006. The approved pilot phase of the
program involved monitoring a selected QSO with the NOT for 15 minutes every night.
The project relied on cooperation with all observers.
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The observing target was gravitationally lensed system SDSS J0903+502 at z = 3.6
(Johnston et al. 2003). This system contains the two quasar images (see Table 3)
aligned on the opposite side of the lensing galaxy at the redshift z = 0.388 (Johnston
et al. 2003) with the separation 2”1.

Table 3: The astrometric and the photometric results of the SDSS J0903-+502 observa-
tions at the NO'L.
Object R.A. Decl. I mag
A 09 03 35.132 +50 28 20.21 19.9940.01
B 09 03 34.877 +50 28 18.75 20.7840.03
G 09 03 34.925 +50 28 19.53 19.5940.02

The observation was made by use of the three different cameras available at the
NOT, ALFOSC and StanCam. The NOT is a 2.5 meters telescope located at Roque
de los Muchachos in La Palma, Spain.

During the period, October-April, were gathered 30 images by ALFOSC and 16 by
StanCam. All the images were taken in the R-band. On the Figures 21 and 22 are
shown the reduced images of the field taken by ALFOSC and StanCam respectively.

The detectors were chosen in order to obtain as far as possible every day data. We
were using ALFOSC (The Andalucia Faint Object Spectrograph and Camera) whenever
was mounted and StanCam (Stand-by CCD camera) when the other non-optical camera
was used.

4.2.1 ALFOSC

The ALFOSC detector (see Table 4) provides optimal parameters. The field of view
of the camera is 7" x 7. The seeing during the ALFOSC observations varied from (0”4
to 1”5. For the small seeing (7.4 — —0”5 our PSF star and the references stars are
overexposed, so the exposure time was split into parts: 2x300s

Table 4: Properties of the ALFOSC detector.

Active pixels 2048 x 2048
Field of view T xT
Readout noise 3.2 e-/pixel
Conversion factor 0.726 e-/ADU
Nonlinearity +/- 0.2%
Bias Level 240 ADU
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4.2.2 StanCam

The StanCam detector has the field of view much smaller than ALFOSC, 3’x3’, and
bigger readout noise, 6.5 e~ /pixel, but it brought valuable data. On average, during
the StanCam observations the seeing was better, (/8. Because of the small sensitivity
of the camera we were using continues exposure 600s.

Table 5: Properties of the StanCam detector.

Active pixels 1024x1024
Readout noise 6.5 e~ /pixel
Field of view 3x 3
Conversion factor 1.68 e~ /ADU
Bias Level 340 ADU

The bias frames obtained by the StanCam detector have occasional horizontal strips
(see Figure 17), with a jump of one to two ADUs, the location and the width (in y-
direction) of the strips changes between bias frames.
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Figure 17: The average of columns 400 to 600 of a StanCam bias frame. The bias frame
has occasional horizontal strips (Pursimo 2005).
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Figure 18: The ALFOSC observations. The image is displayed as the default setup of
the ALFOSC camera, the North is up a the West is on the left.
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Figure 19: The StanCam observations. The image is displayed as the default of the
StanCam camera, the North is up and the West is on the right. The field is flipped in
the ’X’ axis with respect to the ALFOSC field.
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4.3 Aperture Photometry

In order to measure the flux of a star we need to add the intensity of a circular region
around the target star (the central aperture), and subtract the estimated background
brightness. The background is commonly estimated from values in a annular region
surrounding the star.

The larger the aperture we choose, the more of the flux from the star is within the
aperture, but the larger the aperture, the larger is the error from the sky subtraction,
and the more cosmic ray events will be within the aperture. Thus, the optimal aperture
is the one which includes most of the star image ( between 3 and 5 times the FWHM
of the star)

The most straightforward way to determine the aperture size is to plot flux of star
versus aperture size and to choose the minimum aperture for the maximum of the flux.
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Figure 20: The most straightforward way to determine the aperture size is to plot flux
of star versus aperture size and to choose the minimum aperture for the maximum of
the flux.

For the purpose of this master thesis, the photometry of all objects were made by
use of the IRAF package DAOPHOT.
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4.4 Error estimation

Magnitude errors for all objects in this thesis were calculated from the equation:
o ~25log(l+ (S/N)™) (75)

where S/N — is the signal to noise parameter.

One can estimate the expected signal of an object per unit time, at a given telescope
and a filter , as well as a statistical noise contribution from an object brightness, a sky
background, a dark current and detector read out noise. This calculation makes two
assumptions:

e All noise is either independent from the signal (detector read out noise) or is the
Poisson noise of the total collected signal in electrons.

e All noise sources are statistically independent from each other and can be added
in quadrature.

St

S/N =
\/SknT + ST + NgnT + R%n

(76)

where:

e S, —is a signal level from a star, integrated over an aperture of n pixels, per unit
time,

e S; —is a signal level from the sky, per pixel, per unit time,

R4 — is read out noise per pixel in rms electrons,

N4 — is dark current per pixel per unit time,
e n — is a number of pixels in detection aperture,
e 7' —is an integration time.

The signal to noise ratio can be also calculated from the S/N ration calculator
available at the NOT web page http://www.not.iac.es/observing/forms/signal/

If we want to estimate error of the magnitudes on deconvolved images we have to
include the error of PSF stars:

Tlor = O+ Opsr. (77)
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4.5 Image reduction

The images obtained by a CCD camera are composite of a pure image and signal
created by negative effects. Before obtaining the final image, one has to reduce all
negative effects which influence the image quality. This negative effects are due to the
imperfectness of optics and devices.

The procedure to reduce the effects from the image is to subtract the effects in the
opposite direction then the order they interfere with a light beam. Here is shown a
brief description what is happening with photons that are coming from the sky to a
detector.

e the light is coming into the telescope mirror creating the signal S proportional to
the luminosity R, and the exposure time t: S = R,t,

e the optic system has different degree of vignetting, which reduce the intensity of
the light beams coming outside the optics axis, V/,

e the dust particles on the filters and the mirrors, also reduce the signal, because
they are outside of the focus, their shadows on CCD have shapes of diffraction
circles, s,

e the shutter of the detector moves with the finite speed which cause not equal
illumination of the detector surface,

e pixels which register coming photons can have different sensitivity, total registered
signal depends on the quantum efficiency,

e during the exposure, the detector creates internal charge, this charge is called dark
current S; and it depends on the dark current coefficient, R;, and the exposure
time,

e the detection of light by the CCD camera requires existence of some constant
positive electrical charge, B, called offset, because it does not depend on exposure
time one can eliminate it by subtracting the image with the zero time exposure
frame.

The total signal register by a CCD pixel is given by the equation:
S =R,tVsq+ RqgtD + B (78)

where R,t is original signal.
Now we should eliminate the effects in the opposite order. First offset, then dark
current and at the end skyflats. The CCD detectors that are cryogenically cooled
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(usually to liquid nitrogen temperature — 77 K) do not have dark current. Thus, data
from a cryogenically cooled CCD camera need only be corrected by bias and flat field
frames. The CCD detectors which are not in the cryogenic temperatures need to be
corrected also for the dark current. Apart from the mentioned effects, there is also noise
which is not possible to eliminate:

e photon noise,
e thermal noise,
e readout noise,

e ADU noise.

4.5.1 Bias

Bias is the positive charge in the CCD detector, its role is to collect coming photons.
It is present on all images.

Figure 21: Here we see the two bias frames. Bias is positive charge in a CCD detector,
one can obtains it by making a zero exposure image. Left Figure shows a single bias
frame. Right Figure shows combined 3 bias frames which is so called master bias
frame. We can see that on the master bias frame all structures which are present on
single bias are reduced. It is archived by making median of 3 single bias frames.

To reduce an image from the bias, we subtract a zero exposure image from a science
image. Any time we add, subtract, multiply, or divide two images, we are adding the
noise to the science image. To reduce the amount of noise in a science image, one
should take many calibration images and combine them into a single calibration frame.
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Because of the statistic reasons it is good to take an odd number of bias frames, at
least three or more and then combine them into a single master calibration image.

When combining calibration frames one should make a median of each pixel. The
advantage of median is that when one image has a very discrepant value (i.e. from
a cosmic ray) this does not dramatically affect the resultant value (a median is more
resistant to one discrepant value than an average). When we take at least three images,
it reject almost all cosmic rays.

4.5.2 Flat field

The flat field is a map of a detector sensitivity with a given optics setup. It can be done
with taking an image of an equally illuminated surface. There are two possibilities,
exposure of the sky during twilight — sky flats, or exposure of an illuminated dome —
dome flats. The flat field images also have the bias offset so they need to be corrected
by subtracting a bias frame.

Because of stars (in case of the sky flats), or an unequally illuminated dome (in
case of the dome flats) one should make few flats and combine them creating median,
for better statistic the number of flats should be odd. On Figure 25 are represented,
the single sky flat field image (left) and the master sky flat field image (right). On left
Figure there are few faint stars on the right Figure they are reduced.

Figure 22: On the Figure are presented the two flat field frames. The flat field is a
map of a detector sensitivity with a given optics setup. It can be done with taking an
image of an equally illuminated surface. Left Figure shows a single flat field frame.
Right Figure shows combined 3 flat field frames in so called master flat field frame.
We can see that on the master flat field frame all stars which appear at single flat field
are reduced. It is archived by making median of 3 single flat field frames.

The flat field image has a large number of counts per pixel, whereas our science
images have relatively few counts per pixel. If we simply divide one by the other,
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all the pixels in the resultant image would have very small values. We should only
slightly modify the counts in the science frame enough to correct the multiplicative
errors without significantly changing the pixel values in the science image. One can do
this dividing the flat field image by a constant, which makes the pixels value in the flat
field frame close to one.

4.5.3 Applied Reduction

All data used in this thesis were manually reduced by use of the standard IRAF pack-
ages. The reduction of all frames were following theory explained in chapter 4.5. The
images were bias and flat field reduced. The cameras used for observations were liquid
nitrogen cooled, thus no dark frame were needed.

For combining the bias and the flat frames was used the IRAF commands from the
CCDRED package combine with median as a parameter. For extraction was used the
IRAF command from the IMGTOOLS package imcalc.

4.6 Deconvolution

The Hubble constant estimation from gravitational lensing requires high resolution
imaging. One of the mathematical methods to obtain it, is deconvolution. Decon-
volution is the method which helps to recover and separate signal from sources. De-
convolution, simply saying, is a mathematical method for improving the resolution of
astronomical images.

4.6.1 Theoretical description

Astronomical images are obtained by finite size telescope and finite pixel size CCD
cameras, so in principle all observed point objects have its finite size images.

A finite image size of the point source seen through a telescope has two basic origin.
First, a point source seen through a telescope has an angular size inversely proportional
to a diameter of a primary mirror, thus, since a telescope does not have an infinitely
large mirror it wont give a point image. Second, if a telescope is ground based an image
is additionally blurred by turbulent motion in the Earth’s atmosphere. There are two
ways for improving the resolution of an image. One is technical (adaptive optics, out
space telescope) other is numerical - the image processing (Magain 1998). Since I did
not have influence on the technical part of observations, we will focus on the image
processing.

Mathematically speaking the observed image is a convolution of the real light dis-
tribution with so called "total blurring function" or "point spread function (PSF)". So
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the image equation has form:

where:

e d(x) — an observed light distribution,

e f(x) — an original light distribution,

e t(x) — a total point spread function (PSF),
e n(x) — a measured error affecting data.

As I mention on the beginning of this section the finite pixel size of a CCD camera
also has influence on an image. In the mathematical point of view it causes that the
functions f(z),d(x),t(z), n(x) have discreet values:

N
d; = Z tif; + 1, (80)
=1

where N is number of pixels on a CCD camera.

The goal of the deconvolution is having an image, d; (sampled vector of d(x) func-
tion) and a PSF, t; (sampled vector of t(x) function), obtain an original light curve
fj-

The deconvolution is an inverse problem which additional with noise is a problem
without one unique solution. The method for choosing the one interesting solution
is the minimizing method. This method is simply based on the difference minimum
between the data and mathematical model:

N 1 N )
1= (3 tif; — i)’ + AH(fu, ., fn) (81)
i=19i j=1

where:

. 0%(2?7:1 tiif; — di)* — is the the x? with the standard deviation (o;) of the image

intensity at i-th point,
e H - is a smoothing function,

e A —is a Lagrange parameter, which is determined so that model is statistically
compatible with the data.
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This method can be improved by putting the restriction on the result, for example
the positivity of the signal, so that solutions with negative intensities can be rejected.

The described general deconvolution theory can have few realization, most of them
suffer two basic problems:

e they produce artifacts in the vicinity of the objects,
e the ratio of the stars intensities is not constant.

The two problems are caused by a violation of the sampling theorem. One of the
solutions for that problems is to, instead of using function t(x) in equation 79, use
a narrower function s(x), so that a deconvolved image has its own PSF, r(x). The
functions are related as following:

t(z) = r(z) * s(x). (82)

Function s(x) ensures that the sampling theorem is not violated and additionally an
image shape of a point source is precisely known, it is r(x). Now the original light
distribution we can written as:

f(z) =h(z) + % apr(x —c+ k) (83)
k=1
where:
e M — is a number of point sources,
e a; — are intensities of point sources,
e ¢, — are coordinates of point sources,
e h(x) — is an extended component (background).

To the deconvolution algorithms often is added smoothing function given by equa-
tion:

N
H(fl, ceey fN) = Z )\Z(hz — Z] = 1N7’Z'jhj>2. (84)
i=k

It cause that the calculated residuals are statistically distributed with the correct
standard deviation in any subpart of the image. The normalized residual images (ob-
served data minus convolved model, divided by o) are smoothed with an function, so
that values of pixels are replaced by a weighted mean value of its on vicinity. The X is
adjusted for the residuals to be close to 1 everywhere.
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4.6.2 Deconvolution of SDSS J0903-+502

All images obtained at the NOT in period September-April 2005/2006 of the lensed
quasar system SDSS J0903+502 was deconvolved by use of the "PSF Controled De-
convolution" software created by Magain (1998). The analysis used in the software is
based on theory explained in previous section. Here is shown how deconvolution was

applied to the SDSS J0903-+502 field.

4.6.3 Field

SDSS J0903+502 is a field where most of the objects are high redshift galaxies. Fig-
ure 26 shows an image of the SDSS J903-+502 field taken by StanCam, with marked
galaxy /star types of the objects where x is a galaxy and () is a star (the full informa-
tion about objects in the field contains Appendix G). On the Figure 26 we see only six
stars where one of them is with close by companion, one of them is overexposed and
three of them are faint. In the next section it is explained why lack of single bright
stars is a problem.
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Figure 23: Here is presented an image of the SDSS J0903+502 field taken by StanCam.

The x, O and O symbols present galaxies, stars and quasar images respectively. Double
(O marks the stars with close by companion.
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4.6.4 PSF-stars

Point Spread Function (PSF) plays essential role in the deconvolution process, thus it
is important to choose the correct object as a PSF star. The PSF has to satisfies the
following criteria:

e it has to by a star,

e it can not have any close neighbors,

e it should not be far away from the object for deconvolution,

e it should be about as bright as the object we want to deconvolved.

As we know from Chapter 4.6.3 the SDSS J093+502 field contains mainly galaxies,
there are basically only two stars on the field which satisfy all PSF-star requirements
(see Table 6).

PSF-star of ALFOSC

SDSS name SDSS J090343.12+502900.9
RAJ2000 09 03 43.12

DEJ2000 +50 29 01.0

class 6

rmag [mag] 17.847

error rmag [mag| 0.006
PSF-star of ALFOSC and StanCam

SDSS name 090323.74+502846.9
RAJ2000 09 03 23.74
DEJ2000 +50 28 47.0

class 6

rmag [mag| 19.497

error rmag [mag| 0.017

Table 6: Physical parameters of the stars used as PSF—stars in ALFOSC and StanCam
observations.

Both of them, were used for deconvolution of quasar on ALFOSC images. Because
of the small field of StanCam camera there is only one of the PSF star.

On average a star, J090323.74+502846.9 was giving better deconvolution results and
that one was chosen to be a PSF-star on all StanCam images.
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Reference star 1 for ALFOSC

SDSS name J090344.07+502845.9
RAJ2000 09 03 44.08

DEJ2000 +50 28 45.9

class 6

rmag [mag| 20.189

error rmag [mag| 0.025
Reference star 2 for ALFOSC

SDSS name J090344.90+-502843.5
RAJ2000 09 03 44.90

DEJ2000 +50 28 43.6

class 6

rmag [mag| 21.046

error rmag [mag| 0.049
Reference star for StanCam

SDSS name J090327.99+4-502809.2
RAJ2000 09 03 27.99

DEJ2000 +50 28 09.2

class 6

rmag [mag| 21.200

error rmag [mag| 0.056

Table 7: Physical parameters of the stars used as reference in ALFOSC and StanCam
observations.

4.6.5 Residuals

Residuals are created from subtraction of the original image from the model. They
are visualizing correctness of the deconvolution program, thus, smaller residuals means
better deconvolution. In practice the resultant residual image should be flat and on
average equal 1.

On the Figure 24 are shown the examples of the residuals. The deconvolution creates
better or worst models depending of many effects which theory was described in Section
4.6.1.

The deconvolution algorithm creates better models when the difference between
output point spread function and the input point spread function is bigger, thus to
more blurred images it is easier to adjust the model. One can easily see this effect on
Figure 24. The right Figure shows the high resolution image with not perfectly flat
residual image and the left Figure shows blurred image with nearly perfect flat residual
image.
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Figure 24: Top: Images of the quasar made during good and bad atmospheric conditions
left — 172, right—0”8. Bottom: Residuals corresponding to the quasar images at the top
of the Figure, left image shows flat residuals corresponding to the bad atmospheric
condition, right image shows not flat residual corresponding to the good atmospheric
conditions

Apart from the model finding problem for the high resolution images, there are some
situations where none of the models considered by program fits to original image, one
of this situations is when the objects for deconvolution are elongated.

From Chapter 4.6.1 we know that deconvolution algorithm extracts point-spread
function (PSF) from PSF-star and adjusts it to the mathematical model of an object.
In order to fit the PSF and the model correctly and obtain a flat residual image, the
object has to be a point or has to be composed of few point objects. Thus, program
will not deconvolve properly any elongated objects.

Before starting the deconvolution process one need to make sure that the objects for
deconvolution are points. The elongation of point objects might have happen mainly
due to technical reason. The optics of telescope can have astigmatism or simply can be
out of focus, in both cases a point object will have elongated shape and deconvolution
will not work. The situation with not well focused telescope is shown at the Figure 25.
Left Figure shows image of lensed system trough defocused telescope, the right Figure
shows residuals with lots of peaks much above 1.
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Figure 25: When the telescope is out of focus, point objects are elongated and decon-
volution does not work properly. Left Figure shows image of lensed system trough
defocused telescope. Right Figure shows residuals with lots of peaks much above 1.

For the final test for correctness of the deconvolution are used smoothed and squared
residuals:

e the residual images can not have bumps well above 1 in the place where object
for deconvolution is,

e if there is a bump more the 4 counts on residual images then the data point should
be rejected.

In Chapters 4.4.3 and 4.4.4 was presented that the field around the quasar SDSS J0903+502
has very few stars. On the ALFOSC images there are only two good objects for PSF
and on the StanCam images only one, this caused that we had no choice with PSF and
reference stars, thus deconvolution did not succeed on all frames. We have lost 9 data
point from ALFOSC observation after deconvolution due to two main reasons:

e overexposed PSF star — 3 frames

e not well focused telescope (elongated objects) — 9 images
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5 Results

This section presents the results of a half year of observations done at the Nordic Optical
Telescope in the period October 2005 — April 2006. Here I present the analysis and
conclusion from reduced and deconvolved images. At the beginning of this Chapter it
is shown how the deconvolved images look and the astrometric and photometric results
are presented. Next, I introduce the techniques and results of the SDSS J0903-+502 lens
modeling. At the end I present the light curve of the quasar images and its analysis.

5.1 Deconvolution results
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]
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Figure 27: Image from StanCam and its deconvolved model.

Deconvolution of the gathered images from ALFOSC and StanCam observations
went mostly successfully (see Chapter 4.6.2). Here are presented results of the correctly
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deconvolved images.

On the Figures 26 and 27 are presented images from ALFOSC and StanCam obser-
vations respectively and their deconvolved models and on the Figure 28 is presented the
deconvolved image in details. On the first frame from the Figure 28 we can see modeled
by the deconvolution algorithm background containing the lensing galaxy, on the sec-
ond frame there are the images of the quasar and the last frame shows the combination
of the two previous frames, it is the deconvolved image of the SDSS J0903+502 lensed
system.

. ‘. ‘N
-

Figure 28: From left to right we can see modeled by the deconvolution algorithm
background containing the lensing galaxy, then the images of the quasar and the last
frame shows the combination of the two previous frames, it is the deconvolved image
of the SDSS J0903+502 lensed system

From that images we have measured positions and magnitudes of the both quasar
images and the lensing galaxy (the astrometric and the photometric results are gathered
in the Tables 8 and 9.

Objects  Separation
A-B 28
A-Galaxy 270
B-Galaxy 0’8

Table 8: Astrometric and photometric results

5.2 Lens modeling

In this section it is described the modeling of the gravitationally lensed system SDSS J0903+502
by use of the GRAVLENS software created by Chuck Keeton for the CASTLES project.

The modeling is divided in two parts. In the first one we assume that lens is a point
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Object R.A.|[hh:mm:ss] Decl. r mag
A 09 03 35.132 450 28 20.21 20.219+0.05
B 09 03 34.877  +50 28 18.75  20.97+0.05
G 09 03 34.925  +50 28 19.53 19.51+0.05

Table 9: Astrometric and photometric results

in order to calculate the Einstein radius and an approximate mass on the lens. In the
second we assume that lens is Singular Isothermal Sphere (SIS) and we calculate the
transverse velocity.

From both models we are also estimating the theoretical time delay of the system,
which will be used in the next sections.

5.2.1 Einstein radius

In the previous sections we have calculated that the two images of the quasar are
separated by 278. This separation gives us the lower limit on the Einstein radius (see
Chapter 2.2). From the quasar images condition we know that:

AG >0, (85)

This value gives also a constrain upon the mass of the lens. We can calculate an
approximate lens mass using the definition of the Einstein radius from the Chapter 2.2:

Drg
0, =/ ————4MG. 86
\/DOSDOL (86)

Using equation for the cosmological angular distance we calculate Dyg, Dos, Dor..
Assuming the flat Universe with Q,, = 0.3, Q4 = 0.7 and Hy = 70 (see Table 10) we
get:

e the observer-lens distance is Dgp, = 1.66 Gpc,
e the observer-source distance is Dos = 15.42 Gpc,
e the lens-source distance is Dyg = 13.76 Gpc.

Putting the calculated distances to the equation 85 and 86 we get the upper limits
of the Einstein radius and the mass for the SDSS J0903+502 lensing galaxy:

o 0. <14

o Mass < 9.5 x 1012M@
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Hubble constant Quasar z=3.6 Galaxy z=0.388

a0 21.59 2.33
60 17.99 1.94
70 15.42 1.66

Table 10: Distances to the galaxy and the quasar for the different Hubble constant
calculated for the flat Universe.

Figure 29: The solution of the point-like lens model has only symmetrically aligned
quasar images. Our system is not symmetrical. The images of the quasar and the
galaxy does not lie at the same line, thus the point-like lens model does not give us the
correct solution. From the modeled quasar position we get or the proper position of A
image and the wrong position of B image or opposite.

Assuming simple point-like lens model we can try to find the approximate quasar
position. Using the known positions of the quasar and the galaxy (see Table 11) we can
easily calculate the modeled positions and magnifications of the quasar images from the
equations:

0= 5(5+ /52— 462) (87)
o= (5~ 5~ 462) (38)

O
H1 = (1 - 014 ) (89)
TR o -1
po =1+ oy (90)

Under assumption of the point like lens, the quasar should be positioned 171 from
the galaxy. On Figure 5.2.1 is shown the results of point like lens modeling using
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Object  x y R.A. Decl.
A 20 0’7 090335132 +50 28 20.21
B -074 -0’7 09 03 34.877 +50 28 18.75
Galaxy 070 070 0903 34.925 +50 28 19.53
QSO 1725 0742 09 03 36.175 +50 28 19.95
06 174 09 03 35.525 +50 28 20.93

Table 11: The quasar images positions and the modeled position of the quasar from the
point-like lens model. The point-like lens model does not give us the correct solution,
when we get the proper position of A image we get the wrong position of B image and
opposite. The source position is calculated for A and B images separately.

GRAVLENS software. It is shown the size of the modeled Einstein radius and the
apparent and the real position of the quasar. A, B and Q represent the apparent
position of quasar images and the real position of the quasar. In the center of the plot,
at the position x=0 and y=0 is placed the lensing galaxy.

The solution of the point-like lens model has only symmetrically aligned quasar
images. Our system is not symmetrical, the images of the quasar and the galaxy does
not lie at the same line, thus the point-like lens model does not give us the correct
solution. From the modeled quasar position we get or the proper position of A image
and the wrong position of B image or opposite (see Table 12 and Figure 29).

5.2.2 Transverse velocity

The next step in modeling is to assume that the lens is an Singular Isothermal Sphere.
Here instead of using the Einstein radius, 6,5 we will use the deflection angle a. We
know that for « there is one constrain 2A6 > «. In case of the SDSS J0903+502 quasar
we have o < 174. We will use « to calculate positions of the quasar images. The exact
deflection angle can be calculated from the equation:

g 2DLS
=47 | — ) — 1
“ 7T-(C> Ds (9 )

where o is a transverse velocity described by the equation:
o = O'DosDOL47T. (92)

Putting the constrain for the deflection angle into the equation 92 one can find the
limitation for the transverse velocity is o < 243 [km/s].

In order to get the constrains on the lens shape we have to find the approximate
ellipticity of the galaxy and its direction. From an analysis of deconvolved images of
our object (see Figure 35) we have:
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Figure 30: An contour plot of the deconvolved image from the ALFOSC observations.

e c=0440.1
o 0, =4°44°

This values are only estimations, thus those parameters are inserted into lens mod-
eling only as initial parameters.

Name Value
Image A position xa = 6720 £ 07005, ya = 6”733 + 07005
Image B position xp = 8760 £ 07005, yg = 4788 + 0.005
Images flux Fp=43.2548.6, =44, I =20.09+£4.0 4
Galaxy position rg = 823 £ 075, yg = 5760 £ 05
Galaxy flux Fe =70.00 £+ 14.00
Eccentricity e=04
Eccentricity direction 0. = 4°
Deflection angle a=1"4

Table 12: Model constrains

In Table 12 are summarized all information from the deconvolved frames about the
system. We have used them as constrains in the modeling. The strongest constrains
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Figure 31: Here are presented the results of modeling. There are shown modeled caustic
(solid line) and critical (dashed line) curves with marked positions of source (S), quasar
images (A, B) and galaxy (G).

are the quasar images positions. Next two constrains, the images fluxes, are also well
known from the deconvolved frames. We put into images fluxes constrain errors of 20%
because they vary due to the quasar intrinsic variability and the microlensing.

Last five constrains, the parameters concerning the galaxy and the mass scale (de-
flection angle) are rough estimations which in this model play role of initial parameters.

The biggest uncertainty with our model is the direction of the ellipticity of the
lensing galaxy. Thus, the modeling procedure was first to put all initial parameters as
constrains for the model and let them change within the error. Then as a result find the
real ellipticity direction of the lens. Having this estimated we run GRAVLENS program
putting all the galaxy’s constarins and the mass scale as parameters to be modeled (see
Table 13).

On the Figure 32 are presented the results of the modeling, there are shown the
modeled caustic (solid line) and the critical (dashed line) curves with marked positions
of the source (S), the quasar images (A, B) and the galaxy (G). On Figure 33 it is
shown the critical and the caustic lines on the background of one of the deconvolved
images from the ALFOSC observations.

Using the modeled lens one can also calculate the theoretical time delay of the
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Name Value
Galaxy position  zg = 8.23+, yg = 5760

Ellipticity e =048
Ellipticity direction 6. = 0°.09
Deflection angle a=1"34

Table 13: The parameters in the SIS model.

Figure 32: Here are shown the critical and the caustic lines on the background of one
of the deconvolved images from ALFOSC observations

system. We use the analytical equation for the time delay for SIS model:

At= 2 (1t 2)( ) (93)

and as an error bar we check how the results changes depending on the added external
shear v = 0.1

D
tonin = 2—(1 + 21) ((7"]2 —r3) — vy 7’;»1 +ri— 27"2-27"]2-005(2@) (94)
c

D
tnax = %(1 + 21) ((r]2 —r) 4y 7‘;* +ri— 27"2-27"]2-005(2(?)) (95)

The results are gathered in Table 16. We see that the predicted time delay changes
significantly depending on the shear.
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Analytical equation mean=45.88 days, max—=64.24 days, min=27.53 days

Table 14: Model parameters

5.3 SDSS J9003+4-502 light curve

On Figure 34 are presented the light curves of the quasar images and the reference
star. The light curves were obtained as the results of the deconvolution of ALFOSC
and StanCam frames. Because of the problematic deconvolution described, in details
in Chapters 4.6 and 5.1, of both data sets from all 46 data points only 29 could be
included. The reference star seen at the plot is the comparison star from the ALFOSC
observations. After deconvolution we have noticed that for the StanCam observations
the reference star is variable.
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Figure 33: Here are presented light curves of quasar images and reference star. The
light curves were obtained as the results of deconvolution of ALFOSC and StanCam
frame. Because of problematic deconvolution described in details in Chapters 4.7 and
5.1 of both data sets from all 46 data points only 29 could be included. The reference
star seen at the plot is the comparison star for ALFOSC images.
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Having the light paths of both quasar images our goal is to estimate the time
delay. In order to obtain it we need to estimate the degree to which this the two
series are correlated. Here we will apply two methods, by eye and mathematical (cross
correlation).

The method by eye is a rough estimation which helps to verify the correctness of
the mathematical methods and it is based on looking for any magnifications events in
both curves and correlating them.

On the Figure 34 one can see a magnification bump in the A image light curve
between 80 and 180 days and in the B image light curve magnification bump is between
110 and 140 days, thus we can roughly estimate that it is 30-50 days. Because of the
small variability of the quasar this method does not give clear results when applied for
the SDSS J9003+502 light curves.

0.08 — + + +

0.06 |~ + N

lightcurve difference
+

0.04 |- + n i

0.02 - n -

0.00 \ \ s
0 20 40 60
Time delay [days]

Figure 34: The mathematical method, cross correlation, is based on shifting one data
set in time and magnitude, interpolating the shifted data and calculating a light curve
difference

The mathematical method, cross correlation, is based on shifting one data set in time
and magnitude, interpolating the shifted data and calculating a light curve difference.
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Figure 35: Here is presents the light curves difference. The B quasar image has been
shifted in magnitude -0.8 offset and time -37 and we have linearly interpolated it on
A image. On top are shown two light paths where B image light path is shifted in
time and magnitude. On bottom is light curves difference obtained by use of linear
interpolation.

On the Figure 36 are presented the results of the mathematical method applied to
the SDSS J9003-+502 light curves of A and B images. We have been shifting the B
image light path back in time and linearly interpolating the A image data set on the B
image data set. We have found that for the magnitude shift 0.8 and the time shift -43
days the cross correlation reaches minimum. We can assume that probable time delay
is for the mean light curve difference lower then 0.02, thus, the time delay is 43;%5 days.

Magnitude shift 0.70 £0.15 mag
Time delay 43715 days

Table 15: The time delay and the magnitude difference estimations from the cross
correlation of the linearly interpolated data method.
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Figure 36: Function fitted to the data of A and B images. We have been looking for the
function which fits to the maximum number of data and which represents the realistic
shape of the images light curve. In order to obtain it we had to skip the three data
points in the B image and one in the image A which were giving high and sharp picks
in the fitted light curves.

The Figure 35 presents the light curves difference. The B quasar image has been
shifted by the magnitude offset and the time delay found in the cross correlation method
and it has been linearly interpolated on the A image. On top of the Figure 35 are
shown two light paths, where the B image light path is shifted in time and magnitude.
On bottom of the Figure 35 is the light curves difference obtained by use of linear
interpolation, it presents the variations due to photometric and interpolation errors
or/and possible microlensing signal.

The presented method can be improved by changing the linear interpolation between
data into interpolation of functions fitted to the data. On the Figure 36 are presented
the fitted functions. We have been looking for the function which fits to the maximum
number of data and which represents the realistic shape of the images light curve.

In order to obtain it we had to skip the three data points in the B image and one
in the image A which were giving high and sharp picks in the fitted light curves.
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On the Figure 37 are shown the results of interpolation between functions repre-
senting the light paths of A and B quasar images. On the top plot we see the results of
the cross correlation obtained by the linear interpolation between the data and on the
bottom plot we see the results of the cross correlation between functions.

We see that this time the cross correlation has its minimum more flat and its center is
at the 40 days with the 0.9 magnitude shift. In this case we can assume that the possible
time delay range is for up to 0.05 mean light curve difference, thus, the estimated time
delay is 40713 days (see Table 18).

Magnitude shift 0.90 £0.15 mag
Time delay 40;% days

Table 16: The time delay and the magnitude difference estimations from the cross
correlation method of the fitted function.

5.3.1 Time delay summary

Let us summarize what we have learned from the light paths analysis. We have used
the three methods for estimating the time delay, two from the light curves analysis and
one theoretical. The results of all the methods are gathered in Table 17. We see that
the results of the time delay obtained by those four methods are consistent. On Figure

Methods Time delay
Theoretical 46715 days
By eye 30-50 days
Cross correlation of data 43715 days

Cross correlation of fitted functions 40713 days

Table 17: Time delay estimations results
38 we see that the light curves of the two quasar images with one of them being shifted

by the average of the time delay obtained using both mathematical and theoretical
methods.
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Figure 37: Here is shown the result of the interpolation between the functions repre-
senting the light paths of A and B quasar images. On the top plot we see the results
of the cross correlation obtained by the linear interpolation between the data and on
the bottom plot we see the results of the cross correlation between the functions. We
see that the cross correlation has its minimum flat and its center is at the 40 days with
the 0.9 magnitude shift.

5.4 Nova

In the night of 28’th January 2006 we have detected a new object which was placed
next to the PSF-star on the StanCam images. Because of the bad weather conditions,
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Figure 38: On the Figure we see the light curves of the two quasar images with one of
them being shifted by the average of the time delays obtained using both mathematical
and theoretical methods.

we have gather only five data points of the object (see Figure 39). During a week of
observations we have detected constant demagnification of the object. The first four
frames on the Figure 39 present the StanCam observations of the object, the fifth image
shows the ALFOSC observation one week after first detection.

Object R.A. Decl. r mag max I mag
Novae 09 03 23.74 +50 28 47.0 20.994+0.05 25.0%0.1

Table 18: Astrometric and photometric results

We have measured that the observed object is separated by 1759 form the star
J090343.12+502900.9 and it is positioned R.A.: 09 03 43.03 and Decl.: +50 29 02.22.
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Figure 39: The first four frames on the Figure present the StanCam observations of the
object, the fifth image shows the ALFOSC observation one week after first detection.

The brightness in the R-band during the maximum brightness reaches 20.99 mag.

Figure 40: The combination of 16 frames obtained with the ALFOSC camera where
the new star is visible, it is aligned above and on the left from central star.

Figure 40 shows the combination of 16 frames obtained with the ALFOSC camera
where the new star is visible. Using the aperture photometry we have estimated that
the object before the explosion had brightness 25 magnitudes. Thus, the outburst of
the object was over 5 mag.

The preliminary results introduced here, the length and the strength of the explo-

66



i + ey * + ]
o T il
O Wﬁ —
é - > < Nova B
o r + Reference star B
© = -
> L il
= i 4
o
O I~ -
E - 4
() [ -
e .
5 2f -
3 i 4
L @ -
[ @ -
L @ -
3L L | | | | ]
-5 0 5 10 15 20
JD—2456760

Figure 41: Light curve of the outburst of the observed object. The shape of the light
curve indicates that the object is a nova. The first data point of the light curve of the
nova is for comparison. It is an artificially added point showing the data of the last
observation before an outburst and ah estimated brightness of the object. It shows that
a week before an outburst the object was still not visible in our observations.

sion, indicate that the observed outburst was the explosion of a nova. A nova outburst
is the consequence of the accretion of hydrogen rich material onto a white dwarf and
is the largest hydrogen powered explosion in the Universe. The fuel is supplied by the
secondary star in a close binary system while the strong electron degeneracy of the mas-
sive white dwarf acts as a container for the gas during the early stages of the explosion
(see Warner).
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6 Summary and Future research

6.1 Summary

This master thesis contained the theoretical description of up to date knowledge about
the strong gravitational lensing (Chapter 2 and 3) and the two practical subjects mi-
crolensing (Chapter 3) and the time delay estimation (Chapter 5). In the theoretical
part we have introduced the strong lensing theory from both sides, the time delay es-
timation and the microlensing. In the time delay part we showed how to calculate a
mass of a lens from quasar images positions, how to model a mass distribution and
explained what is causing delay between images. From the microlensing part, first, we
have been presenting the physical properties of a quasar, how to extract a microlensing
signal in quasar images light curves and how microlensing affects spectra. This theory
was partially applied into the practical parts of the thesis.

In the microlensing subject we searched for the possible microlensing effects in the
light curves of the five gravitationally lensed systems. The microlensing research gave
as positive results in the two out of the five investigated quasars. We showed that in
the quasars SBS 1520+530 and FB(Q 095142635 exist long and short therm magnitude
variations that may be attributed to the microlensing.

The second subject, the time delay estimation in the gravitationally lensed quasar
also succeeded. In order to find the time delay of the gravitationally lensed quasar
SDSS J0903+502 we made everyday observations at the Nordic Optical Telescope for
half year. The observations gave as well sampled data of the quasar.

After the mathematical improvement of the images resolution, we obtained the
separate quasar images and the lensing galaxy, which were used for the lensing modeling.
Applying the Singular Isothermal Sphere model of the lens we calculated the theoretical
time delay of the system 46 1% days.

We also obtained the light curves of the two quasar images. Using three different
methods we estimated the time delays which were coherent with the theoretical predic-
tion. Method by eye gave the result: 30-50 days, cross correlation of data: 43;}(1) days
and cross correlation of fitted functions: 4033 days.

During observation of the quasar images we also detected the outburst of the new
object in the StanCam field. Because of the light curve of the outburst (fast brightening
, slow fainting) and strength of the explosion ( 5 mag) we claimed that this object is
possibly a nova.

6.2 Future research

This thesis is a beginning of the work that can be done on the subject. All the theory
which was presented in the first part of the thesis can be applied into research.
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In the microlensing part we were considering simply the microlensing as an event
of lensing by an object in a foreground galaxy. As it is described in section 3.4 such
an microlensing event is much more complicated. Thus, to improve the microlensing
research on the presented quasars we should use one of the techniques described in
section 3.4 in order to track the truth quasar light path considering a possible mass
distribution in lensing galaxy.

It would be also useful to observe the quasar images spectra to confirm microlensing
signal and search for the possible galactic extinctions.

In the time delay part we should analyze more complicated mass models. It should
be consider a Singular Isothermal Sphere model with an external shear, which in the
case of the SDSS J0903+502 quasar is reasonable, since there are two other galaxies
next to the main lensing galaxy.

We should also make longer observing run of the SDSS J0903+502 quasar with
similar sampling in order to obtain longer light curves and find more precise time delay
of the system.
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A Hubble constant.

One of the most important application of Gravitational Lensing (GL) in Cosmology is
the Hubble constant calculation. Gravitational lensing gives completely independent
from other methods estimation of this value which makes GL essential tool in Cosmol-
ogy. Here it is shown what the Hubble constant is and how to obtain it using simple
cosmological laws.

In order calculate the Hubble constant one has to introduce the metric of Universe.
This metric calls Robertson-Walker metric.

Robertson-Walker metric

Robertson-Walker metric is a metric of the coo-moving coordinate system in the
homogeneous Universe:

dr?
1 —kr?

dr? = dt* — a(t)? +1r2(d6? + sin®0di?) (96)

where:

e a(t) — is a time scale factor,
e k —is a curvature factor,
e t —is a time variable,

e 0,1 and r — are space variables.

The three-dimensional space part in the Robertson-Walker metric has a geometric in-
terpretation, this interpretation depends on the curvature factor, k:

k—+1 The Universe is a hypersphere with the curvature equal to: 1/R?

k=-1 The Universe is a pseudo-hypersphere and the curvature is everywhere negative:
—1/R?
k=0 The Universe is flat.

Hubble’s law
To obtain the Hubble law we take simply the Robertson-Walker metric for a radial
movement of light (dr = df = diy = 0) and we integrate it:

/ o dt _ / nodr (97)
i1 a(t>— 0 V1—kr?
now we take only the left-hand side and write the following equation:
to+oto It to dt
B o+dto at / 0 at (98)
t1+0t1 a(t) t1 a(t)
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both sides of this equations are equal to the distance R. After integration and approx-
imation (we assume that at dty, a(t) does not change significantly), we obtain:

5t1 . a(tl) . )\1

i ——— 99
5t0 a(to) )\0 ( )

From definition of the redshift z = (A; — A\g)A; and from equation 99 we get:

Al — A t to) — a(t
coMzheally) ,_ alto) —alty) (100)
A1 a(t) a(t)
For close by sources we can, from equation 100, we take only the first order:
a(to)

~ to—t 101
< a(to) ( 0 1) ( )

where:
e a(tg)/a(ty) = Hp is a Hubble constant
e 1y/t; = L is a physical distance

Finally we put the last two equations into equation 101 and the Hubble law can be
write down in the form:
2~ v~ HyL (102)

From equation 102 we see that the Hubble constant is dimensional parameter that de-
scribes the current expansion rate of the Universe. The '0’ in the Hubble constant refers
to the present epoch. The dimension of Hj is the inverse of time but conventionally
we express it as kms~!Mpc~!. The Hubble constant is believed to lie somewhere in the
range 50-70 kms~'Mpc~! but the specific value is uncertain.
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B The methods of measuring the Hubble constant

There are two main methods for obtaining Hubble constant, so called standard candle
and physical, the gravitational lensing belongs to the second group. Here we present
the few methods for obtaining the Hubble constant used by astronomers.

Standard candle method From definition of the Hubble constant we know that
having redshift (z) and distance (d) for number of galaxies one can estimate Hy.
Whereas redshift can be measured with very good accuracy, distance suffers of many
kinds of large errors. Depending on which method we use we can obtain different values
of a distance and quite different values of H,.

There are few standard candle methods all of them relay on the physical relation
between a measurable parameter and their absolute magnitude. Knowing the relation
one can calculate an absolute magnitude of an object and what follows a distance. A
distance can be calculated from the equation:

m— M =5logd —5 (103)

where: m is an apparent magnitude, M is an absolute magnitude and L is a distance
Here are explained the four main standard candle methods:

e Cepheids (Madore & Freedman 1991): the stars pulsating with the period cor-
related with their absolute magnitude, thus, measuring the period one can get
absolute magnitude and calculate the distance to the object.

e Supernovae la type (Phillips et al. 1987): the results from explosion of white
dwarf, the maximum luminosity during explosion is correlated with absolute mag-
nitude.

o Galaxies:

— Spiral galaxies (Tully & Fisher 1977): here the physical relation is between
the total luminosity of spiral galaxies and their maximum rotation velocity,
it is called Tully-Fisher relation.

— Elliptical galaxies (Dressler et al. 1987): the relation is between the stellar
velocities dispersion and the intrinsic luminosity. This galaxies occupy a
"fundamental plane" where the size of a galaxy is correlated with the surface
brightness and the velocity dispersion.

e Surface Brightness Fluctuations (SBF) method (Schechter 1976) — the resolution
of stars in galaxies is distance depended. By normalizing the mean flux we can
get relative distance to galaxies.
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Physical method

The alternative of the Standard Candle methods are so called physical methods.

One of the physical methods is based on CMB observations (Myers 1997). The
hot cluster gas Compton scatters the cosmic microwave background (CMB) radiation.
This scattering, called the Sunyaev-Zeldovich effect (SZE), is measurable using radio
telescopes. The CMB has a temperature of 2.73 K which peaks at a wavelength of
around 1 mm. Observations at centimeter wavelengths see the SZE as a reduction in
the brightness toward the cluster, as the photons are scattered upward in energy. The
observed decrement is proportional to the integrated electron density along the line of
sight through the cluster.

The SZE depends linearly on the gas density, and with a different power of Hy, than
the X-ray emission, so the two quantities together will yield a measure of both the mass
and the angular diameter distance (and thus the Hubble constant) if the cluster depth
is the same as the observed angular diameter.

The other physical methods is based on the time delay of a gravitationally lensed
quasar. From the definition of the Hubble constant, (equation 5) and from the definition
of the gravitational time delay, (equation 53) one can get:

H():(

1+ Zl) DLODSO 1 1
AR {50:=0P =SB - 97 —v@) + 0} (04
where: D = D/Ru.

Table 19: The age of the Universe ¢, in Gyr for various values of the Hubble constant
Hj, the mean matter density €2, and cosmological constant €2,

Hy Qn Qn to(Gyr)

50 1 0 13

50 03 0 15.8

50 0.3 0.7 18.8

60 1 0 10.9

60 03 0 13.2

60 0.3 0.7 15.7

70 1 0 9.3

70 03 0 11.3

70 03 0.7 135
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C Lensing theory

First, let us assume that lens has a spherically symmetric metric (this situation is
showed on the Figure 42). Using this metric in the Einstein equation one can obtain
Schwarzschild metric, which is a description of spherically symmetric gravitational field.

T

-#-*“_

Figure 42: Deflected light beam and geodesic lines of space time near massive object

Procedure to obtain an equation for light deflection is following:

Schwarzschild metric in plane has a form:

2MG o (g 2MG

ds* = (1 —
r r

Y rdr? — rde? (105)

where: 7, ¢ are space variables, t is a time variable, M is a mass of a deflector and
G is the gravitational constant.

Equations of motion. To obtain path of light in the Schwarzschild metric we use the
equation of a motion:

d 0
——F = 106
dt Op (106)
where p is a variable and F’ is a functional given by equation:
ds? 2MG . 2MG :
F=—=(1- P2—(1="—)"—r?p*=0 107
Tz = L )Y (107)
where: ¢ = j—i, 7= j—: and ¢ = Z—‘f (here we used the mathematical trick: we can

not divide equation 16 by d7 because for the light dr = 0, so instead we divide
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it by factor dr/d)\). One can easily see that functional F is just a Schwarzschild
metric divided by d7/d\. Now we put F, from the equation 107, to equation of

motion 106, and we get:
d 0 ,ds

aa—gb(ay = (108)
From integration of equation 108 we get:
rg? = J (110)
and from integration of equation 109 we get:
(1— 2]\fG)t"":A:o (111)

A and J from equation 110 and 111 are integration constants. In the equation
111 we can write that A=0, because we can always adjust clocks in infinity to
satisfy this assumption.

When we put equations 110 and 111 to functional F, (from equation 107), we
obtain:

ydoJ 1
f = d_¢ = = — (112)
T roor \/ 1 — £(1 — 240G
From boundary condition: ry;, = = g—; =0 we get:
T'min
J = N (113)
To simplify calculation we take new variable:
7"‘ .
= = 114
et (114)
We put this variable to equation 112, we integrate it and we get:
1 dx
min — Pin - . 115
P = Oty /<)¢1_x2—aGfM<1_x3> .

The equation 115 is a full description of a light path in a spherically symmetric
gravitational field for an arbitrary distance from a deflector.
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D Source magnification

Lensing changes also an apparent luminosity of a lensed object as a consequence of the
distortion (see chapter 2.5.2), although the real surface brightness is not changing by
lensing effect. To describe this brightness conservation we have to define following:

Surface brightness /() — the flux of energy, E, of the given frequency, v, crossing
an unit area, dA, perpendicular to the direction of propagation, per unit time, dt,
per unit solid angle, d€), per unit frequency interval, dv:

dE

W) = Graadody

(116)

Phase-space density f(Z,p,t)— the number of photons, N, in a given phase-space
volume, d3Zd®p:
dN
T, p,t) = ——— 117
knowing that: dE = hvdN = cpdN, d3p = p?dpdS) and d*% = dAcdt we obtain:

L dE _ 1)
F@ P ) = s adadi ~ hep®

(118)

According to Liouville theorem, the phase-space density of photon beam is chang-
ing only if absorption or emission appear. Thus, if there is no absorption or emis-
sion and Universe expansion can be neglected, then the brightness is conserved.

Brightness conservation in expanding Universe has form:

I(v(1+2))

) = (1+2)3

(119)

where:

e 7 — redshift

e [(v) — a flux in the given frequency, v
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ABSTRACT

‘We have searched for microlensing variability in the light curves of five gravitationally lensed quasars with well-determined time
delays: SBS 1520+530, FBQ 0951+2635, RX J0911+0551, B1600+434 and HE 2149-2745. By comparing the light curve of the
leading image with a suitably time offset light curve of a trailing image we find that two (SBS 1520+530 and FBQ 0951+2635) out
of the five quasars have significant long-term (~years) and short-term (~100 days) brightness variations that may be attributed to
microlensing. The short-term variations may be due to nanolenses 10*~10=3 M, relativistic hot or cold spots in the quasar accretion

disks, or coherent microlensing at large optical depth.

Key words. gravitational lensing

1. Introduction

The effect of a background source being gravitationally lensed
by foreground compact objects is known as microlensing. Chang
& Refsdal (1979) predicted that in lensed quasar systems the
light path should be affected by stars in the lensing galaxy.
Moving compact objects in the lensing galaxy can cause spec-
tral changes, brightness variability and, in the case of multiple
images, flux ratio anomalies in the lensed quasar. When the fore-
ground galaxy causes multiple images of the quasar, photomet-
ric monitoring can be used to isolate intrinsic quasar variabil-
ity from microlensing variability by comparison of the separate
light curves. Likewise, spectral differences between quasar im-
ages, caused by differential magnification across the quasar, can
be directly detected in multiply imaged quasars. Microlensing
offers the opportunity to study the nature of matter in foreground
galaxies and the spatial structure of the lensed quasar at very
high angular resolution (Kochanek 2004). The first quasar mi-
crolensing events were discovered 17 years ago by Irwin et al.
(1989) and Schild (1990).

In this Letter we analyze the light curves of five lensed
quasars for which a time delay has previously been mea-
sured in dedicated monitoring campaigns (Burud et al. 2000,
2002a,b; Hjorth et al. 2002; Jakobsson et al. 2005). Four of
them were observed at the Nordic Optical Telescope (NOT) be-
tween 1998-2002 and one (HE 2149-2745) was observed at
the Danish 1.5-m telescope. We here examine the light curves
for microlensing variability and at the same time make all data
points available online at the CDS.

* Tables 3-8 are only available in electronic form at the CDS via
anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsweb.u-strasbg.fr/cgi-bin/qcat?]/A+A/455/L1

http://www.edpsciences.org/aa

2. Analysis

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

Observationally, quasar light curves suffer from sampling ef-
fects leading to a need for interpolation. Due to their small sep-
arations and the presence of the lensing galaxy they may also
potentially be affected by systematic errors in the photometry.
To eliminate artifacts arising from such effects we do not inter-
polate data points with a gap bigger then a time delay of a system
and we require that the light curve difference be (1) uncorrelated
with the quasar variations and (2) independent of which image
light curve we interpolate. These are conservative criteria for de-
tection of a microlensing signal in the light curves which ensure
that the signal is reliable and robust. If the criteria are violated
the variability may be the result of observational, systematic or
interpolation errors.

3. Results

Were we apply the analysis to the five quasar light curves to
search for microlensing events.

3.1. SBS 1520+530

The doubly imaged quasar SBS 1520+530 (see Table 1) was
monitored between February 1999 and May 2001 at the NOT.
In Fig. 1 we show the light curves of the two images, A and
B, where B has been shifted in both time (-130 days) and

http://dx.doi.org/10.1051/0004-6361:20065502
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Table 1. Properties of the lens systems. The time delays were obtained
by: 1. Burud et al. (2002b), 2. Jakobsson et al. (2005), 3. Burud et al.
(2002a), 4. Hjorth et al. (2002), 5. Burud et al. (2000).

Name 2 Zs At (days) Separation Ref.
SBS 1520+530 0.72 1.86 1302 1.57” 1
FBQ 0951+2635 0.24 125 16+2 1.10” 2
HE 2149-2745  0.495 2.03 103+12 1.70” 3
RXJ0911+0551 0.77 2.80 1464 3.10” 4
B1600+434 0.41 1.59 51+2 1.38” 5
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Fig. 1. R-band light curves of SBS 1520+530. Top: time-delay shifted
light curves, with the B image offset by —0.69 mag and —130 days.
Middle: difference between linearly interpolated A image and B image.
Bottom: difference between linearly interpolated B image and A image.
The middle and bottom panels also present linear fits (where a is the
slope) and Gaussian fits (where T, is the FWHM) to the data.

brightness (—0.69 mag). Also shown are the magnitude resid-
uals, Am, obtained by linear interpolation of one of the images.
The middle panel shows the difference between a linearly in-
terpolated A light curve and the B data points (Amag). The
lower panel shows the difference between a linearly interpolated
B light curve and the A data points (Amga). Any deviation from
a constant difference lightcurve (dashed horizontal line) can be
attributed to microclensing. In both residual plots one notices
a constant magnitude increase and an approximately 200-day-
wide magnitude bump. In the following we characterize such
residuals phenomenologically using linear or Gaussian fits.

A linear fit shows that the slopes of the plots are
0.0073 + 0.0014 mag/100 days for Amag and 0.0070 +
0.0016 mag/100 days for Ampa. The agreement between these
values indicates that the mean difference between the images
increases by about 0.007 mag per 100 days. This is consistent
with the observations of Gaynullina et al. (2005) who found an
increase in the magnitude difference between the quasar images
of 0.14+0.03 mag over 1500 days (0.009+0.002 mag/100 days).
We interpret this signal as evidence for microlensing.

A Gauss function with baseline zero, fitted to the bump
for Amag gives a FWHM of 220 +42 days and a peak magnitude
variation of 0.053 + 0.008 mag. For Amgs the FWHM is 183 +
29 days and the peak magnitude variation is 0.063 + 0.009 mag.
These values are consistent within the errors.
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Fig. 2. R-band light curves of FBQ 0951+2635. Top: time-delay shifted
light curves, with the B image offset by —1.06 mag and —16 days.
Middle: difference between linearly interpolated A image and B image.
Bottom: difference between linearly interpolated B image and A image.
The middle and bottom panels also present linear fits (where a is the
slope) and Gaussian fits (where T’y is the FWHM) to the data.

Microlensing in SBS 1520+530 was already detected spec-
troscopically by Burud et al. (2002b) who analyzed continuum
normalized spectra and showed that the equivalent widths of
emission lines in A were larger than in B.

3.2. FBQ 0951+2635

The doubly imaged quasar FBQ 0951+2635 (see Table 1) was
observed between March 1999 and June 2001 at the NOT.
Spectroscopic indications of possible microlensing in the sys-
tem were found by Schechter et al. (1998) and Jakobsson et al.
(2005).

We repeat the microlensing-extraction procedure described
above for FBQ 0951+2635.In Fig. 2 we show the light curves of
the two images, A and B, the latter shifted in time by —16 days
and in brightness by —1.06 mag. The middle and lower panels
show Amap and Amga. In both plots one notices a constant mag-
nitude increase and a bump at the beginning of the observations.

Linear fits to the data yield slopes of 0.0095 + 0.0011
and 0.0077 + 0.0007 mag/100 days for Amap and Ampa respec-
tively. A Gauss function with baseline zero, fitted to the bump
for Amagp gives a FWHM of 151+111 days and a peak magnitude
variation of 0.048 + 0.009 mag. For Amg, gives FWHM of 81 +
27 days and a peak magnitude variation of 0.061 + 0.016 mag.
These values are consistent within the errors.

3.3. Quasars where no microlensing is confirmed

The three quasars where no microlensing variabil-
ity was reliably detected are the double quasar
HE 2149-2745 observed at the Danish 1.5-m telescope,
ESO-La Silla (October 1998—December 2000), the quadruple
quasar RX J0911+0551 observed at the NOT (March 1997—
April 2001), and the doubly imaged quasar B1600+434
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Fig. 3. V-band light curves of HE 2149-2745 and the shifted light curve
differences. The middle and bottom panels include linear fits with a
being the slope of the linear fit.
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observed at the NOT (April 1998—November 1999) (see
Table 1).

Plots similar to Figs. 1 and 2 are shown in Figs. 3—-5. For
HE 2149-2745 (Fig. 3) and RX J0911+0551 (Fig. 4) we see
some long term variations in the light curve difference but the
analysis shows that the slopes differ depending on which of the
two light curves are interpolated. In B1600+434 (Fig. 5) one
sees clear magnitude variations in the light curve differences but
they do not satisfy our second condition for microlensing. By
comparison with the top plot we see that they are correlated with
the quasar variations (the magnitude bump appears at ~420 days
on all plots).

Thus, while we detect intriguing light curve differences and
cannot rule out microlensing variability in these systems, this
indicates that the detected magnitude changes may also be at-
tributed to photometric or interpolation errors.

4. Discussion

‘We have demonstrated the existence of a short-term microlens-
ing variability in the photometric data sets of the two quasar
systems SBS 1520+530 and FBQ 0951+2635. Interestingly, mi-
crolensing has previously been detected spectroscopically and
as flux anomalies in both systems (Burud et al. 2002b; Faure
et al. 2002; Schechter et al. 1998; Jakobsson et al. 2005). We
note that the time scales of the short-term variability detected in
the quasars (50—-200 days) is similar to the “90 day” events in
QSO Q0957+561A,B (see Schild 1996).

In principle one can calculate the masses of the lenses re-
sponsible for the microlensing from the time scales of brightness
variations (FWHM) and the transverse velocities of the compact
objects. An approximate value of the lens mass is given by

. 2
Mz(nm;xvc) . )
E
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Fig. 4. [-band light curves of RX J0911+055 and the shifted light curve
differences. The middle and bottom panels include linear fits with a
being the slope of the linear fit.
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Fig. 5. I-band light curves of B1600+434 and the shifted light curve
differences.

Here V. is an effective source velocity, defined as the change in
time of the source position measured by the observer, and Rg is
the Einstein radius,

4GM Dy sDg\'*
R5=( GM Dis s) , @)

¢z D

where D, Ds and Dy are the lens—source, the source—observer
and the lens—observer angular diameter distances, respectively'.

In Table 2 we show the values of possible microlens masses
and the corresponding transverse velocities are given by Eqs. (1)

! 'We assume a flat universe with Q,, = 0.3, Q, = 0.7 and Hubble
constant Hy = 70 kms™' Mpc~'.
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Table 2. Mass-speed relation for SBS 1520+530 and FBQ 0951+2635.

Mass SBS1520+530  FBQ 0951+2635
[Ms]  Velocity [kms™']  Velocity [kms™']
1.0 2.44 x 10* 6.87 x 10*
0.001 771 2171
0.0001 244 687

and (2). In these calculations we assume that the microlensing
is caused by a single compact object. Even with that simplifying
assumption, the lens mass can not be determined without know-
ing the transverse velocity.

There are two possible limits. Due to short duration of the
events the microlenses may actually be nanolenses (planets) with
masses of order of 1073 M,, for typical transverse velocities of
the source of 200~700 km s'. Similar results were obtained for
QSO 0957+561 (Pelt et al. 1998). Conversely, fast microlens-
ing variability can be caused by a solar mass object magnify-
ing small continuum parts of the quasar with relativistic ve-
locities (hot spots) (Schechter et al. 2003) or smooth accretion
disk occulted by optically-thick, fast moving clouds (Wyithe &
Loeb 2002). Applying this to the two quasars, for microlens
mass 1 My, we obtain source (hot spot, cloud) transverse veloci-
ties of 0.08¢ for SBS 1520+530 and 0.23¢ for FBQ 0951+2635.

Because of the mass-velocity degeneracy none of these pos-
sibilities can be eliminated from a simple analysis. Moreover,
we stress that mass determination using Eq. (1) is only possible
for single isolated microlensing events and when the transverse
velocity is known. More detailed analyses (Lewis et al. 1993;
Wyithe & Turner 2001) assume that the quasar light is affected
by numerous compact objects in the foreground galaxy, creating
a complex network of caustic lines, and not by a single object
(Paczynski 1986).

‘We conclude that, of the systems we have studied, those with
detected flux varability due to microlensing are also reported
to have intensity anomalies of spectra continuum and emission
line differences. For these systems we have found small linear
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trends of ~0.005-0.010 mag/100 days and bumps with ampli-
tude of ~0.05 mag and durations of ~100 days. Interestingly,
the systems for which no microlensing variability was de-
tected have no convicing detected microlensing from other meth-
ods, although there may be indications in e.g. HE 2149-2745
(Burud et al. 2002a). However, smaller microlensing signals
(~0.005 mag/100 days) in these systems would have been un-
detectable in our observations.
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F  Observational data

The Table presents details concerning observations carried during October—April 2005.
Observations was made by use of the ALFOSC and the StanCam CCD cameras.

Date Number of images type of camera  weather condition
22 September 2005 1 ALFOSC
17 October 1 ALFOSC full moon
18 October 1 ALFOSC
28 October 1 ALFOSC
31 October 1 ALFOSC
4 November 1 ALFOSC seeing >2"
12 November 1 StanCam
1 December 1 ALFOSC
2 December 1 ALFOSC
3 December 1 ALFOSC
4 December 1 ALFOSC
6 December 1 ALFOSC
29 December 1 ALFOSC
30 December 1 ALFOSC
1 January 2 ALFOSC
2 January 2 ALFOSC
3 January 2 ALFOSC
14 January 1 StanCam
21 January 2 ALFOSC
29 January 1 StanCam
30 January 1 StanCam
31 January 1 StanCam
1 February 1 StanCam
2 February 1 StanCam
3 February 2 ALFOSC
4 February 2 ALFOSC
5 February 2 ALFOSC
13 February 1 StanCam
17 February 2 ALFOSC
18 February 2 ALFOSC
19 February 2 ALFOSC
20 February 2 ALFOSC
21 February 2 ALFOSC
22 February 2 ALFOSC
23 February 2 ALFOSC
24 February 2 ALFOSC
26 February 2 ALFOSC
02 March 2 ALFOSC
04 March 2 ALFOSC
05 March 1 StanCam
07 March 1 StanCam
08 March 1 StanCam
10 March 1 StanCam
11 March 1 StanCam
13 March 1 StanCam
14 March 1 StanCam




G Informations about the SDSS J0903-+502 field

r RAJ2000 DEJ2000 SDSS umag gmag rmag
arcmin  "h:m:s" "d:m:s" mag mag mag
J090316.37+503533.7  22.381  22.002 21.177
J090333.57+502820.8  21.642 21.187  20.054
J090333.474+502818.4 19.931 19.499 19.177
J090334.45+502822.4  24.499 22,753  20.875
J090334.47+502813.0  19.341 18.881  18.506
J090334.94+-502819.3  19.503  18.720  18.450
J090335.05+502815.5  22.455  22.043  20.807
J090335.164+-502820.2  19.904 19.299  18.998
J090334.974+502825.7  20.591  19.862 19.189
J090335.35+502808.2  22.782 22.611 22.338
J090335.74+502816.0  21.798  21.540 21.414
J090332.89+502804.5 21.258 21.108 20.693
J090332.11+502815.5  21.641 22.616 21.795
J090330.96+502820.2  21.757 21.795  20.960
J090333.404-502747.0  22.262 21.484  21.047
J090330.72+502831.7  22.152 21.606  21.491
J090337.54+502833.9  22.015  20.903  20.283
J090332.73+502856.9  21.320 20.902  20.569
J090338.07+502830.0 22.324 22431 21.457
J090335.47+502901.0  22.194 21.140 20.637
J090337.914+-502842.9  22.501 22.435 21.839
J090330.184-502844.6  25.019  25.079  20.907
J090338.76+502823.0  23.097 23.775  21.727
J090331.57+502900.3  22.023  21.599  21.787
J090329.73+502749.6  23.294 22,163 21.501
J090338.524+-502752.2  23.003  21.450 21.037
J090328.58+502820.1  23.004 22.049 21.426
J090329.474+-502849.3  19.318 18.828 18.476
J090328.72+502835.0  20.104  19.777  19.458
J090336.32+502911.0  23.039  21.887  20.864
J090331.83+502726.0 19.312 18.859  18.507
J090339.49+502755.8  23.986  24.533  20.483
J090327.99+502809.2  21.200 20.017  19.230
J090332.55+502917.4  21.815 21.298 21.104
J090330.79+502726.3  21.518 21.827 22.573
J090328.114+-502750.2  22.037  20.605 19.956
J090327.47+502831.1  21.543  20.466 20.011
J090330.114-502911.7  21.419 21.702 24.601
J090331.53+502718.8  23.001  22.134  22.387
J090333.40+502924.1  22.851 22.132 21.073
J090327.06+502811.3  21.881  21.475 21.337
J090338.224-502913.9  22.648 21.928  21.449
J090337.784+502719.4  14.925 14.816  14.837
J090335.67+502710.4  20.475 19.992  19.547
J090331.65+502926.2  22.106  20.867 21.634
J090330.35+502715.8  21.914  20.915 21.731
J090341.354+-502837.3  22.574 20.837  20.412
J090338.71+502719.0  22.396  20.794  22.656
J090326.64+502846.8  22.346  21.752  21.922
J090339.09+502917.1  22.533 21.775 21.366

o
—

0.0736 09 03 33.58 450 28 20.8
0.0844 09 03 33.47 450 28 18.4
0.0916 09 03 34.45 450 28 22.4
0.1244 09 03 34.47 450 28 13.0
0.1501 09 03 34.94 450 28 19.4
0.1773 09 03 35.05 450 28 15.5
0.1857 09 03 35.16  +50 28 20.3
0.1912 09 03 34.97 +50 28 25.8
0.2802 09 03 35.36  +50 28 08.3
0.2818 09 03 35.74 450 28 16.0
0.2981 09 03 32.90 +50 28 04.5
0.3061 09 03 32.11  +50 28 15.5
0.4826 09 03 30.97 450 28 20.2
0.5416 09 03 33.40 +50 27 47.0
0.5633 09 03 30.72 450 28 31.8
0.6158 09 03 37.54  +50 28 33.9
0.6637 09 03 32.74  +50 28 56.9
0.6737 09 03 38.07 450 28 30.0
0.7386 09 03 35.48 450 29 01.0
0.7403 09 03 37.92 450 28 42.9
0.7414 09 03 30.19 450 28 44.6
0.7616 09 03 38.77 450 28 23.1
0.7898 09 03 31.57  +50 29 00.3
0.8356 09 03 29.74 450 27 49.7
0.8464 09 03 38.52 450 27 52.2
0.8626 09 03 28.58  +50 28 20.1
0.8801 09 03 29.47 450 28 49.3
0.8805 09 03 28.73 450 28 35.0
0.9431 09 03 36.32 +50 29 11.1
0.9472 09 03 31.83 450 27 26.1
0.9561 09 03 39.50 450 27 55.9
0.9701 09 03 27.99  +50 28 09.2
1.0008 09 03 32.56  +50 29 17.4
1.0155 09 03 30.80  +50 27 26.3
1.0526 09 03 28.11  +50 27 50.2
1.0584 09 03 27.47 450 28 31.1
1.0755 09 03 30.11  +50 29 11.8
1.0769 09 03 31.53  +50 27 18.8
1.0906 09 03 33.40 450 29 24.2
1.1116 09 03 27.06 450 28 11.3
1.1362 09 03 38.22 450 29 14.0
1.1601 09 03 37.78 450 27 19.5
1.1727 09 03 35.67  +50 27 10.5
1.1817 09 03 31.66  +50 29 26.3
1.2020 09 03 30.36 450 27 15.8
1.2102 09 03 41.36  +50 28 37.4
1.2499 09 03 38.71 450 27 19.0
1.2597 09 03 26.64 50 28 46.9
1.2626 09 03 39.09 450 29 17.1
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