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CHAPTER 1

Introduction

IT is a well established fact that the universe contains much more matter than we can observe
directly from their emission or absorption properties. All massive objects in the universe

move with respect to each other under the influence of their mutual gravitational attraction.
This enables us to determine the mass of gravitationally bound systems by looking at their
dynamics. From the motions of galaxies within galaxy clusters, we know that these clusters
contain at least ten times more mass than we can see in the form of galaxies and intergalac-
tic gas. The rotation of spiral galaxies shows that galaxies themselves are also much more
massive than can be explained by the stars and gas that we observe. Modern astronomy faces
the disturbing fact that we cannot see and do not understand the nature of at least 90 percent
of the matter content of the universe. In this thesis we focus on one possible constituent of
this unseen, “dark” or “missing” matter, namely dark, massive, compact objects that might
be present in the halos of galaxies. Using the gravitational lensing effect we search for these
otherwise impossible to observe objects within the halo of the cosmic neighbour of our Milky
Way, the Andromeda galaxy.

1.1 The dark matter problem

The first evidence for the existence of “dark” matter was found in the 1930’s by the American
astronomer Zwicky (1933), who tried to determine the mass of the nearby Coma cluster of
galaxies. Clusters of galaxies are the largest, gravitationally bound systems in the universe,
and can contain hundreds of galaxies. If the cluster is assumed to be roughly spherical and in
dynamical equilibrium, the relation between the total mass of the system and the velocities of
its members is given by the “virial theorem”. From measurements of the velocities of eight
galaxies in the Coma cluster, Zwicky found that the virial mass was much higher than could
be explained by the sum of the masses of the individual galaxies. His conclusion was that the
cluster contained some kind of unseen, “missing” matter. We now know that hot intergalactic
gas in clusters contains much more mass than the galaxies, but this is still not sufficient to
explain the dynamical masses of clusters. The dark matter content of clusters is about ten
times the mass of the gas and galaxies together.
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Figure 1.1 – The H I-rotation curve of the spiral galaxy NGC 3198 (van Albada et al. 1985). The line
going through the data points is the sum of the two components indicated with “disk” and “halo”. The
“disk” curve is the rotation curve expected from the stars and gas in the disk of the galaxy. Especially in
the outer regions this is by far not enough to explain the observed values. The “halo” component is the
contribution to the rotational velocities from the dark matter, needed to obtain a good fit to the observed
flat rotation curve.

Masses of galaxies can also be derived from their kinematics. In spiral galaxies the matter
is rotating around the center, and by equating the centrifugal force to the gravitational force,
the total mass within a certain radius can be calculated from the rotational velocity at that
radius. By plotting the rotation velocity, which can be measured from the doppler shift of the
emission lines of hydrogen, a so-called rotation curve is constructed. Such a rotation curve
traces the gravitational potential in great detail.

The optical rotation curves that seemed to indicate the presence of dark matter in the
1970’s (e.g. Rubin et al. 1980) can still be explained with luminous matter. But when good
quality rotation curves became available from radio observations in the first half of the 1980’s,
it became clear that also (spiral) galaxies contain dark matter. The 21 centimeter line of
neutral hydrogen provides rotation curves out to large distances from the centers of galaxies,
because the H I usually extends out to several optical radii. In many cases the rotation curves
remain flat out to the edge of the H I disk, where a keplerian decrease would be expected
from the distribution of the luminous matter, since that is strongly concentrated to the center
of the galaxies. Because of H I rotation curves we know that in spiral galaxies the dark matter
contributes up to 90 % of the total mass and that it seems to be especially prevalent in the
outer parts. Figure 1.1 shows an example of a rotation curve with the contributions to the
rotational velocity due to the different mass components indicated.

The cosmological mass budget is usually given in terms of
�

, which characterizes the
overall density of the universe. An

�
of 1 corresponds to the critical density, or a flat universe.

The expansion of a flat, matter dominated universe will slowly grind to a halt, but never
completely stop. Currently the luminous baryonic matter content of the universe,

��� ���
is

believed to be only 5 % of the critical density. The total mass budget of the universe,
�����	�
����

,
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is much larger, namely about 30 %, implying that the amount of dark matter is five times the
amount of luminous matter. From observations of the fluctuations of the cosmic microwave
background we know that

�
=1, but the remaining 70 % of the energy budget of the universe

is in so-called “dark energy”, causing the expansion of the universe to accelerate. In this
thesis we will examine one possible candidate for making up the 25 % of the universe’s mass
budget that is locked up in dark matter.

One way of solving the missing matter problem is assuming that gravity does not work
the way we think on these large scales. There are theories that try to explain the discrepancy
between the luminous and dynamical masses of gravitational systems by modifying the laws
of gravity, such as Modified Newtonian Dynamics (Milgrom 1983), or the overall structure
of the universe, such as brane world theories. The other way of solving the missing matter
problem is to identify and detect the matter that has eluded us so far. Several dark matter
candidates have been suggested, coming forth both from astronomy and from particle physics.

Neutrinos were one of the first particle dark matter candidates. These elementary parti-
cles, that are created in thermonuclear reactions in the cores of stars and during supernova
explosions, were believed to have no or very little mass and are extremely difficult to detect.
That neutrinos do have a mass, albeit very small, is now clear from several sources, including
solar neutrino observations (Ahmad et al. 2002) and particle accelerator experiments (e.g.
Ahn et al. 2003). Although neutrinos can be considered dark matter, they do not solve the
problem, since their contribution to

�
is only on the order of 1%. Theoretical physicists have

suggested several more elementary particles as dark matter candidates. Since there is no ac-
tual proof of their existence yet, they are popularly called “exotic” particles. Currently the
most promising options being considered are Weakly Interacting Massive Particles (WIMPs),
supersymmetric particles, and axions. Particle accelerators should reach the collision ener-
gies needed to detect these exotic particles within a decade.

Besides particle physics, also astronomy has some dark matter candidates to offer. The
most important astrophysical dark matter candidates are the so-called Massive Compact Halo
Objects (MACHOs), that hardly emit any radiation and therefore are not observed. MACHOs
could be stellar remnants, such as very old white dwarfs, neutron stars or black holes. Pri-
mordial black holes, formed shortly after the Big Bang, could also have ended up in galaxy
halos. In the past decade astronomers have been trying to find evidence for this kind of dark
matter in the halo of the Milky Way indirectly, by using gravitational microlensing.

1.2 Gravitational microlensing

Like all particles in physics, photons are influenced by gravity. According to Albert Einstein’s
General Relativity Theory (GRT), a light ray follows a straight line, or null geodesic, through
space-time, but since space-time itself is curved by gravity, a light ray passing close by a
large mass will be deflected (Einstein 1911). In fact, this phenomenon was not introduced by
GRT. In 1804 the German physicist Soldner calculated the deflection of light due to gravity
based on the laws of Newton (Soldner 1804). GRT modifies the Newtonian result by a factor
two in the deflection angle, merely enhancing this “gravitational lensing” effect. In 1919
the predicted effect was verified by Eddington, who measured the position displacement of a
background star close to the sun during a solar eclipse (Eddington 1920).

Gravitational lensing is now an active field in astronomy. It is the only way of mea-
suring the masses of clusters of galaxies without making assumptions about the dynamical
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Figure 1.2 – Around the centers of
massive galaxy clusters, strong lensing
effects may be seen, when background
galaxies are multiply imaged or heav-
ily distorted into large arcs. This image
shows the inner region of the rich clus-
ter Abell 2218, observed with the Hub-
ble Space Telescope. Several arcs can
be seen, most of which are also part of
a systems of multiple images of back-
ground galaxies. (Source: HST archive)

state of the system. Other applications of gravitational lensing include measuring the Hubble
constant, the extent of galaxy halos, and cosmological parameters. The application of grav-
itational lensing that this thesis research is based on, is detecting compact objects in galaxy
halos using gravitational microlensing. Discussing the theory of gravitational lensing is out-
side the scope of this thesis, but a short introduction to microlensing follows. An extensive
review of lensing theory can be found in the book “Gravitational lenses” by Schneider et al.
(1992).

Depending on the parameters of the lens system like the lensing mass, and the distances
from the observer to the lens and the lensed background source, the gravitational lensing ef-
fect can present itself in different ways. Examples of very strong effects are multiply imaged
quasars that are located exactly behind a foreground galaxy. In the centers of rich galaxy
clusters, strong lensing effects can also be seen, as background galaxies are multiply imaged
and distorted into large arcs (see figure 1.2). If lenses are less heavy or further away from
the centers of clusters, the lensing effects are much weaker. In this weak lensing regime, the
effect can still be observed by looking for small systematic distortions in a large number of
background sources. Even lensing by the large scale structure of the universe can be detected
this way.

Microlensing is the term for lensing by stars or objects with stellar masses. When an
observer, a foreground star, and a background star are perfectly aligned, the background star
will be imaged as a circle around the foreground star. The radius of the circle is called the
Einstein radius and depends on the lens mass and the geometry of the lens system. If the
alignment is not perfect two images will be formed at approximately the Einstein radius, one
on either side of the lens, see figure 1.3. The smaller the angular separation between source
and lens, the more distorted and the larger the images are. Because surface brightness is
conserved in gravitational lensing, the fact that the images become larger means that the flux
received from the source increases and the observed source flux is therefore amplified. For a
lens with a stellar mass, the Einstein radius is extremely small, of the order of milli- or even
microarcseconds, making it impossible for current telescopes to resolve the Einstein ring or
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Figure 1.3 – Schematic view of how
the image shapes and positions change
as the source crosses the Einstein circle
of foreground lens. For each source posi-
tion, indicated with the open circles, the
two images are shown. The closer the
source is to the lens, the larger and more
distorted the images. Due to the conser-
vation of surface brightness, larger im-
ages mean a higher amplification, which
the effect that is observed.

Figure 1.4 – Observed magnitude
change of the source star during a
microlensing event. The unit ��� corre-
sponds to the time it takes the source to
move a distance equal to the Einstein
ring radius. Light curves are plotted,
for six different values of the impact
parameter, � , expressed in units of the
Einstein radius: � = 0.1, 0.3, 0.5, 0.7,
0.9 and 1.1.

the images. Therefore, the only observed effect of microlensing is the amplification of the
source. Thus, a microlensing event will be observed as a temporary increase in luminosity of
the source star, as it moves across the Einstein disk of the foreground star. Figure 1.4 shows
the magnitude change of the source star as a function of time, for several impact parameters.

1.3 MACHOs in the Milky Way

Despite the fact that a near perfect alignment of two stars is rare, it is possible to observe
microlensing. In the direction of the center of the Milky Way, the stellar densities are high
enough to make it feasible to have a good chance of observing the effect if the luminosity of
many stars is monitored. Hundreds of events have already been detected by several groups
(e.g. Udalski et al. 2000). Paczynski (1986) was the first to suggest that by monitoring stars
in the Large and Small Magellanic Clouds (LMC, SMC) microlensing by MACHO’s in the
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Excluded at 95% CL
by EROS1 and EROS2

Permitted
by MACHO 6 years

at 95% CL

Figure 1.5 – Permitted fractions of the total dark halo mass that can be present in compact objects
of a certain mass, from the MACHO and EROS microlensing surveys. Both surveys were sensitive to
microlensing by halo objects in the mass range ����� ��� ���	��
 . The red line indicates the upper limit
from EROS, i.e. the area above the line is excluded. The MACHO survey indicates that a fraction of
20% of the halo mass is present in compact objects with masses of about 0.5 � 
 , but this assumes that
all detected events are caused by halo lenses, which is a controversial matter. Note that a significant
fraction of brown dwarfs is excluded by both teams at a high significance level. Figure adapted from
Milsztajn (2002).

Milky Way halo could be observed. Since we are looking almost directly out of the disk of
the Milky Way, microlensing of stars in these small satellite galaxies, would directly probe
the compact object content of the halo.

Two groups, EROS and MACHO, have monitored millions of stars in the SMC and the
LMC in search for microlensing events. Both groups have detected around 25 events in total,
resulting in an upper limit of the dark halo mass that can be locked up in MACHO’s of 20%.
Figure 1.5 shows the results published by both groups. EROS gives an upper limit to the
halo mass fraction in compact objects for a range of masses (Lasserre et al. 2000), while
MACHO claims that compact objects with masses in the range of 0.1 to 1.0 �� account for
approximately 20% of the halo mass (Alcock et al. 2000).

The Magellanic Clouds results should be interpreted with care, for two important rea-
sons. First of all it should be realised that by looking at the MC’s we are only probing one
line of sight through the halo. Therefore it is possible that we are looking through an unrep-
resentative part of the halo. Stellar streamers or debris from disrupted satellite galaxies might
enhance the microlensing rate. Second, the location of the lenses in the microlensing events
is uncertain. It has been claimed that some or possibly all microlensing events are caused
by stars in the MC’s themselves, rather than by objects in the halo (Sahu 1998). Thus, the
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MACHO and EROS results should be considered upper limits for the MACHO content of the
halo of the Milky Way.

Limits on the amount of MACHO’s that can be present in the halo also come from other
considerations. Since the dark halo is assumed to be an isothermal distribution, a MACHO
population should also be present in the solar neighbourhood. Very faint, nearby halo objects
can be distinguished because of their high proper motion with respect to disk stars. Searches
for faint, high proper motion objects suggest that only a few percent of the Galactic dark
matter consists of MACHOs. Another hard upper limit for the amount of dark matter that
can be in MACHOs is set by constraints on the number of baryons in the universe. Current
theories on primordial nucleosynthesis, allow at most 50% of the dark matter in galaxies to
be of a baryonic nature.

1.4 Microlensing in Andromeda

The nearby Andromeda galaxy (M31), might be the key to obtain a satisfying answer as
to the MACHO content of galactic dark matter halos. Studying the Milky Way halo with
microlensing is difficult because the MCs only provide us with one line of sight. And even if
this could give us conclusive information, it would still be a sample of one halo. More halos
need to be studied to enable a general picture of the importance of MACHOs for the dark
matter budget.

Crotts (1992) was the first to outline the potential rewards of a microlensing survey of
M31. The stars in M31 can act as source stars for microlensing by Galactic MACHOs, thus
providing a whole new line of sight through the Galactic halo. More important, though, are
the possibilities for studying the dark halo of M31 itself. Because it is an external galaxy,
many different lines of sight through its halo can be probed. Due to M31’s high inclination,
the microlensing optical depth should vary strongly over the face of the galaxy, as is shown
schematically in fig. 1.6. The exact way in which the optical depth changes as a function of
position depends on the geometry of the halo. For M31 MACHOs very high microlensing
optical depths (lensing probability per star) can be achieved, since lines of sight through the
densest regions of the halo are available. Optical depths can reach up to ten times higher than
for the Galactic MC surveys and measurement of the optical depth as a function of position
can constrain halo models.

Unfortunately, because M31 is at a distance of almost 800 kpc, most of the stars are
unresolved by ground based telescopes. Conventional methods for monitoring the brightness
of stars as used by the surveys towards the MCs can not be used in the overcrowded M31
fields. Microlensing events can be detected for which the source star is only resolved while it
is being magnified. Microlensing of unresolved stars is generally called “pixel lensing” and
was theoretically formalized by Gould (1996).

The method suggested by Crotts (1992) to solve this problem consists of registering a
time sequence of CCD images to a common coordinate system, scaling them to the same
photometric intensity and subtracting them from a high signal-to-noise reference image. Stars
that vary in brightness will show up as positive or negative point sources in the difference
frame, depending on whether they brightened or faded with respect to the reference frame.
Tomaney & Crotts (1996) were the first to show that this technique worked in M31. To
cope with seeing differences between the reference frame and the individual frames from
the sequence, Tomaney & Crotts (1996) use a PSF (point spread function) matching scheme,
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Figure 1.6 – Schematic representation of M31. Due to the inclination of 78 � of the galaxy, the path
length through a possible MACHO halo is much longer towards the far side of the disk than towards the
near side. Therefore, the microlensing event rate should show a strong assymetry, if compact objects
are a significant contribution to the dark matter.

where prior to subtraction the better seeing image is degraded to the same seeing as the worse
seeing image.

The first large microlensing survey in M31 was performed by Uglesich et al. (2004), who
surveyed two fields covering 560 arcmin

�
from 1997 to 1999. Due to the rather small fields

and sparse time sampling this resulted in 3 microlensing events. This sample is too small
to draw strong conclusions about the MACHO content of the M31 halo. Currently, several
groups are performing microlensing surveys towards M31, including MEGA (de Jong et al.
2004), POINT-AGAPE (Paulin-Henriksson et al. 2003), WeCAPP (Riffeser et al. 2003) and
several candidate microlensing events have already been reported. The work presented in
this thesis is part of the MEGA (Microlensing Exploration of the Galaxy and Andromeda)
survey. MEGA uses several telescopes, including the 2.6m Isaac Newton Telescope (INT)
on La Palma, the 4m Mayall telescope at Kitt Peak and the 1.3m and 2.4m telescopes at the
MDM-Observatory on Kitt Peak. Because of the larger survey area of � 0.5

����� �
and much

better time sampling MEGA should be able to detect many more microlensing events. The
POINT-AGAPE group uses the same INT data as MEGA, as well as part of the 1.3m MDM
data set, but uses different techniques to detect and photometer variable sources in M31.
Finally, WeCAPP are observing the central region of M31 in a � 300 arcmin

�
field with 1m

class telescopes with very dense time sampling. Several candidate microlensing events have
already been reported by these surveys.

1.5 Brief thesis outline

In order to obtain a definitive answer on the question of the importance of MACHOs in the
halo of M31, the MEGA project was designed. For this project, two fields in M31 were
monitored for microlensing during four years, using several telescopes with wide field imag-
ing capability. The research described in this thesis involves the reduction and analysis of
the MEGA data obtained with the Wide Field Camera (WFC) mounted on the Isaac Newton
Telescope (INT) on La Palma.

In chapter 2 the data set and the reduction and analysis techniques are described. Chap-
ter 3 is the first paper that was published based on the research in this thesis. It describes
the candidate microlensing events that were selected after analysing about half of the total
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amount of data and a careful attempt at interpreting these, regarding a possible microlens-
ing halo around M31. Apart from detecting microlensing events, this microlensing survey
also results in a very large set of variable star lightcurves. These variable stars turn out not
to be just a by-product, they provide important information about the source population for
microlensing necessary for a correct interpretation of the microlensing results. In chapter 4
the classification of detected variables in different classes is described. Cepheids and Long-
period Variables are used to study the distribution of the microlensing source populations in
M31. Chapter 5 contains the final microlensing results of the full 4-year survey with the Isaac
Newton Telescope. In chapter 6 we study the possibility of performing a microlensing survey
in the elliptical galaxy Centaurus A with the future VLT Survey Telescope. Finally, chapter 7
contains a summary of the work presented in this thesis, a short discussion of the future work
and the prospects of microlensing, and the final conclusions of this thesis.
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CHAPTER 2

Data and methods

RESULTS of astronomical research based on observations are hard to interpret even for
experts without detailed knowledge about the data that was used and the way it was

handled and analysed. A microlensing survey is not an exception. On the contrary, what
kind of results can and will be obtained depends critically on the observational parameters
and analysis techniques. In this chapter the data set used for the research in this thesis is
described in section 2.1. Reduction and analysis are discussed in section 2.2.

2.1 Data acquisition

The Microlensing Exploration of the Galaxy and Andromeda has performed a microlensing
survey in the direction of the Andromeda galaxy (M31). To obtain the best and most densely
sampled lightcurves possible, several telescopes were used, the main ones being:

� Isaac Newton Telescope, Isaac Newton Group, La Palma
� Hiltner Telescope, MDM Observatory, Kitt Peak
� McGraw-Hill Telescope, MDM Observatory, Kitt Peak
� KPNO 4m Telescope, Kitt Peak National Observatory, Kitt Peak
This thesis concerns the analysis of data taken with the Isaac Newton Telescope (INT) on
La Palma, although in chapter 5 they are complemented with data from the 4 meter Mayall
telescope at the Kitt Peak National Observatory near Tucson Arizona. In this chapter the INT
data set and the reduction and analysis methods will be described in detail.

Observations were carried out at two pointings in the Andromeda Galaxy, with the Wide
Field Camera (WFC) of the INT. The WFC consists of four thinned EEV 2k � 4k CCDs
arranged as indicated in figure 2.1. With a pixel scale of 0.333

� �

per pixel, the total area
covered with these two pointings is approximately 0.5

��� � �
. The positions of the field centers

and the layout of the fields, as shown in figure 2.1, were chosen such that good coverage of
the minor axis of M31 was achieved, both on the far and the near side of the M31 disk. To
increase the probability of detecting microlensing events due to the M31 dark halo, the far
side of the disk is, however, covered more extensively than the near side.

Observations for the microlensing survey were carried out at the INT during four observ-
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Figure 2.1 – the layout of the two INT
Wide Field Camera (WFC) fields in
M31 used for the microlensing search
desribed in this thesis. The WFC has
four 2048x4100 pixel chips, offering a
field of view of approximately 0.25

�������
.

With this field layout we cover a large
part of the far side of the disk of M31 as
well as part of the near side.

ing seasons. These observing seasons extend from August to January, during which period
M31 is best accessible from the northern hemisphere. The first observing season was August
1999 to January 2000 and the last August 2002 to January 2003. Since a dense time sampling
is crucial for detecting microlensing the time was distributed as 1 or 2 hour allocations on
all nights scheduled for use by United Kingdom or Netherlands observers during the 99B,
00B and 01B semesters. Since the WFC is not always mounted on the INT, observations tend
to cluster in blocks of two to three weeks with comparable-sized gaps during which there
are no observations. During the fourth observing season in semester 02B, 1 hour allocations
were awarded on all nights scheduled for Netherlands observers and WFC Wide Field Survey
(WFS) programs (Lewis et al. 1999). Observations were carried out for the most part by third
party observers. Data were also obtained by INT staff during nights scheduled for engineer-
ing purposes or service-mode observing. To ensure a uniform dataset, fully automated scripts
were used to do the observations during the last three seasons. For the first three seasons there
was data-share agreement for the INT data with the POINT-AGAPE collaboration (Aurière
et al. 2001).

For microlensing surveys it is important to use several filters, for a number of reasons.
Information about the colour and colour change of a variable source can help distinguish
microlensing events from variable stars. While variables usually change colour during the
pulsations causing them to vary in brightness, microlensing events are achromatic and the
relative change in flux is the same at all wavelengths. Furthermore, the colour of a microlens-
ing event can help set constraints on the type of source star that is being lensed, and therefore
on the initial flux of the source. The independent data sets also provide a way to test the
reality of detected events.

During the first observing season three broad-band filters were used, namely g
�

, r
�

and i
�

.
These filters produce passbands that are similar to the Sloan Digital Sky Survey g

�

, r
�

and i
�
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r
�

i
�

g
�

N S N S N S

99/00 59 58 25 25 41 41
00/01 77 76 85 84 3 3
01/02 36 35 38 37 - -
02/03 38 38 38 37 - -
Total 210 207 186 183 44 44

Table 2.1 – Epochs obtained per season, for each filter and field.

bands. Most detectable microlensing events will have a Red Giant Branch star as their source
star, due to their high brightness and large numbers. Because these stars have red colours,
the use of the red r

�

and i
�

filters is advantageous. However, i
�

-band does suffer from fringing
which affects the data quality. In the first season a mix of g

�

and i
�

images were obtained next
to more extensive observations in r

�

. Because the fringing in i
�

-band was sufficiently weak
for our purposes, in the second, third and fourth observing seasons, equal amounts of data
were taken in r

�

and i
�

-band.
For the analysis of the survey data, exposures of the same field with the same filter were

combined per night. Each night therefore corresponds to one epoch in the survey and results
in one point in the eventual lightcurves. Table 2.1 shows an overview of the number of epochs
for which data was obtained during the INT survey for each filter and field. Clearly, in the
first two seasons many more data were gathered than in the last two. The comparatively
poor coverage in the third is due to weather conditions. Where in the first and second season
respectively only 30% and 20% of the epochs were lost due to bad weather, as much as 60%
of the epochs in the third season could not be obtained. During the fourth season weather did
not play a big role, but the time allocation was smaller.

2.2 Data reduction and analysis
Standard data reduction, including bias subtraction, trimming, flatfielding and non-linearity
correction was performed in IRAF. The same procedure was followed as used in the WFS
reduction pipeline (Irwin & Lewis 2001), which also uses the WFC on the INT.

The conventional way of detecting microlensing events is by measuring the brightness
of individual stars and looking for a temporary increase in the observed flux. In the case
of microlensing of stars in the Andromeda galaxy (M31) this is not feasible. The reason
is that because of the large distance to M31, the light of the stars is completely blended
and individual stars can not be photometered, except for the extremely bright ones. For a
microlensing survey in M31 a different technique is needed. The technique that was used for
the work presented in this thesis is called Difference Image Photometry (DIP) and enables
the detection of microlensing of unresolved stars.

In subsection 2.2.1 the principle of DIP is explained. After that the DIP pipeline used for
the INT data is described in subsection 2.2.2.

2.2.1 Difference Image Photometry

At the basis of DIP lies a very simple idea, namely that of subtracting two images of the
same field, taken at different times. Subtracting two identical images results in a ’difference
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image’ that is ’empty’, whereas residuals will be left when the images are not identical.
Crotts (1992) suggested that stellar variability in unresolved stellar fields in M31 might be
measurable with this technique. Most stars are photometrically stable on timescales of a few
years and therefore the subtracted images should have a smooth, zero mean background. Only
at positions where stars vary in brightness, point source residuals will be left. In practice the
procedure is not straightforward because changes in atmospheric conditions and telescope
focus have to be corrected for. However, Gould (1996) showed that it is in principle possible
to reduce the errors due to a time-variable PSF, photometric and geometric misalignment and
discrete pixelization to below the photon noise.

The most complicated correction that has to be done before image subtraction is the cor-
rection for the changes in the PSF. Because of changing observing conditions and telescope
focus imperfections the PSF is temporally variable, causing images taken some time apart to
have different overall PSF. Especially for wide-field imagers, the PSF is also spatially vari-
able over the focal plane. How the latter effect is handled is explained in section 2.2.2, here
we concentrate on the general method of matching two different PSFs. The method used is
based on Fourier convolution and was first used by Ciardullo et al. (1990) to search for novae
in M31 globular clusters by subtracting frames taken in broad and narrow bands. Tomaney
& Crotts (1996) showed that the method is very successful in detecting stellar variability in
highly crowded fields in M31.

If the observed image would be a simple convolution of the actual image with the PSF,
the actual image could in principle be obtained by deconvolution. But because of noise and
pixelization effects, it is not possible to do this. Therefore, the only way to force the PSFs
of two images to be the same, is by degrading the better seeing image and matching it’s
PSF to the PSF of the worse seeing image. Although degrading the image quality may seem
undesirable, the PSF uniformity that can be obtained this way makes it possible to use image
subtraction techniques.

Consider two images that have different PSFs, r and i, which can be related to each other
by the convolution kernel k: � �������

� (2.1)

According to the convolution theorem,

F � �
	 � F � � 	 � F � � 	 (2.2)

where F is the Fourier transform. The kernel � can then also be represented by

��� F �� � F � ��	
F � � 	�� � (2.3)

This means that in theory the convolution kernel can be determined from the PSFs of
bright, unsaturated stars in the images. Of course one requirement is that the images are
well sampled, at least with Nyquist sampling. In practice, however, the kernel � is sensitive
to noise in the measured PSFs, which is a problem in the low signal-to-noise (S/N) wings
of the PSF profiles. This problem is solved by replacing these wings with a 2-dimensional
Gaussian below a certain threshold flux. Since the PSF usually is approximately a Gaussian,
this approach works very well (e.g. Ciardullo et al. 1990; Tomaney & Crotts 1996; de Jong
et al. 2004; Uglesich et al. 2004).
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Figure 2.2 – Schematic
overview of the DIP pipeline
that was used to extract
lightcurves of variable
objects starting from the
calibrated individual expo-
sures. Parts of the process
that involve only part of
the total amount of data
are indicated on the right
of the main data flow. The
shaded boxes indicate the
important data files and the
open boxes the important
reduction steps.
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2.2.2 Difference analysis pipeline

For the DIP analysis of the INT data a pipeline was developed, based on the DIFIMPHOT
package for IRAF, written by Austin Tomaney. The pipeline starts after the standard cali-
bration stage, described above, and produces lightcurves of variable sources in the surveyed
fields. Although the WFC field is a mosaic of four CCDs, the analysis was done on a chip-per-
chip basis, i.e. the chips were not combined into a mosaic. The pointing accuracy during the
survey was good enough not to lose significant area using this strategy, as the gaps between
the CCDs practically always cover the same area on the sky. Below follows a step-by-step
description of the pipeline. In figure 2.2 a schematic overview of the pipeline is shown.

� Astrometric registration
The first step is the astrometric registration of all exposures to the same reference frame. For
this purpose, an image with typical seeing and accurate pointing precision was chosen as the
astrometric reference frame. In this image, sufficiently bright, unsaturated and isolated stars
were detected to use for the astrometric registration. To ensure a good coverage of the whole
CCD, the image area was divided in 16 (4 � 4) subregions, in each of which 15 stars were
selected. In each individual exposure stars were detected in the same way and matched to
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the stars in the astrometric reference image. The IRAF task GEOMAP was used to transform
each exposure, using a third order polynomial with full cross-terms. Typically, the rms error
of the registration was in the order of 0.03 pixels, increasing to around 0.1 pixels for frames
with seeing greater than 2.0

� �

.
� Unsharp masking
Differences in the sky brightness need to be removed in order to make the high S/N reference
image. However, subtraction of the sky level is not straightforward for our fields, since the
smooth galaxy background is dominating everywhere. To circumvent this problem, all frames
are “unsharp masked”, i.e. a smoothed median background is subtracted from them. Because
of the large amount of data we choose not to median average the full frames, but first block
average the frames with 8 � 8 pixel blocks. The resulting 256 � 512 pixel sized image is then
median averaged with a 7 � 7 pixel box size. After resizing the image to the original size, an
8 � 8 pixel boxcar smoothing is applied to smooth out pixelation. The thus obtained smoothed
image is subtracted from the input frame, resulting in a zero-average image without sky or
galaxy background. Both the smoothed background image and the unsharp masked image
are kept, as also the background images are needed in some of the following steps. Some
photometric parameters are measured on the unsharp masked images for the bright stars used
for the astrometric registration. These photometric parameters will be used when combining
the images into the reference and nightly stacks.

� Reference image creation
In order to measure flux changes of variable sources with respect to one common photometric
standard, the same reference image has to be subtracted from all images. To minimize the
noise in the resulting difference images, this reference image should have very high S/N.
Creating such high S/N reference images is done by combining the best single exposures into
stacked images. A further advantage of using stacked reference images is that they will be free
of bad columns, cosmic rays and other defects. Exposures from the first (99/00) observing
season were used to create the stacked reference images. To stack the exposures, they must
first be photometrically scaled. For this, the photometric parameters of the list of bright,
unsaturated stars that was used for the astrometric registration is used again. Scaling factors
and FWHM are determined for all exposures. Possible variability of stars in the list might
influence the determination of the scaling factors. Each star is checked for variability using
all exposures with seeing better than 4 pixels (1.33

� �

) and a list of constant stars is generated.
A final determination of the photometric scaling factors is done with these constant stars.
After this a weight is calculated for each image based on the photometric scaling factor and
the seeing FWHM: � � �

����� � �
���
	����� � (2.4)

These weight factors are designed to maximise the S/N of faint objects in the final stacked
reference frame.
After calculating the scaling factors and weights, all frames with a seeing FWHM smaller
than 3.0 pixels (1.0

� �

) and airmass smaller than 1.5 are selected. These are then photometri-
cally scaled and combined through a weighted average. For some of the i

�

reference images
the seeing criterium was loosened slightly to ensure a large enough number of exposures
could be used. This was necessary because during the first season much less data was taken
in i
�

than in r
�

. Typically between 10 and 20 exposures were combined to create the 8 r
�

reference images and between 6 and 10 exposures for the i
�

reference stacks. The combined
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image has different noise charactaristics from the single exposures. To be able to determine
meaningful errors during the photometry stage, these altered noise characteristics have to be
determined. The effective gain � and read-noise � are calculated from the values � and � of
the single exposures that went into the stack as follows:

� � ��� � � � � � ���� � �
� � � ��� � � ��	� � �� 	 � �� � �� � � � (2.5)

These values are written into the headers of the reference images.
� Auxiliary files creation
Some more files that are needed further on in the pipeline are created based on the stacked
reference image. Both when detecting variable sources in the difference images and when
photometering them, bright stars and diffraction spikes can be a problem. Bright star masks
are created based on the reference images that mask out all pixels with values higher than
6000 ADUs and all pixels within a 10 pixel radius of these. This cut at 6000 ADUs is
necessary because some individual frames will have better seeing than the reference image
which is a combination of several images. There is also a non-negligible non-linearity in
the INT data that can cause problems in the subtraction of bright stars. This flux criterium
takes care of almost all problematic areas, but a few more regions were added manually to the
masks. These masks are later on used for all nightly difference images, both during variable
source detection and during the photometry stage.
The main source of noise in the difference images will be due to photon noise. Since the
photon noise scales with the square root of the signal, the parts of the field where the M31
background is high will be much noisier in the difference images. This can be a problem for
the detection of variable sources in these bright parts of the field, but it can be counteracted
by using a so-called noise image. The smoothed background image corresponding to the
reference image is the combination of a large number of individual background images and
is therefore practically noise-free and only contains the smoothed signal. From this stacked
background image a noise image is made by taking the square root and multiplying by 2.
When the difference images are divided by this noise image, the noise level becomes uniform.

� Nightly images creation
During observing nights usually at least two exposures were taken in every filter on every
field. Per night the exposures are combined into one image in each filter of each field. For
photometric scaling the parameters are used that were measured after the unsharp-masking
step. Weights are calculated for the individual exposures in the same way as for the reference
images. Exposures are then combined using the IRAF task IMCOMBINE with a weighted
average and the “crreject” cosmic ray rejection, which compares pixel values with the ex-
pected noise from the CCD gain and read noise. The smoothed background frames are also
combined. In some cases where the seeing differences between individual exposures were
larger than 1

� �

, the PSFs of the frames were matched in the same way as is done before image
subtraction before combining them. This especially was the case for nights in the first observ-
ing season when sometimes several exposures were taken at different times during the same
night. The effective gain and read-noise are calculated according to equations 2.5 and written
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Figure 2.3 – Examples of what the
images look like at different stages of
the difference analysis pipeline. In the
three panels the same 33 � � � 50 � � region
is shown, located in the south field,
approximately 8 � from the bulge.
Upper panel: An individual calibrated
exposure, as goes into the pipeline.
This particular exposure was taken on
December 31st 2002 and is in the r �
filter.
Middle panel: After registration,
unsharp-masking and combining two
exposures the nightly image of Decem-
ber 31st 2002 looks like this. The slight
galaxy background that can be seen in
the calibrated exposure (getting brighter
from the lower right to the upper left
corner) is gone. The average pixel value
of the nightly image is zero.
Lower panel: After photometric scaling,
PSF-matching and subtraction of the ref-
erence image, this is what the difference
image looks like. The background is
dominated by photon noise. The bright,
saturated star leaves a nasty residual and
has to be masked during the variable
source detection and also during the
photometry stage. All the other positive
(white) and negative (black) residuals
are due to sources that are respectively
brighter or fainter in the nightly image
than in the reference image.

to the image headers. Since all exposures are combined per night for all further analysis, we
will consider every night for which combined images are available as an epoch.

� PSF measurement, matching kernel generation
To derive the PSF matching kernels, the PSFs of the reference images and the nightly images
must be measured. As mentioned before, the PSF is not only varying temporally but also
spatially. To cope with this problem, each image will be divided into 16 (4 � 4) subregions
for each of which separate matching kernels will be calculated. This means that for each
image the PSF is determined for each of these 16 regions. The stars in the list of constant,
bright stars obtained in the previous step are used for this purpose. A 25 � 25 pixel region is
extracted around every star. Because of the crowding in the M31 fields it is best to use a large
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number of stars to get a clean PSF, so for every region at least 15 stars are demanded. The
original list of stars used for astrometric registration contained 15 stars per subregion, but in
some cases up to half of them were removed because of variability, so in the case a subregion
does not contain enough constant, bright stars, nearby stars from surrounding subregions are
added until 15 stars are selected. After subtracting any left over sky, the stellar images are
normalised. Then the postage stamps are combined using an algorithm that looks a bit like a
median, but instead rejects the 6 highest and lowest pixel values and takes the average of the
3 remaining pixel values. The thus obtained, normalised PSFs will be used for the PSF-fitting
photometry and for deriving the PSF matching kernels.
How the matching kernels can be derived from the PSFs was described in section 2.2.1 and
the IRAF routine PSFMATCH (Phillips & Davis 1995) is used to do these steps. These steps
involve taking the Fourier transform of the PSFs of the subregions in each nightly image and
the reference image, taking the ratios, fitting the low S/N wings of the result with an elliptical
gaussian and finally taking the Fourier transform of the result, which then are the matching
kernels. In most cases the reference image will be the image that has to be degraded in seeing,
but sometimes the nightly image will have the better seeing.

� Photometric scaling and subtraction
With the matching kernels available, subtraction is almost possible. For each epoch, either the
nightly image or the reference image is PSF-matched to the worse seeing image, subregion
by subregion. Again, the PSFMATCH task is used for this. Using the list of bright, con-
stant stars, the photometric scaling factor between the matched images is determined and the
nightly image is photometrically scaled to match the reference image, irrespective of which
image was degraded. Finally, the reference image is subtracted from the nightly image. What
is left after subtraction are the so-called difference images, which if everything went well,
should have a background of photon noise with residuals where objects changed in bright-
ness. In the case of our M31 fields this means there are positive of negative point source
residuals caused by stellar variability. Updated values of the effective gain and read-noise
for the difference images are calculated, taking into account all the scaling and convolution
steps. Examples of part of an individual exposure, a stacked nightly image and a difference
image are shown in figure 2.3.

� Variable source detection
In principle, variables sources can be detected rather easily in the difference images. Before
finding the residuals, the high noise levels in bright parts of the field have to be dealt with. All
difference images are divided through the noise images that were created from the high S/N
smoothed background images created together with the reference images, leaving difference
images with uniform noise backgrounds.
The SExtractor program (Bertin & Arnouts 1996) is used to do the residual detection. Ad-
vantages of this program are the fact that it determines the background and standard deviation
locally and looks for groups of connected pixels that are at least a specified amount above the
local background. We search all difference images for both positive and negative residuals
that have at least 4 pixels that are at least 3 � above the background. Since SExtractor does
not deal with negative sources, the difference images have to be inversed to find these.
Some cleaning of the source lists is necessary. SExtractor flags objects that show certain
problems, like containing pixel values above a specified saturation level, enabling us to filter
out detections in or too close to the masked regions. Due to slight offsets in pointing, some
difference images contain regions near the edges that can not be used. After cleaning the
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Figure 2.4 – Three lightcurves of variable stars obtained with the difference image analysis described
in this section. Almost all variable objects that are detected in M31 are variable stars.

individual source lists, they are combined into master catalogues per chip. To remove spuri-
ous detections, only variable sources are retained that were detected in at least 2 difference
images.

� Aperture fitting photometry
Once all detected variable sources are collected in master catalogues, they can be pho-
tometered to create lightcurves. The photometry for the lightcurves presented in chapter 3
was done in slightly different way than for the lightcurves presented in the other chapters.
However, the basic method is the same and is described here.

PSF-fitting photometry is done on the residuals in the difference images within a certain



2.2. Data reduction and analysis 29

aperture, the extraction aperture. This is done using an optimal extraction algorithm (Naylor
1998) that replaces pixels deviating more than a specified number of � with the model PSF.
For each subregion in each difference image the PSF is used that was used to create that
specific part of the difference image, i.e. either the local PSF of the reference image or the
local PSF of the corresponding nightly image. The photometry routine then outputs the fitted
flux within the extraction aperture. The size of the extraction aperture is specified in terms of
the FWHM of the PSF, so that for every epoch the same ratio of the total flux in the residual
is measured. For the analysis in chapter 3 an extraction aperture with radius 1.5 FWHM was
used. Because, especially in i

�

, in some parts of the field the residuals start to get crowded, a
smaller aperture of 0.5 FWHM was used in chapters 4, 5 and 6.

The shape of the PSFs is not perfectly gaussian and varies between difference images.
This means that even when scaling the extraction aperture with the FWHM, the ratio of the
total flux that is measured is not always the same. This is corrected for by comparing the
flux within the extraction aperture with the flux within a large normalisation aperture, radius
3 FWHM, which contains most of the flux. This ratio is determined for all local PSFs. The
flux measured for a residual within the extraction aperture is multiplied by this ratio and
divided by the same ratio measured for the corresponding local PSF of the reference image.
In this way the flux corresponds to the flux within the extraction aperture for the PSF shape
of the reference image. With this PSF shape the total flux in the residual can be calculated
for all epochs using the reference images PSFs.

Standard deviations for the measured fluxes include the photon noise and the error in
the photometric scaling of the nightly image to the reference image. For the determination
of the photon noise, the smoothed background for each background image is added to the
difference image. The local sky background is then determined in a ring around the residual,
of which the inner radius and width scale with the FWHM. To check the error bars, in every
chip around 1500 lightcurves were produced at positions where no variable sources are
located. Constant line fits were done to these lightcurves and for each epoch the distribution
of the deviations from these fits weighted by the error bars was examined. If the error bars
are correct, this distribution should be a gaussian with dispersion 1. For epochs where this
distribution had a dispersion higher than one, the error bars were scaled up appropriately.

This concludes the discussion of the difference imaging pipeline. At this point the
lightcurves are ready for further analysis. In figure 2.4 three examples of lightcurves de-
livered by the pipeline are shown. Further analysis of the database of lightcurves is discussed
in detail in the following chapters.



30



CHAPTER 3

First Microlensing Candidates From
the MEGA Survey of M31

Based on:
J.T.A. de Jong, K.H. Kuijken, A.P.S. Crotts, P.D. Sackett, W.J.S. Sutherland,

R.R. Uglesich, E.A. Baltz, P. Cseresnjes, G. Gyuk & L.M. Widrow
ASTRONOMY & ASTROPHYSICS, 417, 461 (2004)

WE present the first M31 candidate microlensing events from the Microlensing Explo-
ration of the Galaxy and Andromeda (MEGA) survey. MEGA uses several telescopes

to detect microlensing towards the nearby Andromeda galaxy, M31, in order to establish
whether massive compact objects are a significant contribution to the mass budget of the dark
halo of M31. The results presented here are based on observations with the Isaac Newton
Telescope on La Palma, during the 1999/00 and 2000/01 observing seasons. In this data set,
14 variable sources consistent with microlensing have been detected, 12 of which are new and
2 have been reported previously by the POINT-AGAPE group. A preliminary analysis of the
spatial and timescale distributions of the candidate events support their microlensing nature.
We compare the spatial distributions of the candidate events and of long-period variable stars,
assuming the chances of finding a long-period variable and a microlensing event are compa-
rable. The spatial distribution of our candidate microlensing events is more far/near side
asymmetric than expected from the detected long-period variable distribution. The current
analysis is preliminary and the asymmetry not highly significant, but the spatial distribution
of candidate microlenses is suggestive of the presence of a microlensing halo.
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3.1 Introduction
One of the astrophysical solutions to the galactic dark matter problem would be the presence
of a significant amount of undetected compact objects in the halos of galaxies. These MA-
CHOs (Massive Astrophysical Compact Halo Objects) can be detected using gravitational mi-
crolensing (Paczynski 1986). According to gravitational lensing theory the measured bright-
ness of a background source will temporarily increase if a massive compact object moves
close enough through our line of sight towards the background source.

During the last decade, the MACHO (Alcock et al. 1993) and EROS (Aubourg et al.
1993) collaborations have been monitoring fields in the Large and Small Magellanic Clouds
(LMC and SMC) in order to detect such events. After 5.7 years of observing the MACHO
group found 13-17 microlensing events towards the LMC, and concluded that up to 20% of
the Milky Way dark halo may consist of compact objects of mass 0.15 - 0.9 �  (Alcock
et al. 2000). The EROS collaboration has found 3 microlensing events towards the LMC and
puts strong constraints on the fraction of dark matter in the form of compact objects (Lasserre
et al. 2000). The results of both groups are, however, consistent with � 10% of the dark halo
mass consisting of compact objects of � 0.5 �� (e.g. Milsztajn 2002).

Looking for microlensing events in the nearby Andromeda galaxy (M31) has several ad-
vantages over Magellanic Clouds searches (Crotts 1992; Baillon et al. 1993). Because of
the geometry the microlensing optical depth can be up to ten times larger in parts of M31.
In combination with the extremely high density of background stars, this results in a highly
enhanced microlensing rate. Due to the high inclination of the disk of M31, it should be pos-
sible to use microlensing to constrain the mass contribution of compact objects to the dark
halo (Baltz et al. 2003; Gyuk & Crotts 2000; Kerins et al. 2001). In the presence of a signifi-
cant microlensing halo, the microlensing rate should be asymmetric, with more microlensing
taking place towards the far side of the disk than to the near side, because the line-of-sight
through the halo is longer towards the far side.

Besides these advantages, M31 microlensing also has some problems. Because of the
large distance the stars are faint and generally unresolved from the ground. However, using
special techniques, it is possible to detect microlensing in M31 (e.g. Crotts & Tomaney 1996;
Paulin-Henriksson et al. 2003; Calchi Novati et al. 2003). Three collaborations are currently
working on microlensing surveys in M31, namely POINT-AGAPE (Aurière et al. 2001),
WeCAPP (Riffeser et al. 2001) and MEGA (Crotts et al. 2001).

The Microlensing Exploration of the Galaxy and Andromeda (MEGA) collaboration has
performed an intensive four-year survey of two large fields in M31 plus extended baseline
observations in order to measure the microlensing optical depth due to a possible MACHO
halo. In this paper we present the first microlensing candidates resulting from the analysis
of the 1999-2000 and 2000-2001 season data obtained at the Isaac Newton Telescope at La
Palma. In section 3.2 we briefly describe the dataset and methods used. The microlensing
candidates are presented in section 3.3. Our discussion is presented in section 3.4 and the
conclusions are outlined in section 3.5.

3.2 Data and Method
3.2.1 Dataset

MEGA uses several telescopes to monitor two wide fields, covering a total area of 0.57 square
degrees. For the current analysis, observations done with the Wide Field Camera (WFC) on
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Figure 3.1 – Layout of the two
INT Wide Field Camera (WFC)
fields, covering a large part of
the far side (SE) of the disk of
M31, and part of the near side.
The four 2048x4100 pixel chips
with a pixel scale of 0.333”, of-
fer a field of view of approxi-
mately 0.25

���
. The positions

of the candidate microlensing
events described in this chap-
ter are indicated with full cir-
cles. Events 7 and 11 corre-
spond to the events PA-99-N2
and PA-00-S4 reported previ-
ously by POINT-AGAPE. Part
of the south field close to the
bulge is not used, since the im-
age subtraction is not of high
quality in this very high sur-
face brightness area. This re-
gion is indicated in the upper-
most chip of the south field. The
two POINT-AGAPE events not
present in our sample are indi-
cated with the open circles.
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the Isaac Newton Telescope (INT) were used. The layout of the WFC chips on M31 is shown
in Figure 3.1. We present microlensing events from the 1999/2000 and 2000/2001 observing
seasons. The observations in the first season (99/00) were spread over 57 nights between
August 1st 1999 and January 4th 2000 and were taken in the Sloan r

�

, g
�

and i
�

broad bands.
The r

�

dataset is the largest with 57 epochs, whilst the g
�

and i
�

datasets contain 41 and 24
epochs respectively. During the second observing season (00/01) 82 epochs were obtained
in r
�

and 90 in i
�

, between August 1st 2000 and January 23 2001. Observations were spread
equally over both fields. The exposure time per epoch ranges between 5 and 30 minutes and
is typically 10 minutes. Because the WFC is not always mounted on the INT, the epochs tend
to cluster in blocks of two to three weeks. Part of the data from the 2001/2002 season has
been used as well. From this third season, 19 epochs in r

�

and i
�

taken between August 13th
2001 and November 18th 2001 were used to extend the baselines of the events from the first
two seasons in order to exclude long period variable stars. These data were not used to detect
more microlensing events.

3.2.2 Data reduction

Standard data reduction, including bias subtraction, trimming and flatfielding was performed
in IRAF. Because of the high stellar density in M31 and its large distance, the background
source stars are usually resolved only while they are being lensed and sufficiently magnified.
To detect microlensing events in these fields, we use the Difference Image Photometry (DIP)
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method as described by Tomaney & Crotts (1996). This method involves subtracting indi-
vidual images from a high quality reference image, resulting in difference images in which
variable objects show up as residuals.

Below we outline the steps of the DIP pipeline that was used. All operations are done in
IRAF, using the DIFIMPHOT package written primarily by Austin Tomaney, unless explic-
itly stated otherwise.

� Astrometric registration and stacking of images
All images are transformed to a common astrometric reference frame. By stacking high qual-
ity images from the 1999 season, a high signal-to-noise reference image was made. Per night
all exposures are combined separately for each band. Each epoch corresponds to the combi-
nation of all frames taken in the same band in one night. The Julian date of the epoch is taken
as the weighted average of the Julian dates of the individual frames.

� Image subtraction
From the single epoch images the high signal-to-noise reference image is subtracted, after
photometric calibration and matching of the point spread function (PSF) between the images
(Tomaney & Crotts 1996). The shape of the PSF is measured from bright, unsaturated stars
in the images that are being matched. By dividing the PSFs in Fourier space a convolution
kernel is calculated with which the better seeing image (usually the reference image) is de-
graded.

� Variable object detection
The resulting difference images are dominated by shot noise in which variable sources show
up as positive or negative residuals, depending on the flux difference of the object between
the single epoch image and the reference image. Due to fringing, the i

�

difference images are
of poorer quality than the r

�

difference images. SExtractor (Bertin & Arnouts 1996) is used to
detect residuals in all r

�

difference images from the first two observing seasons. The catalogs
with residuals are cross-correlated to obtain a catalog with all variable objects in the surveyed
fields. As a first selection to get rid of noisy detections, we demand that objects have to be
detected in at least two epochs.

� Lightcurves and Epoch quality
Lightcurves for the variable sources are obtained by performing PSF fitting photometry on
the residuals in the difference images, using the PSF shape measured from the bright unsatu-
rated stars. Several epochs turned out to give problematic difference images for a number of
different reasons. Epochs with seeing worse than 2.0” do not give clean difference images;
9 epochs were discarded for this reason. In 7 epochs the images were overexposed, causing
the PSF determination to fail, so these had to be discarded as well. During the 00/01 season
there were problems with inaccurate guiding in a number of epochs. In 2 epochs the guiding
failed completely and were useless.
Lightcurves were also produced at “empty” positions, i.e. positions were no variability was
detected. Flat line fits were done to these empty lightcurves to check the error bars on the
fluxes derived from statistics of the PSF fitting photometry. For each epoch, the distribution
of the deviations from the flat lightcurve fits weighted by the error bar returned by the pho-
tometry routine was examined. In some cases this distribution showed broad non-gaussian
wings, and these epochs were discarded. Typically they were associated either with highly
variable seeing between the individual exposures or inaccurate guiding. In other cases, the
normalized error distribution was gaussian, but with dispersion higher than one. In these
cases the error bars were renormalized appropriately.
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Table 3.1 – Overview of the number of
epochs used for seasons 1 and 2, field and fil-
ter.

r
�

i
�

North South North South
99/00 46 45 16 15
00/01 56 55 56 56
Total 102 100 72 71

After this, 27% of the 139 observed epochs in r
�

had been discarded and 37% of the
114 observed epochs in i

�

. The typical number of epochs that were left after the procedure
described above are tabulated in table 3.1 for each filter and field for the 99/00 and 00/01
seasons. From these epochs the lightcurves were constructed that were used for the analysis
presented in this paper.

3.2.3 Event selection

The final dataset consists of lightcurves of 118,424 variable sources, practically all of which
are periodic variable stars. Finding candidate microlensing events in such a large number of
lightcurves is no trivial problem. A procedure to select lightcurves that are compatible with
microlensing must be aimed at recognizing the characteristics of a microlensing lightcurve
while taking into account computing speed, and the quality of the available data. Since the
quality of the i

�

band data was clearly poorer than the quality of the other bands, and since
g
�

data were only available for the first season, we decided to use the r
�

data as the main
basis for candidate selection. Another advantage of the r

�

data is that they have much better
sampling density in the first season than do i

�

and g
�

data separately. Thus, the first steps of
the filtering process involved only r

�

data, after which the i
�

data are used to further analyse
the r

�

microlensing candidates.
A microlensing event caused by a single lens has a characteristic shape and a flat baseline.

The selection steps based purely on the r
�

lightcurves are aimed at selecting lightcurves with
flat baselines and well sampled, significant peaks which fit the characteristic microlensing
shape well. A detailed description of these steps is given in section 3.2.4. To make sure
these selection steps do a good job selecting microlensing events and rejecting long-period
variable stars, Monte Carlo simulations of microlensing events and long-period variables
were performed and used to fine tune the selection procedure. These simulations and the
performance of our filtering procedure are described in section 3.2.6. Based on just the r

�

data we select 1,347 lightcurves.
Colour information can be used for the microlensing candidate selection for several rea-

sons. Contrary to variable stars, microlensing events are intrinsically achromatic, meaning
that the colour of the observed difference flux remains the same during the event. Further-
more, long-period variable stars that might be mistaken for microlensing are very red. Be-
cause of this, the brightness variations are also more pronounced in i

�

than in r
�

. Further
selection steps, described in more detail in section 3.2.5, include a colour cut designed to
reject long-period variables and a goodness of fit criterion for the i

�

lightcurve. For the latter,
the i

�

lightcurves are fit with a standard microlensing lightcurve with the shape parameters
found for the r

�

lightcurves, as a test for achromaticity.
This complete automated selection procedure results in 126 candidate microlensing

events from the 99/00 and 00/01 observing seasons. Unfortunately, rather lenient �
�

cuts
had to be used for the goodness of fit criteria. This is due to the photometry being too sensi-
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tive to nearby variable sources, as described in more detail in section 3.2.4. Because of this,
the sample still contains lightcurves with slightly variable baselines. The lightcurves and the
difference image residuals of these candidate events had to be inspected visually to establish
whether any additional variability was intrinsic to the variable source or was caused by nearby
sources. An effort to improve the photometry in the presence of neighbours is underway. The
lightcurves with baseline variability that could not be attributed to nearby variable sources,
in total 67, were thrown out. In a further 39 cases, the detected candidate event was actually
caused by bad pixels and these were discarded as well, so after visual inspection, 21 events
remain that are consistent with microlensing based on the 2 year lightcurves. Finally, part of
the data from the third (01/02) season were used to extend the baselines of these 21 events,
7 of which showed variability in the third season. The final set of candidate microlensing
events consists therefore of the 14 events described in section 3.3.

3.2.4 Selection of r
�

lightcurves

A microlensing event caused by a single lens has a characteristic shape and a flat baseline.
Such a standard microlensing lightcurve is called a Paczynski lightcurve (Paczynski 1986)
and is described by � ��� 	 � ��� ��� ��� 	 � ��� � � �	��
� � � � �� (3.1)

where
���

is the baseline, unlensed flux, � ��� 	 is the amplification, and � is the projected
distance between the lens and the source, in units of the Einstein radius. This Einstein radius
depends on the geometry of the system and the mass of the lens and in the lens plane is given
by:

��� ���  ���	 �������������� ��� (3.2)

where � is the lens mass and the Ds are the distances between observer, lens and source.
Note that the amplification is always 1 or higher and independent of wavelength, meaning
that microlensing is in principle achromatic and conserves the colour of the source. If the
relative motion of lens and source is taken to be a uniform motion, then � can also be written
as: � ��� 	 � � � � � � �! "� ���$#�%� � �

(3.3)

where

�
is the impact parameter, � ���$# the time of maximum amplification and �&� the Einstein

time. This is defined as the time it would take the source to cross the Einstein radius. Since
we are measuring only the flux difference of variable objects with respect to a template image,
equation 3.1 transforms into:'

� �(� 	 � '
��) � � � � � � � �(� 	  � 	

(3.4)

where

'
��) �

is the baseline flux minus the flux on the reference image. As the crowding in
M31 prevents the unlensed source flux from being measured,

'
�*) �

is an unknown parameter
that has to be fitted.

Furthermore, since the baseline flux is unknown and the microlensing event resolved only
while magnified, it is very difficult to measure �&� and

�
(Gould 1996; Baltz & Silk 2000),

consequently these two parameters are highly degenerate, as shown in Figure 3.2. Instead,



3.2. Data and Method 37

Figure 3.2 – Differences in the
Paczynski lightcurves for differ-
ent values of the impact param-
eter � . The peak shape does
not depend strongly on � , ex-
cept from in the wings. In M31,
where microlensing events are
often only resolved while signif-
icantly magnified, the wings are
usually not strongly constrained,
meaning that it is difficult to
measure � .

we fit the width of the peak at half of the maximum flux ��������� (Gondolo 1999), which is
related to �%� by: �	�
����� � �%��

� �
� 	

(3.5)

where

� �
� 	 � 
�� 
�� � � � � � 	 	  � � (3.6)

with
� ��� 	 � ��� �� �����������  �

(3.7)

We perform a four-parameter fit by letting � �
����� replace � � and

�
. To save computer time

we assume a fixed value for

�
and let � � float to fit for ��������� . Since there is some difference

in the shape of the peak depending on

�
, we make fits for three values of

�
, namely 0.1, 0.3

and 1.0. These fits are sufficient for our selection procedure. Figure 3.2 shows that this range
covers the range of possible shapes very well.

The selection of microlensing candidates was based on the goodness of fit of the standard
Paczynski lightcurve fits to the 99/00 and 00/01 data. Based on the parameters of the best
fits, the lightcurves are filtered in several steps, described below.

� Peak sampling
To be able to constrain event parameters it is important to sample the peak of the lightcurve
well. We demand that at least the part of the peak where the flux is more than half of the
peak flux lies completely within an observing season. For this the � ���$# and �	������� from the
Paczynski fits are used. We also demand that there are at least 2 data points above 25% of the
fitted peak flux. Furthermore, we calculate a ‘peak weight’ � defined as the sum of all data
points within the peak:

� �  
!#"%$�&�'#(

'
� !  ' ��) �

� ! (3.8)
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where

'
� ! is the difference flux, � ! the error on the difference flux, and

'
� ) �

is the differ-
ence flux of the baseline, as given by the Paczynski fit. All the points that are within 2 ���������
of � ���&# are considered to be in the peak and are used for this calculation. All points farther
away from the center of the peak are considered to be part of the baseline. A minimum ‘peak
weight’ � of 25 is demanded.

� Peak significance
To exclude spurious detections, a minimum peak significance is demanded. The �

�
value

of a flat line fit to the lightcurve is compared to the �
�

of the Paczynski fit. The difference
between these two values has to be larger than 100 for selection.

� Peak width
Both a minimum and a maximum peak width are used. The minimum � ������� of 1 day serves
as an extra filter against spurious detections. Events with FWHM timescales longer than 150
days are also excluded, since with the current dataset the baseline is not well sampled. In
practice, fits that give these very long timescales are usually caused by lightcurves that con-
tinue to rise at the end of an observing season.

� Baseline flatness
Microlensing events have flat baselines, contrary to periodic variables. The flatness of the
baseline is checked by the goodness of fit of the Paczynski curve to the baseline, where the
baseline is defined as that part of the lightcurve that is more than twice the ���
����� away from� ���$# . For this part of the lightcurve we use a cut of �

�) � ����� �
��� , where

�
is the number

of points in the baseline. The fits to the “empty” lightcurves that were used to assess the
quality of the difference images showed that such a rather lenient cut is necessary, because
our current photometry turns out to be quite sensitive to nearby variable objects which can
cause some additional variability in some lightcurves.

� Goodness of fit
Finally, the shape of the peak must be consistent with microlensing, meaning that the Paczyn-
ski function must give a good fit. For the Monte Carlo simulations we find that a �

� ���
cut

of 1.2 includes 90% of all events. However, secondary effects, like for example parallax
effects, can influence the exact shape of the lightcurve. Also, the possibility of additional
variability due to nearby variable objects must be taken into account. We use a rather le-
nient �

� ���
cut again, and since secondary effects will be stronger in high signal-to-noise

events, this cut is also dependent on the ‘peak weight’ � of the peak. The cut is described by
�
���� �	� ��� � �

� � � ��
����  � 	 ���
�

�
, where

� ��� is the number of points in the peak, as defined

above. Formally, a �
� ���

cut of 1.5 corresponds to a probability of 0.1% for the degrees-
of-freedom in our fits, meaning that 99.9% of perfect microlensing lightcurves without any
additional variability would pass this criterium.

3.2.5 Colour information

For several reasons the i
�

band data are important for the microlensing candidate selection.
First, gravitational lensing is achromatic, so that the colour of the observed light in the differ-
ence images will not change during the microlensing event. Most periodic variable stars on
the other hand, change colour during their pulsation cycles. Second, the long period variable
stars like Mira’s that can otherwise easily be mistaken for microlensing events, are very cool
and much brighter in i

�

than in r
�

. Also the variability is much larger and therefore easier to
see in i

�

than in r
�

. Often, baselines that look flat in the r
�

data, clearly show variability in i
�

.
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Figure 3.3 – Plot of the peak width and colour of the peaks that pass our r � filtering procedure. The
different symbols refer to the � ����� value of the Paczynski fits to the i� lightcurves. Closed circles are
� ���������

, open circles
��� � �	�
������ �

, closed triangles
�� ��� � ���������

, and open triangles
are � � �
�����

. The positions of the 14 candidate microlensing events are indicated with stars. Clearly
visible is that the long period variable stars cluster around a ��������� of 50 days and a i � /r � flux of 4.
For further filtering, the colour cut indicated by the dashed line was used. A � �	�
� of 2 was used as
the base value of the � � ��� cut applied to the Paczynski fits to the i� data. The remaining sample still
contains lightcurves with variable baselines and events caused by bad pixels.

Third, most long period variables turn out to have similar colours, providing an easy way to
filter them out of the lightcurve database.

Paczynski fits are done to the two-season i
�

lightcurves of the microlensing candidates
selected from the r

�

data. The values for the wavelength-independent lightcurve parameters� ���$# , �	�
����� and

�
are taken from the fits to the r

�

data and used in the i
�

fits, since the r
�

data
constrain these parameters better because of their superior quality. In the case of large colour
changes during the event, these Paczynski fits to the i

�

lightcurves should be poor, indicative
of a non-microlensing event.

� Colour cut
As mentioned before, long period variable stars have cool atmospheres and therefore are very
red. In figure 3.3, the colours of the selected transients are shown as a function of the � �������
of the Paczynski fits. The long period variable stars clearly stand out and cluster around a�	�
����� of 50 and an i

�

/r
�

flux ratio of 4. To remove the long period variables from the sample,
a colour/ ��������� cut is used, indicated by the dashed line.

� Goodness of fit
In the i

�

data, the problems of crowding of the residuals in the difference images is worse
than in the r

�

data, meaning that our photometry is influenced by nearby variables even more
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� �������
'
� ���&#�� 

(ADU s �� )
(days) 2 3.5 5 7 10 15 50
60 47 86 93 95 97 97 98
30 19 71 87 95 98 99 99
10 4 22 38 58 68 74 82
6 1 10 24 35 46 54 61
3 0 1 9 20 27 32 40
1 0 0 0 0 2 4 5

Table 3.2 – The efficiencies of our r� lightcurve filtering procedure, in percent, for the simulated
microlensing lightcurves.

than in the r
�

data. Since the long period variables are very red, more are detected in the
i
�

difference images and the residuals are much brighter. In figure 3.3 the transients are
divided into four different bins depending on the �

� ���
value of the Paczynski fit to the i

�

data. A similar ‘peak weight’ dependent �
� �	�

cut was applied to the i
�

lightcurves as to
the peak of the r

�

lightcurve, but with a minimum �
� ���

of 2 in stead of 1.5: �
� ��� �


�
� � � 
�  �  � 	 � �

�

�
.

3.2.6 Monte Carlo simulations

In order to develop and test the efficiencies of our lightcurve filtering procedures to select
microlensing lightcurves from a large set of lightcurves, we performed Monte Carlo simula-
tions of microlensing events. To be meaningful for comparison with the data, the simulated
lightcurves should have the same time sampling and error distribution as the data. Further-
more, a broad range of time scales, times of maximum amplification, and peak brightnesses
has to be sampled.

In total 170,000 lightcurves were simulated with random peak times, ��������� of 1, 3, 6,
10, 30 or 60 days, seven different peak fluxes, and impact parameters of 0.1, 0.3, 1.0 or 10.
With these four impact parameters most of all possible lightcurve shapes are sampled, as is
illustrated in figure 3.2. For each simulated microlensing event, the time sampling and flux
error bars were taken from a random real r

�

lightcurve, based on the 99/00 and 00/01 data.
In this way, each simulated event has realistic characteristics, and the total sample of simu-
lated events has the same observing charactistics as the total set of observed r

�

lightcurves.
Standard Paczynski microlensing lightcurves were constructed, using the gaussian error bars
taken from the real data lightcurve.

In table 3.2 the efficiencies of the selection of microlensing lightcurves are tabulated
for all combinations of � ������� and peak flux,

'
� ���&#�� 

of the simulated events. For these
detectability calculations simulated microlensing events were used for which the part of the
peak higher than half of the peak flux lay completely within one observing season, which is
one of our selecion criteria. It is clear that events with a peak flux lower than 3 ADU s �� will
hardly be selected. Also, events with a � �
����� lower than 10 days are relatively problematic.
This large decrease in detectability for short timescale events is primarily caused by gaps in
the time sampling of our lightcurves. This is shown in figure 3.4, where the fitted ���
����� and� ���$# of the simulated microlensing lightcurves that pass the filtering procedure are plotted.
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Figure 3.4 – For all simulated microlensing lightcurves that pass our filtering procedure the fitted
� ������� and ������� are plotted. From the clustering of the points it is clear that the fit program manages
to recover the input widths of the simulations quite well. The gaps in the lightcurves show up as the
events get shorter, while the period during which longer events can be detected is shorter than for the
shorter events.

Since long period variable stars like Mira’s can mimic microlensing lightcurves, it is
important to determine to what extent these lightcurves are selected by our microlensing
selection procedures. Although Miras do not have a flat baseline on a logarithmic plot, on
a linear flux scale the peaks are much sharper and the minima very near zero, thus they are
typically below our noise level except for short periods around the peak. Mira variables have
periods ranging from 130 to 500 days, with the most typical period being 270 days (Petit
1987). However, there are a number of Mira’s known with even longer periods (e.g. Jura
et al. 1993; Rosino et al. 1997). Monte Carlo simulations of 120,000 Mira-type lightcurves
were made with periods ranging from 150 to 550 days. The lightcurves were assumed to
have a symmetric sawtooth shape in magnitude, with intrinsic variability amplitudes of 2, 4
or 6 magnitudes and 5 different flux variability amplitudes. Time sampling and flux errors
were taken from real data lightcurves in the same way as for the microlensing simulations
and starting phase of the variability was chosen randomly.

The filter efficiencies for the selection of simulated Mira lightcurves are tabulated in table
3.3. Variable stars with periods up to 200 days are not likely to be selected and confused
for microlensing events, because at least two peaks will always be present in the lightcurve.
Periods between 200 and 350 days are clearly a problem for our 2 year dataset. This is caused
by the time coverage of our lightcurves, which for these periods often gives a peak in one of
the observing seasons and a second peak just in between the seasons. This is why using the
data from the third season is important; variables with these periods that show only one peak
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Figure 3.5 – Two examples of simulated Mira lightcurves with periods of 250 days that pass our filters.
The solid curves show the Paczynski fit to the lightcurves, and the dashed vertical lines indicate when
the simulated Mira peaks. Both of the lightcurves have peaks in only one of the observing seasons, and
therefore mimic microlensing quite well. A third observing season solves this problem for variables
with periods around 250 to 300 days, but not very extremely long periods, i.e. longer than 500 days.
Trends in the baseline like at the end of the first season in the upper lightcurve are often stronger in i�
band than in r � band.

in a two season lightcurve will show a second peak in the third season. Two examples of
simulated Mira lightcurves with periods of 250 days that mimic microlensing and pass our
filters are shown in figure 3.5. Periodic variables with periods around 350 to 450 days are
not selected because the fits are never very good and the baselines not flat. This is because
a second peak will always have wings extending into one of the observing seasons. Longer
period variables, however, can have only one peak in the lightcurve and a baseline that seems
flat. Unfortunately, even with the third observing season data, these variables can still show
one single peak and an otherwise flat baseline. Other characteristics, like colour and peak
shape, have to be used to distinguish these variables from genuine microlensing events. For
variable stars of all periods, the highest amplitude variables are least likely to be mistaken
for microlensing events, because the difference in shape of the peak is detected better with
higher amplitude.

The ��������� values of the simulated Miras show that variables with longer periods have
broader peaks, as can be expected. However, even the longest timescale simulated Miras
show average ���
����� values between 30 and 40, while the real variables cluster around a�	�
����� of 50 (Figure 3.3). Most detected real variables turn out to have more irregular peak
shapes and lower peak heights than our simulated Miras, so that in reality long period variable
stars are less likely to pass through our filtering procedure than table 3.3 suggests.
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Table 3.3 – The efficiencies of our r�
lightcurve filtering procedure, in percent,
for the simulated Mira lightcurves.

Period Amplitude (ADU s �� )
(days) 5 10 15 20 30
150 5 2 1 0 0
200 5 3 2 2 1
250 34 26 24 20 17
300 25 22 19 17 15
350 2 1 1 1 0
400 0 0 0 0 0
450 6 4 3 2 2
500 17 12 10 8 8
550 29 23 21 17 20

3.3 Results
The lightcurves of the 14 candidate microlensing events are shown in figure 3.6; their posi-
tions are plotted in figure 3.1. August 1st 1999 was taken as the zero point of the time scale
in the lightcurve plots. The important fit parameters are tabulated in table 3.4. For illustration
we show in figure 3.8 thumbnails of the difference images and single epoch images for events
5, 7 and 11.

Inspection of the lightcurves in figure 3.6 indicates that the baselines are not always com-
pletely flat, this is especially the case for the i

�

lightcurves. When looking at the difference
images, it becomes clear that for these events, secondary bumps in the lightcurve are caused
by variable objects very close to the position of the event, rather than by variability in the
events themselves. For example, the bump around day 100 in the lightcurve of candidate
event number 2, is caused by a brightening source located only 4 pixels away from the event.
In the i

�

data, this problem occurs more frequently because of the higher density of detected
variable sources and the effect is stronger because of the stronger variability at longer wave-
lengths.

Not only can nearby variable sources result in trends in the lightcurves, they can also
increase the scatter in the flux. The size of the aperture and the ring that is used for sky
subtraction depends on the seeing, meaning that a nearby variable does not always influence
the photometry and also not necessarily in the same way. As an example of this, we show in
figure 3.7 the flux as a function of the seeing for the part of the baseline of event 10. Clearly,
differences in seeing between the epochs will create extra scatter in the baseline.

Below we discuss the possible reasons for additional variability in each of the event
lightcurves.
Event 1: This event has a bright periodic variable star at a distance of 5 pixels, which is
probably the cause of the noisy baseline in both r

�

and i
�

.
Event 2: This event also has close variable neighbours. In the r

�

difference images a variable
source is located at only 3 pixels from the event. This source peaks around day 100, causing a
bump in the r

�

lightcurve. In the i
�

difference images there are two additional bright variables,
both of them at about 10 pixels distance. These sources cause the noisy nature of the i

�

baseline.
Event 3: Although the r

�

baseline is very clean, the i
�

baseline shows quite some variability,
especially in the second season. Again this is caused by a very close variable source, at 3
pixels distance. This source has a bright episode between days 440 and 470, which causes
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Figure 3.6 – Lightcurves of the 14 microlensing candidate events. This page shows candidates 1
through 5, with the r � lightcurves plotted in the upper panel and the i � lightcurves in the lower panel.
The Julian Date of the zeropoint of the time axis is 2451393, which corresponds to August 1st 1999.
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Figure 3.6 – continued – Candidates 6 through 10.
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Figure 3.6 – continued – Candidates 11 through 14.

the high fluxes in this period in the i
�

lightcurve.
Event 4: The baselines of this event look quite flat, but the peak in the i

�

data is not very
symmetric. The sudden drop in flux after day 420 coincides with the sharp brightening of a
bright variable source at 14 pixels distance.
Event 5: This event has several variable sources nearby. Unfortunately the closest one, at
about 4 pixels, is also the brightest, which especially in the i

�

lightcurve causes a lot of noise.
See figure 3.8 for thumbnails of this event.
Event 6: In the second season the baseline shows a periodic variability, which is caused by a
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Candidate RA DEC � ����� � � � ��� �
r � r � -i �

event (J2000) (J2000) (days) (days) (mag) (mag)
MEGA-ML 1 0:43:10.54 41:17:47.8 60.1 � 0.1 4.2 � 4.3 22.2 � 1.1 1.1 � 1.5
MEGA-ML 2 0:43:11.95 41:17:43.6 34.08 � 0.08 4.6 � 0.6 21.6 � 0.3
MEGA-ML 3 0:43:15.76 41:20:52.2 420.1 � 0.1 2.6 � 2.2 21.8 � 1.2 0.4 � 1.5
MEGA-ML 4 0:43:04.08 41:26:15.6 429.7 � 0.2 29.1 � 1.0 22.8 � 0.2 0.8 � 0.3
MEGA-ML 5 0:44:48.95 41:22:59.3 398.1 � 0.2 9.4 � 4.1 22.9 � 0.8 0.4 � 1.0
MEGA-ML 6 0:44:50.97 41:24:42.4 77.3 � 0.2 22.9 � 0.7 22.6 � 0.2
MEGA-ML 7 0:44:20.89 41:28:44.6 71.20 � 0.06 21.6 � 0.7 19.3 � 0.2 1.4 � 0.2
MEGA-ML 8 0:43:24.53 41:37:50.4 63.1 � 0.2 27.4 � 0.9 22.7 � 0.2 0.8 � 0.2
MEGA-ML 9 0:44:46.80 41:41:06.7 392.3 � 0.2 3.8 � 1.6 21.8 � 0.8 0.4 � 1.0
MEGA-ML 10 0:43:54.87 41:10:33.3 74.7 � 0.4 46.8 � 4.4 22.2 � 0.3 1.0 � 0.3
MEGA-ML 11 0:42:29.90 40:53:45.6 488.6 � 0.1 2.0 � 0.3 20.5 � 0.2 0.3 � 0.2
MEGA-ML 12 0:41:26.90 40:49:42.1 436.6 � 0.6 131.0 � 9.4 23.2 � 0.3 1.0 � 0.3
MEGA-ML 13 0:43:02.49 40:45:09.2 37.3 � 0.5 22.8 � 3.8 23.3 � 0.3 0.5 � 0.4
MEGA-ML 14 0:43:42.53 40:42:33.9 455.1 � 0.3 28.1 � 1.4 22.5 � 0.2 0.3 � 0.4

Table 3.4 – Fit parameters for the 14 candidate microlensing events. The � ����� and � � � ��� values are
based on full parameter fits to the r� lightcurves. Also listed are the magnitude of the difference flux at
maximum amplification and the r� -i � colours where possible. For the short events, i.e. � ������� in the
order of a few days, the uncertainties are large, because the time sampling of the data is relatively sparse
compared to the width of the peak. Peak times are in days after August 1st 1999.

periodic variable star at 6 pixels from the event. A second close variable, at 5 pixels, shows
up only in the first season in r

�

, but pops up also in the second season in i
�

and is very bright
in the first season. Together, these variables cause the i

�

baseline to be be rather messy.
Event 7: The baselines of this very high S/N event are quite well behaved in both r

�

and i
�

, but
there is a quite bright variable source located at 15 pixels, which may cause some deviations.
However, the deviations in the i

�

data from the Paczynski fit between days 100 and 150 are
too large to be caused by these near neighbours. Also from this event, some thumbnails are
shown in figure 3.8.
Event 8: Even though there is a variable source located at 7 pixels distance from this event,
the baselines are quite well behaved.
Event 9: Two faint variables are located at about 4 and 8 pixels distance from this event, and
a bright one at 12 pixels. The lightcurves do not appear to be affected substantially.
Event 10: Here the noisy baseline in i

�

and the two deviating points in the r
�

lightcurve around
day 100 can be attributed to the same variable source 7 pixels away.
Event 11: While the r

�

baseline of this high amplification event is well behaved, the i
�

baseline
is not completely flat. In the difference images there is a hint of a weak variable source a few
pixels away, which is probably the cause of the small baseline wiggle. See figure 3.8 for
thumbnails of this event.
Event 12: The r

�

lightcurve of this event is quite well behaved and there are no nearby variable
sources. The reason for the noise in the i

�

lightcurve is not clear.
Event 13: A fairly bright variable source is situated 16 pixels away from this event, but the
lightcurves in both r

�

and i
�

are well behaved.
Event 14: The noise in the lightcurves and more particularly the small bump in the i

�
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Figure 3.7 – Data points from the baseline of event 10, but now the
���������

is plotted as function
of the seeing. During the period from which these points are taken, a variable source located about 7
pixels away from the event caused a strong residual in the difference images. There clearly is a trend
with worse seeing corresponding to lower fluxes.

lightcurve around day 370 is due to a variable source 3 pixels away from the event.
In figure 3.9 we plot the r

�

and i
�

fluxes for epochs in the peaks of the events for the cases
where at least 3 epochs are available that have measurements in both bands. If the events
are achromatic, as microlensing events should be, the points should lie on a straight line.
Apart from events 5, 6 and 11, for all events the points follow a straight line and thus seem
to be achromatic. This shows that the implicit achromaticity test we use during the candidate
microlensing selection process by using the parameters from the r

�

lightcurve fits for the i
�

fits, is working quite well.
Events 5, 6 and 11 are retained in the sample of candidate microlensing events. In the

case of event 11 this is justified because the data are marginally consistent with a straight line
and there are only 3 points. The same is true for event 6, and furthermore this events was
hardly detected at all in i

�

. For event 5 the i
�

photometry is heavily compromised by a nearby
variable source, as can be clearly seen in figure 3.8.

3.3.1 POINT-AGAPE events

The POINT-AGAPE group uses the same data for their microlensing survey towards M31,
although their pixel lensing technique is different (Paulin-Henriksson et al. 2003). Based
on the same two-year dataset, they find four high signal-to-noise microlensing events. Two
of these events are also present in our sample, namely PA-99-N2, our event number 7, and
PA-00-S4, our event number 11.
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Event 7 r’ i’

Day 2 Day 54 Day 60 Day 98 Day 460Day 8 Day 59 Day 65 Day 92 Day 460

Event 5 r’ i’

Day 2 Day 394 Day 396 Day 400 Day 536Day 2 Day 394 Day 396 Day 400 Day 536

Event 11 r’ i’

Day 132 Day 487 Day 488 Day 490 Day 536Day 132 Day 485 Day 488 Day 490 Day 536

Figure 3.8 – Thumbnails of three events, chosen to span a wide range of peak fluxes. The uppermost
panel shows event 7, by far the brightest event, going down in flux through event 11 (middle panel)
to the low signal-to-noise event 5 (lower panel). For each event we show thumbnails of the difference
images and single epoch images in both r � and in i � . Thumbnails were chosen from three epochs during
the microlensing event, i.e. in the peak of the lightcurve, and from one epoch before and one epoch
after the event. Event 7 (upper panel) stands out very clearly in both the difference images and the
single epoch images in both bands. In the i � thumbnails a variable star is clearly visible in the lower left
corner. The event in the middle panel, event 11, has a peak flux only one third of the peak flux of event
7, but still stands out clearly in the difference images. In the single epoch images, the event is only
visible during maximum amplification. Event 5, shown in the lower panel is an example of the fainter
events, with a peak flux almost an order of magnitude smaller than event 11. As can also be seen from
the lightcurves (figure 3.6), the event is much brighter in r� than in i � . In the r � difference images the
residual is more obvious than in the i � difference images. The nearby variable source that influences the
i � photometry is clearly visible just above and to the left of the event. In the single epoch images, the
event is hardly visible at all without difference image techniques.
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Event 3 Event 4 Event 5

Event 6 Event 7 Event 8

Event 9 Event 10 Event 11

Event 12 Event 13 Event 14

Figure 3.9 – Plots of the r � -band versus the i � -band flux for epochs located in the peaks of the candidate
microlensing events. Epochs are plotted that lie within 2 times the � � � ��� from the fitted peak time.
Only events are plotted that have at least 3 epochs in the peak with datapoints in both bands. The
points from events 3, 4, 7, 8, 9, 10, 12, 13 and 14 lie on a straight line and thus are consistent with
achromaticity. Events 6 and 11 are marginally consistent with achromaticity. Event 5 looks clearly
problematic, but the i � -band photometry is strongly influenced by a very close-by variable star.
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Figure 3.10 – The lightcurves
in r � (upper panel) and i � (lower
panel) of the microlensing event
PA-99-N1, reported by POINT-
AGAPE. In the i � data the vari-
ability in the baseline, caused by
nearby variables, is high enough
to give a � � which is too high to
pass our selection procedure.

The fact that our sample of candidate microlensing events is much larger is caused by the
severe selection criteria used by POINT-AGAPE, that limit the number of events found. For
example, POINT-AGAPE demands FWHM timescales smaller than 25 days and much higher
signal-to-noise than we. The following two events reported by the POINT-AGAPE team are
not in our sample of candidate microlensing events.

� PA-99-N1
This event did not pass our filtering procedure because of too large variability in the i

�

baseline
caused by a very closeby variable star. Our lightcurves of this event are shown in figure 3.10.

� PA-00-S3
Very close to the bulge of M31 the surface brightness becomes very high and our difference
images become very noisy and of low quality. This event is located in a part of the field that
is not used for the current analysis for this reason. In figure 3.1 the region that is not used in
our analysis is indicated.

3.4 Discussion
Due to the nature of M31 microlensing, it is very difficult to determine the nature of the lens-
ing object in individual microlensing events. In classical microlensing the mass of the lens,
the relative motion of the lens with respect to the source and the distance to the lens are usu-
ally unknown and degenerate parameters. In difference-image lensing there is an additional
unknown, namely the unlensed flux of the source. If a conclusion about the existence and/or
nature of a MACHO population in the halo of M31 is to be drawn from a microlensing survey,
statistical methods have to be used.

By modeling the population of stars that can be lensed and the population of objects that
can act as lenses, predictions can be made about the rate of occurrence, the spatial distribu-
tions, and the timescales of microlensing events. All these data can be used to constrain the
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Figure 3.11 – For the 14
candidate microlensing events,
the logarithms of the FWHM
timescales are plotted against
the local r � surface brightnesses.
At high surface brightnesses the
timescales tend to be shorter
than in low surface brightness
regions.

lens populations responsible for observed microlensing events (Baltz et al. 2003, hereafter
BGC; Kerins et al. 2001).

To compare our sample of candidate microlensing events with rate maps as published by
BGC, the detection efficiencies and observing characteristics have to be carefully modeled,
which will be done in a future paper. Instead of a full statistical analysis of the current sample,
we restrict our discussion to a simple analysis of the spatial and timescale distributions of the
candidate events to see if they are consistent with predictions for halo lensing and lensing by
stars in M31.

3.4.1 Timescale distribution

The timescale of a microlensing event depends on the relative velocities of the source and the
lens and the size of the Einstein radius, which in turn depends on the mass of the lens and the
geometry (eq. 3.2). In the case of M31 microlensing we can assume that � ��� � � ��� and
since the Einstein ring crossing time � � � 
 ��� ����� we get:�%��� �  � �� �  � ��	� � � � (3.9)

where
���

is the relative speed between lens and source projected on the sky. The ���
����� that
we measure is related to � � according to equation 3.5.

For self-lensing, i.e. lensing by stars, this translates into a timescale distribution that
varies spatially. In the bulge, velocities are relatively high and distances between lens and
source relatively short (compared to lensing by halo objects), therefore event durations will
be relatively short. In the disk, relative velocities are much slower and event durations longer
than in the bulge. On top of that, the timescales are expected to rise when going to larger
radii, since the random velocities of the stars in a galactic disk are proportional to the root of
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the surface density (Bottema 1993). Roughly speaking we can say that average self-lensing
timescales are inversely correlated with surface brightness; in higher surface brightness re-
gions the timescales are expected to be shorter.

For halo lensing, relative velocities are higher than for disk-disk lensing, but because of
the larger lens-source distance the event durations are still relatively long. Because the rela-
tive velocities and distances do not change much within the observed field, the timescale dis-
tribution of halo-lensing events should be spatially uniform. Plots of the expected timescale
distributions for different lines of sight towards M31 are given by BGC for stellar self-lensing
and halo lensing combined and reflect these trends.

In figure 3.11 we plot for our 14 microlensing candidates the logarithm of ���
����� versus
the r

�

surface brightness at their locations. The candidate events close to the center of M31,
in locations with surface brightness brighter than 19.5 m


arcsec � � , all have event durations

in the order of a few days. Most of the candidates in the low surface brightness regions
have significantly longer timescales. That this distribution is exactly what is expected for
microlensing and the fact that the timescales are consistent with the timescales predicted by
BGC are further indications that our sample of candidates consists of actual microlensing
events.

3.4.2 Spatial distribution

The expected spatial distribution of stellar self-lensing events is strongly concentrated to the
center because both the density of possible source stars and lenses is highest there. Further-
more, the spatial distribution is nearly symmetric from the far to the near side of the disk of
M31 (BGC), so in the case of only self-lensing the number density of events should be the
same at the same radius on both the far and near side. The stellar halo of M31 has not been
taken into account by BGC, but is not expected to change the symmetry significantly, since,
like the bulge, it acts both as a lens and as a source population. If the spheroid has the same
M/L as the disk, for every event caused by a spheroid-lens and disk-source pair, there is a
disk-lens and spheroid-source pair event, as is the case with disk-bulge and bulge-disk lens-
ing (BGC). In case of heavy extinction in the disk, the spheriod could induce an asymmetry
in the lensing rate.

Dark halo lensing on the other hand will induce an asymmetric microlensing distribution,
because it only acts as a lens population. Due to the longer line-of-sight through the M31
halo towards the far side of the disk, the microlensing optical depth is much higher on the
far side than on the near side. Therefore, an asymmetry in the density of microlensing events
between the far and near side is a strong indication of a microlensing halo. Halo lensing is
also more likely near the center because of the higher surface density of possible source stars,
but drops off much more slowly, since the surface density of halo lenses should not drop off
very quickly.

Without knowing the detection efficiency of microlensing events, the number of detected
candidate events is hard to interpret quantitavely. Since the detection efficiency might vary
with position, their spatial distribution is also hard to interpret. However, if we assume that
the spatial distribution of variable stars is symmetric over M31, we can get an idea of the
variation of the detection efficiency with position by looking at the spatial distribution of the
detected variable stars. The variable stars that are most likely to be mistaken for microlensing
are variables with periods longer than 150 days. In table 3.5 we present the detected numbers
of variables with periods between 150 and 600 days, for 300x324

� �

subregions in our field
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variables per

> 12.5

10 - 12.5

7.5 - 10

5 - 7.5

2.5 - 5

< 2.5
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Figure 3.12 – Surface density map of long period variable stars in the surveyed area. Each chip was
subdivided in 2x4 rectangles (300x324”), in which the number of variables with periods longer between
150 and 600 days was counted. Only stars with accurately determined periods were used and the edges
of the chips were avoided to ensure only well sampled lightcurves were used, leaving 32,841 variables.
The positions of the 14 microlensing candidates are indicated, as well as the major axis of M31.

of view. For each subregion the actual area, corrected for area lost due to bright stars and
diffraction spikes, is also tabulated. In figure 3.12 we show the corresponding variable star
density map, with the positions of the 14 candidate events plotted on top.

To select the long-period variables (LPVs) from the complete set of lightcurves, all
lightcurves were checked for periodic behaviour using the Numerical Recipes (Press et al.
1992) algorithm based on the Lomb method (Lomb 1976) for spectral analysis of unevenly
sampled data. The lightcurves for which a periodicity between 150 and 600 days was found
with very high significance were selected. In total 32,841 variables were selected, excluding
the part of the south field close to the bulge and one other small part at the edge of the south
field, where a very bright foreground star is located.
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Figure 3.13 – Upper panel: histogram of the surface densities of long-period variable stars (LPVs)
in small 150x162 � � regions on the far side of the M31 disk. The thin, black bars show in which LPV
surface density bins the far side microlensing candidate events are located. Lower panel: histogram of
the surface densities of LPVs in small 150x162 � � regions on the near side. The thin, shaded bars show
the numbers of candidate microlensing events predicted by scaling the numbers of far side events with
the ratio of regions on the near and far side in each LPV density bin. In total 6 events are expected on
the near side, but only 2 are detected, shown by the thin, black bars.

In the spatial distribution of the LPVs we see no surprises. The surface density of these
objects is correlated with the surface brightness. Since we are interested in a possible asym-
metry in the distribution of the candidate microlensing events, we compare the relative dis-
tributions of variables and events over the near and the far side of M31. We assume that the
LPVs are a good tracer of the population of possible microlensing source stars and that the
chances of detecting LPVs and microlensing events are the same. The detection efficiencies
of both will depend on the surface brightness of the disk and be subject to extinction effects.

To investigate the different parts of the far and near side of the M31 disk that we sample,
we divide each subregion in table 3.5 in 4 smaller 150x162

� �

pieces. In the upper panel of
figure 3.13 we plot the distribution of the LPV surface densities of these small subregions.
The smaller, black histogram shows the distribution of the far side candidate events over
the LPV density bins. If the microlensing rates are intrinsically near/far side symmetric, as
we assume the LPVs to be, the expected number of candidate events on the near side can
be determined for each LPV density bin, by scaling the number of far side events. We can
only do this for the low surface density bins, since the high surface density bins are not
populated sufficiently. However, since close to the center of M31 the microlensing optical
depth is dominated by stellar self-lensing they should not affect the symmetry of the spatial
distribution. The lower panel of figure 3.13 shows the distribution of the subregions on the
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RA DEC LPV Area RA DEC LPV Area
(J2000) (J2000) # ( �

�

) (J2000) (J2000) # ( �
�

)
0:44:43.45 41:24:49.3 444 26.00 0:42:13.67 41:36:13.5 241 26.18
0:44:42.78 41:19:51.5 390 25.91 0:42:40.14 41:36:14.6 269 26.25
0:44:14.82 41:24:55.5 577 26.37 0:42:13.68 41:30:50.9 248 26.10
0:44:14.21 41:19:57.3 534 26.27 0:42:40.13 41:30:51.2 349 26.08
0:43:46.07 41:25:1.6 666 25.92 0:42:13.77 41:25:28.0 401 26.02
0:43:45.53 41:20:3.3 754 26.38 0:42:40.19 41:25:27.6 739 26.25
0:43:17.27 41:25:7.9 887 26.16 0:42:13.92 41:20:6.0 761 25.92
0:43:16.80 41:20:9.4 1340 26.36 0:42:40.32 41:20:5.0 1428 24.34
0:44:44.58 41:47:58.6 369 26.47 0:44:44.39 41:36:30.8 422 26.21
0:44:44.15 41:43:4.1 446 26.42 0:44:43.88 41:31:32.6 463 25.64
0:44:15.93 41:48:8.2 253 26.26 0:44:15.69 41:36:38.1 317 25.57
0:44:15.46 41:43:13.1 378 26.51 0:44:15.20 41:31:39.4 436 26.14
0:43:47.16 41:48:16.3 202 26.40 0:43:46.87 41:36:44.7 412 25.60
0:43:46.65 41:43:20.9 244 25.38 0:43:46.39 41:31:45.6 519 26.03
0:43:18.32 41:48:23.1 239 26.64 0:43:18.00 41:36:50.4 351 26.15
0:43:17.78 41:43:27.5 186 25.53 0:43:17.53 41:31:51.3 599 25.97
0:43:52.75 40:48:54.8 139 26.78 0:41:24.61 41:0:17.3 383 26.24
0:43:52.20 40:43:57.2 100 26.61 0:41:50.85 41:0:18.2 480 25.75
0:43:24.36 40:48:59.6 203 26.52 0:41:24.63 40:54:54.3 375 26.35
0:43:23.88 40:44:1.4 155 26.54 0:41:50.83 40:54:54.9 390 25.41
0:42:55.86 40:49:4.3 362 26.57 0:41:24.71 40:49:31.4 357 26.36
0:42:55.46 40:44:5.9 246 26.58 0:41:50.86 40:49:31.5 402 25.67
0:42:27.33 40:49:8.9 421 26.65 0:41:24.88 40:44:9.4 393 26.53
0:42:26.99 40:44:10.5 263 26.53 0:41:50.97 40:44:8.8 425 25.41
0:43:52.75 40:48:54.8 550 26.01 0:43:53.25 41:0:37.5 284 26.30
0:43:52.20 40:43:57.2 492 26.42 0:43:52.89 40:55:39.1 202 26.07
0:43:24.36 40:48:59.6 877 26.05 0:43:24.79 41:0:43.1 406 25.57
0:43:23.88 40:44:1.4 594 25.80 0:43:24.46 40:55:44.3 277 26.22
0:42:55.76 40:47:49.6 690 13.16 0:42:56.21 41:0:47.7 540 25.43
0:42:55.46 40:44:5.9 799 25.49 0:42:55.89 40:55:48.7 474 26.33
0:42:26.99 40:44:10.5 847 25.06 0:42:27.61 41:0:51.6 568 26.45

0:42:27.29 40:55:52.4 564 25.73

Table 3.5 – Number counts of detected long-period variable (LPV) stars. For each subregion, the
coordinates of the center, the number of LPV’s and the area, corrected for area lost to bright stars and
spikes, are given.
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near side over the LPV density bins. The shaded histogram shows the distribution of the far
side candidate events scaled to the near side LPV density distribution, and the black histogram
the actual near side candidate events.

Whereas 6 near side candidate events are predicted from the distribution of the 9 far side
events in areas with fewer than 10 LPVs per square arcsec, only 2 are detected. Thus, the
distribution of candidate events seems to be more near/far asymmetric than the distribution of
variable stars, which is an indication that it is a separate population of objects and not some
kind of leakage from the population of LPVs. As argued before, the most likely explanation
of such an asymmetry of microlensing events is dark halo lensing. The number of candidate
events is still quite small, but the chance of finding a far:near split as strong as 9:2 is only
12%. It has been argued by Paulin-Henriksson et al. (2002) that candidate event 11 is possibly
caused by a stellar lens in M32 and not by a lens in the halo. Doing the same calculation
without candidate event 11, the chance of finding the 8:2 ratio is 16%.

3.5 Conclusions
In this paper we present the first 14 microlensing candidates from the MEGA survey and
a preliminary discussion of their properties. Our photometry turns out to be sensitive to
nearby variable sources in a way that causes us to miss out on events like PA-99-N1. It also
leads to the necessity of a by-eye selection step in the filtering of the lightcurve database.
Before the photometry is improved, enabling the filtering procedure to be automated and a
detailed efficiency calculation to be done, we cannot draw firm conclusions based on the
spatial distribution of our sample of candidate microlensing events. However, the spatial
distribution of our candidate microlensing events is more near:far asymmetric, than would
be expected from the spatial distribution of the detected long-period variable stars. Although
the significance of this asymmetry is low, due to the small number of events and the lack of
a detailed detection efficiency, the spatial distribution of the candidate microlensing events is
suggestive of the presence of a microlensing halo.

Thus far we have only extracted candidate microlensing events from the 1999/00 and
2000/01 seasons. As a next step the remaining seasons will also be searched for microlensing
events. Since we also observe with other telescopes than the INT, much more events will
likely be detected when the data from the different telescopes are combined. Especially the
sensitivity to short timescale events will benefit from merging the INT data with the data
obtained with the telescopes of the MDM observatory, as they are supplementary in time
coverage. Fainter events will also become easier to detect because the MDM data go deeper
than the INT data, as do the data obtained with the KPNO 4m telescope.
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CHAPTER 4

Variable stars in M31

THIS chapter presents the variable stars that are detected by our microlensing survey to-
wards M31. Tens of thousands of high-quality variable star lightcurves are available. We

show how the lightcurve period, amplitude and shape information can be used to identify
specific classes of variable stars such as classical Cepheids, eclipsing binaries, long-period-
variables such as Mira’s and semiregular variables, and classical Novae. The spatial distribu-
tion of the long-period-variables is used to study the distribution of the microlensing source
population. In accordance with An et al. (2004a) we find that the asymmetry in the distri-
bution of these stars is caused by extinction, emphasizing the need to take extinction into
account in the interpretation of the microlensing results towards M31.
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4.1 Introduction

The variable stars in M31 have been very important for several reasons. In the 1920’s Edwin
Hubble could unambiguously prove that M31 is an external galaxy rather than a nebula within
the Milky Way using Cepheid variables in M31 (Hubble 1929). Over the years several studies
have been performed on Cepheid variables (e.g. Baade & Swope 1963, 1965), novae (e.g. Arp
1956; Rosino 1973; Rosino et al. 1989; Sharov et al. 2000) and RR Lyrae variables Pritchet
& van den Bergh (1987), but only a few fields were studied in detail. A currently still running
survey is the DIRECT project (e.g. Kaluzny et al. 1998) that is monitoring detached eclipsing
binaries and Cepheids in five 11’ � 11’ fields in M31 in order to improve the extragalactic
distance ladder. However, a dedicated survey of variable stars in the whole galaxy is still
lacking.

Since M31 is the closest large galaxy it is possible to study the variable star population
in great detail. This is a very rewarding prospect both for the study of the variable stars
and for the distribution of variable stars within the galaxy. Due to our location in the disk,
the distribution of variables in the Milky Way is difficult to study. But apart from being
interesting in their own right, the variable stars in M31 are also important for the correct
interpretation of the results of microlensing surveys like the one described in this thesis.
Because of the high inclination of M31 of 78 � the microlensing optical depth due to the halo
is higher on the far side of the disk than on the near side (see fig. 1.6). This has been used
to infer that the rate at which microlensing events occur in M31 will be asymmetric with
respect to the major axis, with a higher rate on the far side (Crotts 1992). The degree of this
asymmetry depends solely on the amount of dark matter in the form of compact objects and
their mass distribution, provided the sources for the microlensing events are well-mixed and
evenly distributed over M31. However, should the stellar distributions in M31 be distributed
asymmetrically, this would add a third parameter that influences the degree of asymmetry
in the microlensing event rate. Since variable stars of different types trace different stellar
populations, they can be used to study the distribution of the stellar populations in M31 and
therefore the distribution of the microlensing source population.

Large numbers of variable stars are detected as by-products of the microlensing surveys
towards M31 that are currently being conducted by several groups, including MEGA (de
Jong et al. 2004), POINT-AGAPE (Paulin-Henriksson et al. 2003; Calchi Novati et al. 2003)
and WeCAPP (Riffeser et al. 2003). Although these variable stars complicate the detection
of microlensing events, since especially long-period variable stars can mimick microlensing
lightcurves convincingly, they also provide the surveys with the information needed to con-
strain the microlensing source distribution. Moreover, the samples of variable star lightcurves
that are produced by the microlensing surveys form the most complete overview of variable
stars in M31 and therefore have numerous interesting scientific applications.

The first study of variable stars detected by an M31 microlensing survey was published
by POINT-AGAPE in An et al. (2004a). In their paper they classify 35,414 variable stars
according to their period and amplitude and roughly divide them into classical types of vari-
able stars, like Cepheids, Mira’s and semiregular variables. They concentrate however, on
the spatial distribution of the long-period variables and resolved stars in M31. What they find
is slightly disconcerting for the interpretation of the possible asymmetry in the microlensing
event rate. Both resolved stars and the variables show an asymmetry in their distribution
over the face of M31, indicating that the stellar populations might not be evenly distributed.
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Figure 4.1 – The ratio of the
mean density on either side of an
axis through the center of M31
versus the position angle of the
axis. The axis is rotated anti-
clockwise from north through
east; an angle of 38 � corre-
sponds to the position angle of
the major axis of M31. The lines
are for r � surface brightness,
resolved bright stars, medium-
bright stars, variable stars (all
types), and the variable split
in two bins depending on their
(projected) distance from the
center, as indicated in the leg-
end. For all groups of objects
the density is higher on the far
side (angle=38 � ). Taken from
An et al. (2004a)

Moreover, this asymmetry is in the same direction as would be induced by halo microlensing,
with more objects on the far side than on the near side. This result is summarized in figure
4.1, which is taken from the paper by An et al. (2004a) and shows the asymmetry in the
surface density of different objects. According to An et al. (2004a) this asymmetry is caused
primarily by variable extinction within M31 and the prominent dust lanes on the near side of
the disk. Clearly, this result will complicate the interpretation of the microlensing results and
if extinction is indeed the main problem, it will have to be taken into account somehow when
studying the distribution of microlensing events.

In this chapter we will try to look in more detail at the classification and nature of the
variable stars that we detect in M31. Based on their periods, amplitudes and the shapes of
their lightcurves we will identify a number of specific types of variables and show examples
of lightcurves. We will also look at the distribution of long-period variables to see if we
can confirm the asymmetry in their distribution. The outline of the chapter is as follows.
In section 4.2 we describe the data and methods used. Section 4.3 deals with the ways of
classifying variable sources into different classes and looks at the properties of some specific
types of variables in more detail. What the distribution of variable stars can tell us about the
microlensing source population is discussed in section 4.4, followed by our conclusions in
section 4.5.

4.2 Data and reduction methods
The layout of the WFC chips on M31 is shown in figure 4.2, covering a large part of the
far side (SE) of the disk of M31, and part of the near side. The four 2048x4100 pixel chips
with a pixel scale of 0.333”, offer a field of view of approximately 0.25 �

�

. Observations
were done during 4 six-month observing seasons (August-January). Because the WFC was
not always mounted on the INT, the epochs tend to cluster in blocks of two to three weeks.
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Figure 4.2 – the layout of the two INT
Wide Field Camera (WFC) fields in
M31. A small part of the south field
close to the bulge is not used since the
image subtraction is not of high quality
due to the high surface brightness.

During the first (99/00) observing season, exposures were taken in 3 filters, r
�

, g
�

and i
�

, which
are close to the Sloan filters. During the other observing seasons (00/01, 01/02 and 02/03)
only the r

�

and i
�

filters were used. Observations were spread equally over both fields. For the
99/00 season the exposure times per night range between 5 and 30 minutes being typically
10 minutes. During the other seasons exposure times are 10 minutes per field and filter by
default.

Standard data reduction, including bias subtraction, trimming and flatfielding was per-
formed in IRAF. For the detection and photometry of variable objects in these highly crowded
fields we use the Difference Image Photometry (DIP) method as described by Tomaney &
Crotts (1996). This method involves subtracting individual images from a high quality ref-
erence image, resulting in difference images in which variable objects show up as residuals.
Most operations are done in IRAF, using the DIFIMPHOT package written primarily by
Austin Tomaney.

� Astrometric registration and stacking of images
All images are transformed to a common astrometric reference frame. By stacking high qual-
ity images from the 99/00 season, a high signal-to-noise reference image was made. Per
night all exposures are combined separately for each band. Each epoch corresponds to the
combination of all frames taken in the same band in one night. The Julian date of the epoch
is taken as the weighted average of the Julian dates of the individual frames.

� Image subtraction
From the single epoch images the high signal-to-noise reference image is subtracted, after
photometric calibration and matching of the point spread function (PSF) between the images
(Tomaney & Crotts 1996). The shape of the PSF is measured from bright, unsaturated stars
in the images that are being matched. By dividing the PSFs in Fourier space a convolution
kernel is calculated with which the better seeing image (usually the reference image) is de-
graded. In regions with very high surface brightness the image subtraction is not of very high
quality. For this reason we exclude a small part of the south field that is located in the bulge



4.2. Data and reduction methods 63

Table 4.1 – Overview of the number of
epochs used for each field and filter.

r
�

i
�

North South North South
99/00 48 50 21 18
00/01 58 57 66 62
01/02 28 30 27 28
02/03 35 32 33 30
Total 169 169 147 138

and has a very high background level. This region is indicated in figure 4.2.
� Variable object detection
The resulting difference images are dominated by shot noise in which variable sources show
up as positive or negative residuals, depending on the flux difference of the object between
the single epoch image and the reference image. Due to fringing, the i

�

difference images are
of poorer quality than the r

�

difference images. SExtractor (Bertin & Arnouts 1996) is used
to detect residuals in all r

�

difference images. Residuals are defined as groups of at least 4
connected pixels that all are at least 3 � above or below the background. The catalogs with
residuals are cross-correlated to obtain a catalog with all variable objects in the surveyed
fields. As a first selection to get rid of noisy detections, we demand that objects have to be
detected in at least two epochs.

� Lightcurves and Epoch quality
Lightcurves for the variable sources are obtained by performing PSF fitting photometry on
the residuals in the difference images, using the PSF shape measured from the bright unsat-
urated stars. An aperture of 0.5 FWHM is used, smaller than in the analysis in chapter 3 to
reduce the noise introduced by nearby variable stars. Several epochs turned out to give prob-
lematic difference images for a number of different reasons. Epochs with seeing worse than
2.0” do not give clean difference images; from 7 epochs all data were discarded for this rea-
son, and for 12 epochs part of the data. In some cases the images were overexposed, causing
the PSF determination to fail, forcing us to discard 7 epochs completely and part of the data
from 7 more epochs. During the 00/01 and 01/02 season there were problems with inaccurate
guiding in a number of epochs. In 2 epochs the guiding failed completely and these were
discarded.
Lightcurves were also produced at “empty” positions, i.e. positions where no variability was
detected. Flat line fits were done to these empty lightcurves to check the error bars on the
fluxes derived from statistics of the PSF fitting photometry. For each epoch, the distribution
of the deviations from the flat lightcurve fits weighted by the error bar returned by the pho-
tometry routine was examined. In some cases this distribution showed broad non-gaussian
wings, and these epochs were discarded. Typically they were associated either with highly
variable seeing between the individual exposures or inaccurate guiding. In other cases, the
normalized error distribution was gaussian, but with dispersion higher than one. In these
cases the error bars were renormalized appropriately.

In total, approximately 19% of the 209 observed epochs in r
�

and 22% of the 183 observed
epochs in i

�

are discarded. The typical number of epochs that were left after the procedure
described above are tabulated in table 4.1 for each filter and field for all seasons. From these
epochs lightcurves were constructed for the 105,447 variable objects that were detected.
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4.3 Variable star classification
Because of the large number of variable objects that we detect, we need an automated way of
classifying them into different classes. In their analysis of the variable stars in M31 detected
by the POINT-AGAPE collaboration, An et al. (2004a) make very rough classifications of
variables based only on their positions in the period-amplitude plane, whereas we will also
use the lightcurve shape as an additional source of information. The information we therefore
need to extract from the difference flux lightcurves consists of the period, amplitude and
lightcurve shape. The period is determined using a multi-harmonic periodogram method
(Schwarzenberg-Czerny 1996), specialized for unevenly sampled data. Using this period a
Fourier series with up to six harmonics is fitted to each lightcurve:

� � � � � � ���
 ��� 

� �����
	 � � � � �� � 	
� (4.1)

providing the variation amplitude and information about the shape of the lightcurve.
As An et al. (2004a) showed, the basic properties, variation amplitude and period can be

used to separate variable stars into different classes. Figure 4.3 shows the positions of 22,472
variables in the period-amplitude plane. These variables are a subset of the initial database
of 105,500 detected objects and were selected to have periods between 1.5 and 650 days,
good phase coverage and a well-fitted light curve. With well-fitted we mean that the �

�
of

the Fourier fit is significantly better than the �
�

around the mean flux, the criterium being
that �

�� ��� � � �
�
�������� �

�
�� ��� 


. The upper limit on the period was chosen so that at least
two complete periods are spanned by the observing period. The lower limit of 1.5 days is
used because around periods of 1 day the period finding algorithm produces a lot of aliases
as the spacing of the data points is typically 1 day. Due to the survey setup of six month
observing seasons, variables with periods around 1 year have relatively poor phase coverage,
causing the Fourier fits to be unreliable and often give erroneous values for the amplitude
and other fit parameters. We therefore remove all variables with a phase coverage of less
than 0.8, resulting in the empty band in figure 4.3 at log( � ) �



� � . In figure 4.3 different

groups of variables can be distinguished. For example, the band of objects in the left of
the figure running from (0.6, 0.6) to (1.4, 2.0) is the location of classical (type I) Cepheids
and the smaller band of objects to the right of these is the location of type II Cepheids. Long
period variables like Mira’s and semi-regular variables are located in the large clump at higher
periods.

Since we have detailed information as well about the shape of the individual lightcurves,
we also want to include that information in the classification of variable sources. Certain
types of variable stars have very characteristic lightcurve shapes, so that they can be identified
using the Fourier coefficients from equation 4.1. Traditionally lightcurves are measured in
magnitudes. We are measuring difference fluxes and have no information about the absolute
magnitude of the variations we see. The shape of a lightcurve can change drastically when
changing from the magnitude to the flux domain, but as we show below, for variations up to
1 or 2 magnitudes the lightcurve shape changes very little. Therefore it is possible to identify
certain variables by their lightcurve shape in the traditional way.

This chapter is not meant to be an exhaustive catalogue of all variables in M31. Here
we will identify a number of the more common types: classical Cepheids, eclipsing binaries,
Mira-type and semiregular long period variables (LPVs) and cataclismic variables (CVs).
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Figure 4.3 – Period-amplitude
diagram for 22,472 variable stars
with periods between 1.5 and
650 days, well-fitted lightcurves
and good phase-coverage. The
empty band around periods of

� 1 year is caused by poor phase
coverage for this period due
to the survey time sampling.
The period-amplitude relations
of type I and type II Cepheids
are clearly visible, as well as
the large number of long-period-
variables that we are sensitive to.

4.3.1 Cepheids

Classical Cepheid-type variable stars are known to have periods ranging between 1 day up
to 100 days and the amplitude of variation rarely exceeds 2 magnitudes in either V or I. Fur-
thermore, their shape can usually be fitted with a template lightcurve (e.g. Stetson 1996),
meaning that their shape is rather constant. Classical Cepheids also follow a well-known
period-luminosity relation, that is often used to determine distances to extragalactic stellar
systems. Since there is also a correlation between their brightness and their variation ampli-
tude, their locus in the period-amplitude plane is easily recognized (figure 4.3). To identify
Cepheids in our variable star database, we want to use period and amplitude information as
well as lightcurve shapes, to filter out as many other variables as possible that either have a
similar position in the period-amplitude plane or similar lightcurve shape.

From the Fourier series fitted to all our lightcurves, we have information about the
lightcurve shapes that we should be able to use to identify Cepheids. When fitting a Fourier
series to lightcurves in magnitude units, Cepheids are easily recognized if the ratio of the
amplitudes of the first and second harmonics � �  � � � � �  is plotted against the phase dif-
ference

� �  � � �  
 �  . The Cepheids cluster together between � �  values of 0.2 and 0.5
and

� �  values of 4.5 and 5.5 radians. However, our lightcurves are in units of difference
flux and the actual magnitudes of the variables are unknown, and since lightcurve shapes
change when transforming them from magnitude to flux and vice versa, it is not a priori clear
that we can use this method to identify Cepheids. Below we show that it turns out we can
use this method to identify Cepheids after all due to the small amplitude of their brightness
fluctuations.

The amplitude of variation of the lion’s share of Cepheids lies between 0.2 and 1.0 mag-
nitudes, corresponding to relative changes in brightness of factors of 1.2 and 2.5. Because
of this relatively small change in brightness, the shape of the lightcurve changes little when
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Figure 4.4 – Transformation
of a Cepheid lightcurve from
magnitude to flux. Upper panel:
template lightcurve of a Cepheid
variable with a period of 10
days, an average V magnitude
of 19 and an amplitude of 0.6
magnitudes. Middle panel: the
lightcurve in the upper panel
converted to flux units as they
would be measured with the
INT. The shape of the lightcurve
changes somewhat, but not sig-
nificantly. Lower panel: the
same as the middle panel, but
for an amplitude of 6 magni-
tudes instead of 0.6 magnitudes,
in which case the lightcurve is
changed dramatically.

going from magnitudes to flux. On the other hand, if the change in brightness is large, the
lightcurves look very different in magnitude and flux, as is demonstrated in figure 4.4. For
variables that have amplitudes up to around 1 magnitude the � �  and

� �  values obtained
from our difference flux lightcurves should be similar to the values found using magnitude
lightcurves. Therefore we should be able to use these parameters to identify Cepheids in the
usual way.

To check this we performed simulations of Cepheid lightcurves in the following way. Us-
ing the Cepheid templates from Stetson (1996), we create a set of Cepheid lightcurves as they
could be observed in M31. We assume that the mean apparent magnitude for each variable
lies between 18 and 21 (e.g. Kaluzny et al. 1998) and let the periods vary randomly between
2 and 60 days and the amplitudes between 0.1 and 0.5 magnitudes. Each lightcurve is con-
verted to flux and a Fourier series as in eq. 4.1 is fitted to all magnitude and flux lightcurves.
In figure 4.5 we plot the � �  and

� �  values for the magnitude and flux lightcurves for the
simulated V-band lightcurves. In the two panels on the left side there is a clear correlation
visible between the values obtained for the magnitude lightcurves and their flux counterparts.
Both for the flux and for the magnitude lightcurves the � �  and

� �  values cluster together
tightly in the right panel. The offset in

� �  of � is due to the fact that the flux lightcurve
is upside-down with respect to the magnitude lightcurve. Figure 4.6 shows the same for the
I-band lightcurves. Here the correlation is also clear, but in I-band the Cepheid locus is less
clearly defined in the � �  - � �  plane. Therefore, V-band is preferable to I-band when identi-
fying Cepheids based on the � �  - � �  values. For us this means that we use � � in the INT data
and � in the KP4m data for the identification of Cepheids.

In figure 4.7 we plot the R �  versus
� �  values for all variables detected in the INT data

set that have periods between 1.5 and 100 days and a well fitted light curve. Well fitted like
before means �

�� ��� � � �
�
������ � �

�
�� � � 


. In the lower left corner, centered around R �  =0.35
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Figure 4.5 – Shape parame-
ters for 2000 simulated V-band
Cepheid lightcurves. Upper left:
�
��� for the magnitude versions

of the lightcurves versus
�
��� for

the flux versions. Lower left:
�
��� for the magnitude versions

versus
�
��� for the flux versions.

Right: plot of
�
��� versus

�
��� ,

with crosses indicating the mag-
nitude lightcurves and cirles in-
dicating the flux lightcurves. In
the plots on the left the correla-
tions between the shape parame-
ters for the magnitude and flux
lightcurves are clear. On the
right both groups of lightcurves
cluster closely together. The off-
set of � in

�
��� is due to the

fact that low values of magnitude
correspond to high values of flux
and vice versa.

Figure 4.6 – Same as figure
4.5, but now for I-band. Similar
correlations are present, but with
more scatter.
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Figure 4.7 – R ��� versus � ���

for all variables detected in the
INT data set with periods be-
tween 1.5 and 100 days and good
light curve fit ( ��� ����� � � �

).
The clump of Cepheids is visi-
ble in the lower left corner (Cep).
Certain other types of variables,
like eclipsing binaries (EV) and
RV Tauri stars (RV) can also be
identified in this plot.

and
� �  =1.25 there is an obvious clump of variables that corresponds to classical Cepheids.

However, on the left side of the plot, running from top to bottom is a whole band of variables.
To cleanly separate the Cepheids from this background, we need to use their locus in the
period-amplitude plane as well.

To select a sample of classical Cepheids we use cuts on period, amplitude and R �  and
� �  . The cuts on the first two are indicated in figure 4.9 with the two diagonal dashed lines
that lie on either side of the period-amplitude relation of the Cepheids. In figure 4.7 the
cuts on R �  and

� �  are indicated with a box, corresponding to 0.1
�

R �  �
0.6 and 0.5

�
� �  � 2.0, so that most of the simulated events in figure 4.5 would be included. The same
box is shown in the inset in figure 4.9. Variables included in the Cepheid sample are indicated
by filled circles in figure 4.9 and by crosses in the inset. The period-amplitude relation of
Cepheids lies on top of a background of a continuous group of variable stars with periods
ranging between 1.5 days and 100 days. Using the shapes of the lightcurves in addition to
the period-amplitude relation helps to distinguish the Cepheids from these other variables
and shows the advantage of using this information. Using only the period-amplitude relation,
851 variables are selected, using only R �  and

� �  , 737 are selected, and the two criteria
combined result in a sample of 611 Cepheids. Figure 4.8 shows the r

�

and i
�

lightcurves of
two of the selected variables and indeed from the lightcurve shape it is clear that these are
classical Cepheids.

In figure 4.10 the positions of the 611 selected Cepheids are plotted. Their distribution
is clearly very different from that of the light. The Cepheids are located in the in the gas-
and dust-rich ring that is observed in radio and infra-red wavelengths (e.g. Beck et al. 1998;
Haas et al. 1998). Cepheids are massive stars with masses of at least 3 or 4 times that of the
sun and up to several tens of solar masses. The majority is therefore quite young and since
most star forming regions in M31 lie in this ring, the Cepheids are preferentially found there.
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Figure 4.8 – Two examples of Cepheids.
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Figure 4.9 – Selection criteria for selecting Cepheids from the variable star catalogue. The main plot
shows the periods and amplitudes of all well-fit variables with periods between 1.5 and 100 days. The
inset shows part of the R ��� -

�
��� plot centered on the locus of the Cepheids. To be classified as a classical

Cepheid, objects should lie both between the diagonal dashed lines as well as within the dashed box.
The stars that pass both criteria are indicated with filled circles and crosses.

Cepheids therefore are tracers of the very young stellar populations.
One of the most important applications of Cepheid variables in astronomy is the use of

their period-luminosity relation to determine distances to nearby galaxies. If the relation be-
tween their period and absolute luminosity is known, measuring the periods and apparent
magnitudes of Cepheids in other galaxies yields the distance to these galaxies. From the
INT data we do not have good information about the absolute fluxes of the variable sources,
but only the difference fluxes with respect to the reference images. There is also a relation
between the periods and the amplitudes of Cepheid variables, which is clearly visible in the
period-amplitude plots. However, since the amplitudes are relative and the period-amplitude
relation of Cepheids is studied in much less detail, we will not attempt to study this relation
here. The MEGA collaboration has carried out observations with the Advanced Camera for
Surveys (ACS) and the Wide Field and Planetary Camera 2 (WFPC2) on board the Hubble
Space Telescope (HST). Using these data, it will be possible to identify the Cepheids detected
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Figure 4.10 – Sky positions of
the 611 Cepheids; the edges of
the INT fields are also indicated.
The distribution follows closely
the ring in which stars are being
formed; near the center of the
galaxy Cepheids are practically
absent.

in the INT and other data sets and determine their magnitudes. With this combined informa-
tion it will be possible to study the period-luminosity and period-amplitude relationships in
more detail.

4.3.2 Eclipsing binaries and RV Tauri stars

Another class of variables that shows brightness variations of up to 2 magnitudes and has a
very particular lightcurve shape, is the eclipsing binary. This type of variable is not a pulsating
star, but a close binary star with the plane of the orbit parallel to our line-of-sight, so that each
star eclipses the other one every orbital period. Thus, the lightcurve shows equidistant dips,
often with different depths if one of the two stars is brighter than the other. In the R �  versus

� �  plot these variables therefore are located in a strip at
� �  � � , with the value of R � 

depending on the difference in depth of the two dips. Indeed there are some stars seen in this
strip in figure 4.7 and the lightcurves of two of them are shown in figure 4.11. Also eclipsing
binaries are easily identified using the shape information obtained from the Fourier fit.

Spread around
� �  =2 and with R �  �

1 is another distinct group of variables, of which two
examples are shown in figure 4.12. These variables are RV Tauri stars, pulsating supergiants,
believed to form a transition class between the shorter-period Cepheids and long-period Mira-
type variables. Their periods can range between 30 and 150 days and their lightcurves gen-
erally show an alternating pattern of deep and shallow minima. It should be remarked that
some RV Tauri stars show quite irregular behaviour and that the objects selected here are
examples that are rather well-behaved during the surveyed period. Without the �

�
criterium

on the Fourier fit to the lightcurve, many more RV Tauri stars presumably would be found.
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Figure 4.11 – Two examples of eclipsing binaries.
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Figure 4.12 – Two examples of RV Tauri stars.
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4.3.3 Long-Period Variables

Variable stars with long periods come in a variety of types and the demarcations between
the different kinds are often vague and somewhat arbitrary. They are divided into several
classes, the most important ones being the Mira’s, named after Mira, the first ever variable
star to be discovered, in 1596 by David Fabricius, and the semiregular variables (SRs). All
of these stars are pulsating giants, the majority on the Asymptotic Giant Branch. They are
typically of spectral type F to M and therefore much older than e.g. Cepheids. According
to the definitions used in the General Catalogue of Variable Stars (GCVS, Kholopov et al.
1999) Mira’s have amplitudes of at least 2.5 magnitudes in V and well-pronounced periods in
the range 80 to 1000 days. Semiregulars show “noticeable periodicity in their light changes,
accompanied or sometimes interrupted by various irregularities” and their periods lie in the
range from 20 to � 2000 days with amplitudes of a few hundredths to several magnitudes.
On average, Mira’s should therefore be constrained to a shorter range in periods and have
more regular lightcurves, and higher amplitudes. However, also for Mira’s the height of the
maxima in their lightcurves can vary significantly and slow period changes are possible. The
SRs are divided into several subclasses, depending on their lightcurve behaviour and spectral
type. RV Tauri stars can also be considered to be long-period variables, as they can have
periods as high as 150 days.

With our current data set, spanning four half-year observing periods, with three half-year
gaps in between, it will be difficult to distinguish Mira’s and SRs based on regularity criteria.
In practice the most important criterion to separate the groups is the amplitude. Since we
measure difference fluxes and do not know the magnitudes of the variables in question, we
cannot distinguish between Mira’s and SRs for individual stars. However, these stars have
absolute R magnitudes of approximately -3, or an apparent magnitude at the distance of
M31 of approximately -21.5. A brightness fluctuation with an amplitude of 2 magnitudes
around this magnitude corresponds to a difference flux of � 30 ADU/s. This means that the
variables with periods longer than about 100 days and amplitudes larger than 30 ADU/s can
be classified as Mira’s and most of the others as SRs.

The upper left panel of figure 4.13 shows the periods and amplitudes of all 20,864 variable
sources with periods between 100 and 650 days that have good phase coverage and well-fit
lightcurves. In the upper right panel of the same figure the R �  and

� �  values are plotted.
In both plots there is some structure visible; in the period-amplitude plot there seems to be a
diagonal band of objects near the center of the plot with lower amplitudes for higher periods,
and in the R �  - � �  plot most objects cluster around R �  � 0.5 and

� �  equal to � or 2 � . These
values of

� �  correspond to zero phase difference between the first and second harmonics of
the Fourier fit (equation 4.1), i.e. lightcurves with only 1 significant maximum per periodic
cycle.

Very different lightcurve shapes can occur within both the semiregular and Mira class
(e.g. Ludendorff 1928), but apparently the majority has comparable lightcurves, as shown by
the R �  - � �  plot. Both Mira’s and SRs follow a period-luminosity relation that is (in optical
bands) opposite to that of the Cepheids, in the sense that the longer the period, the fainter
the star is. The scatter in this relation is much larger than in that for the Cepheids, although
in near-infrared bands a much tighter relation is found (Glass & Evans 1981). SRs have
recently been found to lie on four parallel period-luminosity relations in the near-infrared
(Wood et al. 1999). The band of objects in the period-amplitude plot shows that a similar
relation is present between the (optical) amplitude and the period of the Mira’s and SRs. The
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Figure 4.13 – Upper left: period-amplitude plot of all 20,864 variables with periods
�

100 days. The
empty strip is due to poor phase coverage caused by the observational setup of the survey. Upper right:
R ��� -

�
��� plot of all 20,864 LPVs, showing that the majority has R ��� close to 0.5 and

�
��� close to 0 or

2 � . Lower left: period-amplitude plot for the LPVs with 0.3
�

R ���
�

0.6 and
�
���
�

0.3 or
�
���
�

6. This
preferably selects the stars that follow the period-amplitude relation. Lower right: period-amplitude
plot for the LPVs not selected.

most regular lightcurves will result in the most reliable shape and amplitude information, so
the objects that cluster in the R �  - � �  plot should be the same as the ones that are found in the
period-amplitude relation. In the lower left panel of figure 4.13 we show the period-amplitude
plot for the variables with 0.3

�
R �  � 0.6 and

� �  � 0.3 or
� �  � 6. Indeed the stars in the

period-amplitude relation are preferentially selected. The lower right panel shows the same
for the other variables, and the period-amplitude relation has practically vanished completely.

Figure 4.14 shows the lightcurves of two variables in the period-amplitude relation, one
near the short-period end and one near the long-period end. Why some of the variables se-
lected with these R �  - � �  criteria have similar lightcurves but do not fall on this relation is
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Figure 4.14 – Two examples of “regular” LPVs.

not clear. A visual inspection of a random sample of the lightcurves not selected shows a
variety of objects. Some lightcurves are similar to those of the Mira’s and A-type semiregu-
lars (SRAs, quite regular SRs), since the cuts in R �  and

� �  are somewhat arbitrary. There
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Figure 4.15 – Period-
amplitude plot for all LPVs
in the MACHO variable star
database with periods between
100 and 1000 days. The differ-
ent symbols indicate to which
near-infrared period-luminosity
sequence (Wood et al. 1999) the
stars belong. Mira variables are
located at the high-amplitude
end of the C sequence. Note that
the amplitudes plotted here are
in magnitudes, not in flux, but
in any case there seems to be no
period-amplitude like the one
seen in the INT M31 LPVs.

are also lightcurves present with differently shaped peaks, double peaks, varying amplitudes,
changing periods. These objects probably fall in several categories including Mira’s, SRAs,
RV Tauri stars, B-type semiregulars (SRBs, very irregular SRs), and other types of semireg-
ular variables.

This relation between optical amplitude and period is not apparent from other surveys
of LPVs. The MACHO database of variable stars (Alcock et al. 2003) provides a convenient
comparison sample, as the variables in the Large Magellanic Cloud (LMC) can be assumed to
be all at the same distance and MACHO provides R-band photometry, which should be close
enough to our r

�

filter for this comparison. In figure 4.15 we plot the R-band amplitude versus
the period for the LMC LPVs in the MACHO variable star database with periods longer
than 100 days. Different symbols indicate the near-infrared period-luminosity relations the
variables fall on (Wood et al. 1999). There is no correlation that corresponds to the period-
amplitude relation we see. Perhaps this should be attributed to the factor 10 more objects we
are using for this analysis.

Investigating the period distribution of the LPVs might also give us some more informa-
tion about the nature of these objects. In figure 4.16 we show the period histograms of the
M31 LPVs, and of the semiregular and Mira variables taken from the GCVS (Kholopov et al.
1999) which are located in the Milky Way. The period histogram for all INT variables with
periods larger than 100 days is shown in panel (a), for the shape-selected sample in panel (b),
and for the rest in panel (c). Of course, the gap between 350 and 400 days is not real, but is
caused by the phase coverage problems. Panels (d) and (e) show the same for all semiregu-
lar variables and all Mira variables in the GCVS, respectively. The shape-selected sample is
strongly peaked between 200 and 300 days, which corresponds to the period range where the
period-amplitude relation is seen. The period distribution of GCVS Mira’s peaks at similar
periods, but is broader. The histogram for the other LPVs peaks at shorter periods, but has
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Figure 4.16 – Histograms
showing the period distribution
of the M31 LPVs and of Galac-
tic Mira’s and SRs, taken from
the GCVS: (a) all variables with
periods from 100-650 days; (b)
all “regular” (shape-selected)
LPVs; (c) the other “semireg-
ular” LPVs; (d) the Galactic
SRs; (e) the Galactic Mira’s.
The numbers in the upper right
corner of each panel is the
number of variables used.

Figure 4.17 – Histograms
showing the period distribution
of LMC LPVs from the MA-
CHO database: (a) all LPVs
with periods

�
100 days; (b) the

LPVs in the period-luminosity
sequence B (Wood et al. 1999);
(c) the LPVs in sequence C;
(d) the LPVs in sequence D;
(e) the LPVs with amplitude�

R
���  �

mag. The numbers in
the upper right corner of each
panel is the number of variables
used.
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a very slow decline and a significant number of stars has periods larger than 400 days. The
histogram for the Galactic SRs also peaks at shorter periods, but declines much more rapidly.

Figure 4.17 shows the distribution over period of the MACHO LPVs, split up in differ-
ent groups. Panel (a) is for all MACHO LPVs, (b)-(d) for the three near-infrared period-
luminosity sequences on which most variables with periods larger than 100 days are located,
and finally (e) for the LPVs with R-band amplitudes larger than 2.5 magnitudes, which we
will call the Mira’s for now. This MACHO Mira sample peaks at slightly shorter periods than
our shape-selected sample and the Galactic Mira’s and also has some very long period vari-
ables. The histograms of the different period-luminosity sequences reflect the period ranges
of these sequences.

Also these period distributions do not give a conclusive answer as to the nature of the
M31 LPVs. However, we note a few things. First, since the overall period distribution for
the M31 LPVs in panel (a) of figure 4.16 decreases at periods below 250 days, it seems that
either Mira’s or SRs from the D sequence in Wood et al. (1999) are an important part of our
sample. In the GCVS there are more Mira’s than SRs, while in the MACHO data base, Mira’s
are outnumbered by SRs by a large factor. The reason for the first effect must be that Galactic
Mira’s are much easier to detect than Galactic SRs due to their large amplitudes. The latter
effect shows, however, that SRs are far more common than Mira’s. Since we are sensitive
to flux amplitudes, our sample will be more heavily weighted towards the high amplitude
variables, i.e. Mira’s and, as shown by figure 4.15 the variables in sequence C of Wood et al.
(1999). Looking at the period histograms, a preliminary conclusion might therefore be that
the majority of our shape-selected sample are Mira’s, while a majority of the rest are SR’s
from the C sequence.

A correlation between the mean period of Mira’s and position in the Galaxy was first
noted by Ahnert (1939). Although early surveys for Mira’s were hampered by observational
selection effects (Lloyd Evans 1976), it is generally accepted that LPVs belong to different
stellar populations and that their general properties reflect differences between these popula-
tions. On average, stars with periods below 200 days belong to Population II and are found
mostly in the bulge, the halo and globular clusters. Stars with periods longer than 200 days
belong mostly to a sort of Population I and are more constrained to the disk.

An et al. (2004a) looked in considerable detail at the distribution of their LPVs within
M31 and found that the shorter period and higher amplitude (brighter) LPVs are more con-
centrated towards the center, while the longer period and smaller amplitude (fainter) LPVs
are more spread out through the galaxy. This supports the idea that the brighter, shorter pe-
riod LPVs are older and preferentially found in the bulge and that the fainter, longer period
ones are younger and mostly located in the disk. In figure 4.18 we plot the distribution of our
LPVs for four different period bins, that were chosen to give comparable numbers of stars
in each bin. Going from the shortest periods (100-200 days, panel (a)) to the longest ( � 300
days, panel (d)) the distribution changes clearly, with the number of variables in the bulge
decreasing with increasing period. Therefore we confirm the ideas about the correlation be-
tween period and stellar population. Other features that catch the eye in figure 4.18 are the
depressions in the density of LPVs running across the northern INT field. These depressions
are at least partly responsible for the asymmetry in the distribution (figure 4.1). As also noted
by An et al. (2004a), they fall exactly on top of the dust bands that are seen in optical images
of M31 (see for example figure 4.2) and are therefore caused by extinction.
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Figure 4.18 – Positions of the detected LPVs on the sky in four bins: (a) periods 100-200 days, (b)
periods 200-250 days, (c) periods 250-300 days, (d) periods

�
300 days. The number in the upper right

corner of each panel is the number of variables in the bin. The shorter the periods, the more the stars
are concentrated in the central part of the galaxy. Dust lanes show up clearly in the density of variable
stars, indicating the importance of extinction on the detectability of LPVs.



4.3. Variable star classification 81

4.3.4 Eruptive variables

Apart from periodic variable stars, there are also variable stars that show temporary outbursts
of increased luminosity, either only once or at irregular intervals. These variables are com-
monly called eruptive variables. There are several different classes of eruptive variables and
different processes that cause the eruptions. The most common class of eruptive variable stars
are the so-called cataclysmic variables (CVs), very close interacting binary systems, consist-
ing of a white dwarf and a late-type star. Matter from the late-type star is transferred to the
white dwarf and the build-up of this material on the surface of the white dwarf leads to vio-
lent eruptions. The brightest CVs are the classical novae (CNe). In these systems eruptions
with amplitudes between 6 and 19 magnitudes are caused by a thermonuclear runaway of the
accreted material on the surface of the white dwarf.

Novae are potentially useful as extragalactic distance indicators because there is a corre-
lation between their maximum luminosity and their decay rate (e.g. Hubble 1929; Arp 1956).
Because of their relatively frequent occurrence they can also be used to map the distribution
of close binary pairs in nearby galaxies. However, because of a lack of sufficient, high quality
lightcurves, it is poorly understood how the properties of CNe vary between different stel-
lar populations. The MEGA data set is a very good repository for the detection of CNe in
M31, due to the good temporal sampling during several observing seasons (August-January).
Darnley et al. (2004) performed an automated search for CNe in the first 3 years of data ob-
tained at the INT and found 20 CN candidates. A similar study using the full multi-telescope
MEGA data set would presumably be able to detect a considerably larger sample of novae.

A full search for eruptive variables or more specifically for CNe as done by Darnley et al.
(2004) is outside the scope of this chapter. Lightcurves of CNe show a large variety of be-
haviour and a complete survey is therefore not straightforward. However, the richness of the
data can be easily demonstrated. Using the period information and the microlensing fits to
the lightcurves that are used in chapter 5 for the selection of candidate microlensing events, a
very crude search for eruptive variables can be undertaken. We do this by selecting variable
sources with no significant periodicity, a very high and relatively narrow peak, and a rela-
tively blue colour. To select high peaks a

'
�
�

criterion is used. The peak width and colour
are taken from simultaneous microlensing fits to the r

�

and i
�

lightcurves of each variable
source. Of course, the lightcurves of eruptive variables have different shapes from microlens-
ing lightcurves and the peak width and colour given by the fits will not be very accurate, but
for this purpose they are useful indications.

Using

'
�
� � 5000, r

�

-i
� �

0.25, and ��������� �
100 days we retrieve 19 objects from the

4-year INT data set, listed in table 4.2. This sample includes 7 CN candidates from Darnley
et al. (2004), 2 more known CN, 1 known X-ray source, and a candidate microlensing event
found by Belokurov et al. (2005). The X-ray source has an optical lightcurve very similar to
that of a CN. The candidate microlensing event will be discussed in more detail in chapter
5, section 5.5.2, but this source can also be explained as being a CN. Of the remaining 8
unknown sources, 5 have lightcurve shapes and/or chromatic behaviour that strongly suggests
that these are CNe. For 1 source we only have 3 data points during the peak and thefore
this source is impossible to classify. Two sources are possibly microlensing events, namely
MEGA J004428.3+413233 and MEGA J004220.3+405031. The first is fitted very well with
a standard microlensing lightcurve and shows no significant colour evolution, but since we
only have data on the rising side of the peak, it is difficult to ascertain the nature of this source.
MEGA J004220.3+405031 has an interesting lightcurve with a group of points around day
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Table 4.2 – List of selected EV candidates. For previously known sources the other identifiers and the classification are given. In italics
we give our most viable classifications for sources of which the nature is uncertain.

MEGA name RA DEC Identifier Classification
(J2000) (J2000)

MEGA J004202.4+405434 0:42:02.4 40:54:34 candidate 1 from Belokurov et al. (2005) microlensing / nova
MEGA J004220.3+405031 0:42:20.3 40:50:31 - binary microlensing / nova
MEGA J004230.9+410613 0:42:30.9 41:06:13 [HKF2002] J004230.9+410613

�

nova
MEGA J004234.7+411813 0:42:34.7 41:18:13 [OBT2001]3

�

nova
MEGA J004246.1+405335 0:42:46.1 40:53:35 PACN-99-04

�

nova
MEGA J004257.1+410716 0:42:57.1 41:07:16 PACN-00-06, [DFG2000] J004257+410716

�
�

�

nova
MEGA J004302.8+413207 0:43:02.8 41:32:07 - nova
MEGA J004305.2+411908 0:43:05.2 41:19:08 - nova
MEGA J004308.6+412915 0:43:08.6 41:29:15 PACN-99-05

�

nova
MEGA J004310.6+411758 0:43:10.6 41:17:58 PACN-01-03

�

nova
MEGA J004315.8+412305 0:43:15.8 41:23:05 PACN-99-06

�

nova
MEGA J004318.6+410949 0:43:18.6 41:09:49 CXOM31 J004318.5+410950

�

X-ray source / nova
MEGA J004327.1+412410 0:43:27.1 41:24:10 PACN-99-01

�

nova
MEGA J004344.6+412658 0:43:44.6 41:26:58 - nova
MEGA J004347.4+414650 0:43:47.4 41:46:50 - ? too few points
MEGA J004400.6+414528 0:44:00.6 41:45:28 - nova
MEGA J004428.3+413233 0:44:28.3 41:32:33 - microlensing / variable
MEGA J004433.2+413607 0:44:33.2 41:36:07 - nova
MEGA J004439.2+414432 0:44:39.2 41:44:32 PACN-99-02

�

nova

�

Hornoch et al. (2002);

�

Fiaschi et al. (2002);
�

Darnley et al. (2004);

�

Donato et al. (2000);

�

Kaaret (2002)
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Figure 4.19 – Three examples of classical novae (CN). Upper panel: [HKF2002] J004230.9+410613,
the brightest in our sample of 19 sources. Middle panel: PACN-99-02. Lower panel: PACN-00-05. The
upper two CNe have very similar lightcurve shapes and colour evolution, that is typical of the majority
of CNe. Note that the colour changes very rapidly around the time of the maximum, but remains almost
constant after 10 to 15 days. PACN-00-05 shows different lightcurve and colour behaviour, a sign of
the wide variety in which CNe come.
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Figure 4.20 – Upper panel: MEGA J004305.2+411908; colour evolution and lightcurve shape simi-
lar to typical CN, but the maximum is lying in between the second and third observing season. Middle
panel: MEGA J004400.6+414528; CN-like lightcurve with multiple bursts. Note how the source be-
comes redder during the second burst, just like CNe do during the principle maximum. Lower panel:
MEGA J004302.8+413207; another source with the typical CN lightcurve shape.
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Figure 4.21 – Upper panel: MEGA J004344.6+412658; CN-like lightcurve with second burst.
This source is fainter and redder than the other CNe, which might be caused by extinction. Mid-
dle panel: MEGA J004433.2+413607; another CN with a secondary burst. Lower panel: MEGA
J004347.4+414650; this could be a CN, but the poor peak coverage prevents a proper classification.
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Figure 4.22 – Upper panel: MEGA J004428.3+413233; the rise of this lightcurve seems too shallow
for a CN, while it is well-fit by a microlensing model. The deviating point is a problem though and
might have to be explained by a multiple lens. Lower panel: MEGA J004220.3+405031; this might be
another CN, but since the group of points around day 1240 is fit perfectly by a microlensing lightcurve,
it is tempting to think about a binary microlensing nature.

1240 that is fitted very well with a standard microlensing shape and is also consistent with
being achromatic; around day 1207 there are a few points at very high fluxes. This source
might be just another CN, but it is possible that it is a binary microlensing event. In figure
4.19 we show the r

�

lightcurves and i
�

/r
�

colour evolution in the peak for 3 CN in the sample.
In figures 4.20 through 4.22 we show the same for unknown sources.
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4.4 Implications for the distribution of microlensing sources

An important assumption that has been made in most microlensing event rate calculations
for M31, is that the source population is distributed smoothly and (axi)symmetrically in the
galaxy. If this is the case, there will be equal numbers of source stars available at the far
side of the disk and on the near side of the disk. Since the microlensing optical depth due
to a microlensing halo is higher towards the far side of the disk, this would translate to a
higher microlensing event rate on the far side. Under these assumptions an asymmetry in
the distribution of microlensing events would be a sign of microlensing by the M31 halo.
Of course, this kind of asymmetry in the microlensing event rate could also be produced if
the density of source stars is higher on the far side compared to the near side. Although
there is no reason to assume that the stellar populations in M31 would deviate strongly from
axisymmetry, it is of the utmost importance for the credibility of the microlensing surveys in
M31 to check any indications there might be for other sources of an asymmetric microlensing
signal. Variable stars of different types can be used to trace different stellar populations, and
the database of variable stars produced by our microlensing survey can therefore be used to
study the distribution of the underlying stellar populations.

Burgos & Wald-Doghramadjian (2002) were the first to notice that the distribution of
variable stars was not symmetric. Using 3 seasons of INT data, they found that the number
of variable stars in symmetrically placed fields on the near and far side of the disk were
not the same. Later An et al. (2004a) studied the variable star distribution in M31 in much
more detail and found that both the variable stars and the resolved stars in M31 seem to be
distributed asymmetrically (figure 4.1). Moreover, this asymmetry goes in the same direction
as the asymmetry that would be induced in the microlensing event rate by lenses in the M31
halo, that is with more variables on the far side of the disk. If the variable and resolved
stars show this asymmetry, the microlensing source population can be expected to behave
similarly, thereby inducing an asymmetric microlensing event rate even in the absence of a
microlensing halo.

The stars most likely to serve as sources for microlensing events are red giant branch
(RGB) stars, due to the combination of their high luminosity and relatively high abundance.
LPVs are mostly stars on the RGB or asymptotic giant branch (AGB) and like RGB stars can
have widely differing ages and belong to different stellar population. For example, Cepheids
are all very young stars and they are located in or close to star-forming regions, as shown
by figure 4.10, but the distribution of LPVs, shown in figure 4.18, is much smoother over
the galaxy. Of all types of variable stars the LPVs are therefore the best tracers for the
microlensing source population.

From the positions of the LPVs in our fields (figure 4.18) it is indeed clear that the number
of detected variables is larger on the far side than on the near side. This is mainly due to the
depressions in the surface density running diagonally through the northern field. Since these
depressions coincide with the two prominent dust lanes on the near side of M31, it seems
that extinction is the reason for this difference in variable star density, as was also pointed
out by An et al. (2004a). In figure 4.23 we plot the surface density of LPVs along three
lines running symmetrically through the galaxy. Surface densities are plotted as function of
distance from the center, with full circles for the near side and open circles for the far side.
The approximate location of the inner dust lane and the onset of the outer dust lane are also
indicated. Especially the inner dust lane causes a clear dip in the surface density on the near
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Figure 4.23 – Surface density of LPVs versus distance from the center along three lines symmetrically
placed over the far and near side of M31. In the upper panel the line is close to the minor axis, in the
lower panel close to the major axis and in the middle panel in between the two. Full circles are for the
near side, open circles for the far side of the disk. The vertical bars at the top of each panel indicate
the center of the inner dust lane and the start of the outer dust lane, of which the outer edge is not
well-defined.

side. In the upper and middle panel, the outer dust lane also seems to suppress the density of
LPVs on the near side with respect to the far side. However, in between the dust lanes and
at large radii, where the effect of the outer dust lane is much weaker, there is no significant
difference in the density of LPVs between the two sides. This is a sign that the effect of
extinction is the dominant, perhaps the only, reason for the asymmetry in the distribution of
the LPVs.

Although the intrinsic distribution of LPVs can be assumed to be symmetric in M31, a
large fraction of them is made fainter or possibly completely invisible due to extinction. Of
course, the same will happen to the microlensing source population, so that the number of
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observed microlensing events on the near side will be reduced because of extinction. Theo-
retical calculations of microlensing event rates (e.g. Baltz et al. 2003) have not taken this into
account so far, so that the near-far asymmetries that they predict are too small. When inter-
preting microlensing results in M31, the effect of differential extinction will have to be taken
into account in some way. One possible way of doing this would be to take the asymmetry ob-
served in the variable stars as a benchmark and compare any asymmetry in the microlensing
distribution to that. This approach was used in chapter 3 of this thesis, although the moti-
vation at the time was that the number of detected variables could serve as a measure of the
detection efficiency. In our analysis of the microlensing sample of the full 4-year INT data
set in chapter 5 we will use an extinction model for M31 and attempt to take the extinction
properly into account when predicting the event rates for our survey.

4.5 Conclusions
The study of variable stars is a very important and promising by-product of the microlensing
surveys in M31. With the INT data alone, tens of thousands of variable stars have been
detected in this work, and by An et al. (2004a). This will enable us not only to increase
our knowledge about variable stars, stellar populations and the structure of M31, but also
turns out to be of key importance for the correct interpretation of the microlensing results
themselves. Using the complete data set that MEGA has obtained, including data that is
much more sensitive than the INT data, the number of detected variables will likely be even
an order of magnitude larger.

In this chapter we have identified a number of specific classes of variable stars, based on
the periods, amplitudes and shapes of their lightcurves. We have shown that for variables with
variation amplitudes up to � 2 magnitudes, the shapes of our difference flux lightcurves can
be used for identification purposes in the same way as for traditional magnitude lightcurves
and used this to select classical Cepheids, eclipsing binaries, and RV Tauri stars. Our sample
of long-period-variables (LPVs) shows a period-amplitude relation that corresponds to the
long-known period-luminosity relation for Mira variables. More work is needed to determine
the exact nature and classification of the LPVs detected in this survey. A very simple search
for cataclysmic variable lightcurves results in a sample containing several known classical
novae, as well as some new candidates.

The spatial distribution of the LPVs shows the same characteristics as seen by An et al.
(2004a). Differences in their distribution confirm the idea that shorter period LPVs belong
to older (population II) stellar populations and longer period LPVs to younger (population
I) populations. Extinction effects strongly affect the number of detected LPVs on the near
side of M31, causing the asymmetric distribution described by An et al. (2004a). The fact
that the density of LPVs in between the near-side dust-lanes is similar to the density on the
far side indicates that the intrinsic distribution is symmetric. Since LPVs are good tracers for
the microlensing source population, the same can be assumed for the microlensing sources.
This means that when taking extinction into account in the right way, the distribution of
microlensing events may still be used to constrain the significance of microlensing by the
M31 halo. This illustrates the importance of taking the effect of extinction into account.
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CHAPTER 5

The compact object content of the
M31 halo

Based on:
J.T.A. de Jong, L.M. Widrow, P. Cseresnjes, K. Kuijken, A.P.S. Crotts,

E.A. Baltz, A. Bergier, G. Gyuk, P.D. Sackett, R.R. Uglesich, W.J. Sutherland
to be submitted to ASTRONOMY & ASTROPHYSICS

WE present the microlensing analysis of a data set obtained during four observing seasons
at the Isaac Newton Telescope (INT) on La Palma. Using a fully automated method we

identify 14 candidate microlensing events, 3 of which are reported here for the first time; 10
overlap with our previous analysis of a subset of the current data set. Observations obtained
at the Mayall 4m telescope at Kitt Peak are combined with the INT data to produce composite
lightcurves for these candidates. The results from the survey are compared with theoretical
predictions for the number and distribution of events. These predictions are based on a Monte
Carlo calculation of the detection efficiency and self-consistent disk-bulge-halo models for
M31. The models provide the full phase-space distribution functions (DFs) for the lens and
source populations and are motivated by dynamical and observational considerations. They
include differential extinction and span a wide range of parameter space characterized pri-
marily by the mass-to-light ratios for the disk and bulge. For most models, the observed
event rate is consistent with the rate predicted for self-lensing — a MACHO halo fraction of
30% or higher can be ruled at the 95% confidence level. The event distribution does show
a large near-far asymmetry hinting at a halo contribution to the microlensing signal. Two
candidate events are located at particularly large projected radii on the far side of the disk.
These events are difficult to explain by self lensing and only somewhat easier to explain by
MACHO lensing. A possibility is that one of these is due to a lens in a giant stellar stream.
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5.1 Introduction

Compact objects that emit little or no radiation form a class of plausible candidates for the
composition of dark matter halos. Examples include black holes, brown dwarfs, and stellar
remnants such as white dwarfs and neutron stars. These objects, collectively known as Mas-
sive Astrophysical Compact Halo Objects or MACHOs, can be detected indirectly through
gravitational microlensing wherein light from a background star is amplified by the spacetime
curvature associated with the object (Paczynski 1986).

During the past decade several groups have used microlensing surveys to find evidence
for the existence of a large population of MACHOs in the dark halo surrounding the Milky
Way and, more recently also the Andromeda galaxy, M31. The Milky Way halo was probed
by the microlensing surveys toward the Large and Small Magellanic Clouds performed by
the MACHO (Alcock et al. 2000) and EROS (Lasserre et al. 2000; Afonso et al. 2003) col-
laborations. While both collaborations detected microlensing events, they reached different
conclusions. The MACHO collaboration reported results that favour a MACHO halo fraction
of 20%. On the other hand, the results from EROS are consistent with no MACHOs and im-
ply an upper bound of 20% for the MACHO halo fraction. They do leave open the question of
whether MACHOs make up a substantial fraction of halo dark matter and illustrate an inher-
ent difficulty with microlensing searches for MACHOs, namely that they must contend with
a background of self-lensing events (e.g., lensing by stars in the Milky Way or Magellanic
clouds), variable stars, and supernovae. The Magellanic Cloud surveys are also hampered by
having only two lines of sight through the Milky Way halo.

Microlensing experiments toward M31 have important advantages over the Magellanic
Cloud surveys (Crotts 1992). Due to the high density of background stars and the availabil-
ity of lines-of-sight through dense parts of the M31 halo, the microlensing rates are greatly
enhanced. Furthermore, microlensing by compact objects in the M31 halo induces a mi-
crolensing optical depth distribution that is strongly asymmetric with respect to the major
axis of M31, because the path length through the halo is much longer toward to far side of the
disk than toward the near side. Therefore, if the M31 halo contains a significant population
of compact objects the microlensing event rate should show a similar asymmetry (Gyuk &
Crotts 2000; Kerins et al. 2001; Baltz et al. 2003).

Unlike stars in the Magellanic Clouds, those in M31 are largely unresolved, a situation
that presents a challenge for the surveys but one that can be overcome by a variety of tech-
niques. To date microlensing events toward M31 have been reported by four different col-
laborations, VATT-Columbia (Uglesich et al. 2004), MEGA (de Jong et al. 2004), POINT-
AGAPE (Paulin-Henriksson et al. 2003; Belokurov et al. 2005; Calchi Novati et al. 2005) and
WeCAPP (Riffeser et al. 2003).

The MEGA collaboration is conducting a microlensing survey in order to quantify the
amount of MACHO dark matter in the M31 halo. Observations are carried out at a number of
telescopes including the 2.5m Isaac Newton Telescope (INT) on La Palma, and, on Kitt Peak,
the 1.3m McGraw-Hill, 2.4m Hiltner, and 4m Mayall telescopes. The first three seasons of
INT data were acquired jointly with the POINT-AGAPE collaboration but the data reduction
and analysis have been performed independently.

In chapter 3 we presented 14 candidate microlensing events from the first two seasons of
INT data. The angular distribution of these events hinted at a near-far asymmetry albeit with
low statistical significance. Recently, the discovery that the observed distribution of variable
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stars also shows a near-far asymmetry (An et al. 2004a) has complicated the interpretation
of the M31 microlensing results. However, since the asymmetry in the variable stars is most
likely caused by extinction (An et al. 2004a; chapter 4), it is possible to correct for this and
still use the distribution of microlensing events to study the contribution of halo lensing to
the total microlensing signal.

In this chapter we present our analysis of the four-year INT data set. Compared to the
analysis in chapter 3 the extension of the data set from two to four years is only one of sev-
eral important improvements. We also improve upon the photometry to reduce the sensitivity
to crowding of variable sources and upon the data reduction in order to reduce the num-
ber of spurious variable-source detections. Furthermore we fully automate the selection of
microlensing events and model the detection efficiency through extensive Monte Carlo sim-
ulations. Using these efficiencies, we compare the sample of candidate microlensing events
with theoretical predictions for the rate of events and their angular and timescale distribu-
tions. These predictions are based on new self-consistent disk-bulge-halo models (Widrow &
Dubinski 2005) and a model for differential extinction across the M31 disk. The models are
motivated by photometric and kinematic data for M31 as well as a theoretical understanding
of galactic dynamics. Our analysis shows that the observed number of events can be ex-
plained by self-lensing due to stars in the disk and bulge of M31 though we cannot rule out a
MACHO fraction of 30%.

The INT data set and the reduction methods are described in section 5.2. Section 5.3
describes Monte Carlo simulations of artificial microlensing events. The results of these
simulations are used to set the selection criteria for microlensing events and to determine the
detection efficiency for microlensing. How our sample of microlensing events was selected
is dealt with in section 5.4, followed by a description of the sample in section 5.5. Section
5.6 shows how the detection efficiency is determined using the Monte Carlo results and the
automated microlensing selection procedure. Our differential extinction model that is used
in our theoretical models is presented in section 5.7. The model calculations are described in
section 5.8. In section 5.9 we discuss the comparison of the candidate microlensing events
with the theoretical predictions. Our conclusions are summarized in section 5.10.

5.2 Data acquisition and reduction methods

The layout of the WFC chips on M31 is shown in figure 5.1, covering a large part of the far
side (SE) of the disk of M31, and part of the near side. The four 2048x4100 pixel chips with a
pixel scale of 0.333”, offer a field of view of approximately 0.25 �

�

. Observations were done
during four six-month observing seasons (August-January). Because the WFC is not always
mounted on the INT, the epochs tend to cluster in blocks of two to three weeks. During the
first (99/00) observing season exposures were taken in three filters, r

�

, g
�

and i
�

, which are
close to the Sloan filters. During the other observing seasons (00/01, 01/02 and 02/03) only
the r

�

and i
�

filters were used. Observations were spread equally over both fields. For the
99/00 season the exposure time per night ranges between 5 and 30 minutes and is typically
10 minutes per field and filter. During the other seasons exposure times are 10 minutes per
field and filter by default.

Standard data reduction, including bias subtraction, trimming, and flatfielding was per-
formed in IRAF. For the detection and photometry of variable objects in these highly crowded
fields we use the Difference Image Photometry (DIP) method as described by Tomaney &
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Figure 5.1 – the layout of the two INT
Wide Field Camera (WFC) fields in
M31. A small part of the south field
close to the bulge is not used since the
image subtraction is not of high quality
due to the high surface brightness.

Crotts (1996). This method involves subtracting individual images from a high quality ref-
erence image, resulting in difference images in which variable objects show up as residuals.
Most operations are done in IRAF, using the DIFIMPHOT package written primarily by
Austin Tomaney.

� Astrometric registration and stacking of images
All images are transformed to a common astrometric reference frame. By stacking high qual-
ity images from the 99/00 season, a high signal-to-noise reference image was made. Per
night all exposures are combined separately for each band. Each epoch corresponds to the
combination of all frames taken in the same band in one night. The Julian date of the epoch
is taken as the weighted average of the Julian dates of the individual frames.

� Image subtraction
From the single epoch images the high signal-to-noise reference image is subtracted, after
photometric calibration and matching of the point spread function (PSF) between the images
(Tomaney & Crotts 1996). The shape of the PSF is measured from bright, unsaturated stars
in the images that are being matched. By dividing the PSFs in Fourier space a convolution
kernel is calculated with which the better seeing image (usually the reference image) is de-
graded. In regions with very high surface brightness the image subtraction is not of very high
quality. For this reason we exclude a small part of the south field that is located in the bulge
and has a very high background level. This region is indicated in figure 5.1.

� Variable object detection
The resulting difference images are dominated by shot noise in which variable sources show
up as positive or negative residuals, depending on the flux difference of the object between
the single epoch image and the reference image. Due to fringing, the i

�

difference images are
of poorer quality than the r

�

difference images. SExtractor (Bertin & Arnouts 1996) is used
to detect residuals in all r

�

difference images. Residuals are defined as groups of at least four
connected pixels that all are at least 3 � above or below the background. The catalogues with
residuals are cross-correlated to obtain a catalogue with all variable objects in the surveyed
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Table 5.1 – Overview of the number of
epochs used for each field and filter. F1 is the
north field and F2 is the south field.

r
�

i
�

North South North South
99/00 48 50 21 18
00/01 58 57 66 62
01/02 28 30 27 28
02/03 35 32 33 30
Total 169 169 147 138

fields. As a first selection to get rid of noisy detections, we demand that objects have to be
detected in at least two epochs.

� Lightcurves and Epoch quality
Lightcurves for the variable sources are obtained by performing PSF fitting photometry on the
residuals in the difference images, using the PSF shape measured from the bright unsaturated
stars. An aperture of 0.5 FWHM is used, smaller than in the analysis in chapter 3 to reduce
the noise introduced by nearby variable stars. Several epochs turned out to give problematic
difference images for a number of different reasons. Epochs with seeing worse than 2.0” do
not give clean difference images; from seven epochs all data were discarded for this reason,
and for twelve epochs part of the data. In some cases the images were overexposed, causing
the PSF determination to fail, forcing us to discard seven epochs completely and part of the
data from seven more epochs. During the 00/01 and 01/02 season there were problems with
inaccurate guiding in a number of epochs. In two epochs the guiding failed completely and
these were discarded.
Lightcurves were also produced at “empty” positions, i.e. positions where no variability was
detected. These lightcurves were fit to a flat line to check the error bars on the fluxes derived
from statistics of the PSF fitting photometry. For each epoch, the distribution of the devia-
tions from the flat lightcurve fits weighted by the error bar returned by the photometry routine
was examined. In some cases this distribution showed broad non-gaussian wings, and these
epochs were discarded. Typically they were associated either with highly variable seeing
between the individual exposures or inaccurate guiding. In other cases, the normalized error
distribution was gaussian, but with dispersion higher than one. In these cases the error bars
were renormalized appropriately.

In total, approximately 19% of the 209 observed epochs in r
�

and 22% of the 183 observed
epochs in i

�

are discarded. The typical number of epochs that were left after the procedure
described above are tabulated in table 5.1 for each filter and field for all seasons. From these
epochs, lightcurves (in r

�

and i
�

) were constructed for the 105,447 variable objects that were
detected (in r

�

).

5.3 Monte Carlo simulations

This section describes the extensive simulations of microlensing events that we perform, the
results of which are used in the following sections. The Monte Carlo simulations serve two
purposes, namely to help in constructing robust criteria for identifying microlensing events
in the real data, and to determine the detection efficiency for microlensing events. The details
of the procedure follow a review of microlensing basics and terminology.
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5.3.1 Microlensing lightcurves

The standard lightcurve shape of a single lens microlensing event is described by (Paczynski
1986): � ��� 	 � � � ��� ��� 	 � � � � � �	��
� � � � �� (5.1)

where
���

is the baseline, unlensed flux, � ��� 	 is the amplification, and � is the projected
distance between the lens and the source, in units of the Einstein radius. Finite source effects
are ignored. This Einstein radius depends on the geometry of the system and the mass of the
lens and in the lens plane is given by:

� E
� �  ���	 ��� � � � � �� � � (5.2)

where � is the lens mass and the D’s are the distances between observer, lens and source.
Note that the amplification is always 1 or higher and independent of wavelength, meaning
that microlensing is in principle achromatic and conserves the colour of the source. If the
relative motion of lens and source is uniform, then � can also be written as:

� ��� 	 � � � � � � �! "� ���$#�%� � �
(5.3)

where

�
is the impact parameter in units of ��� , � ���$# the time of maximum amplification and�%� the Einstein time. This is defined as the time it takes the source to cross 1 ���

In classical microlensing the measured lightcurves contain contributions from unlensed
sources. Blending, as this effect is known, changes the shape of the lightcurve and can also
spoil the achromaticity implicit in equation 5.1. We measure flux differences from difference
images that are created by subtracting a reference image. Any flux from unlensed sources is
also subtracted and no longer present in the difference images. Blending is therefore not a
problem, unless the unlensed sources are variable themselves. In that case the blending of the
variable sources will be variable with time and cause an unstable baseline.

For a difference image the microlensing lightcurve takes the form'
� �(� 	 � � �(� 	  � 
��� � '

��) � � � � � � � �(� 	  � 	
(5.4)

where
� 
���

is the reference image flux and

'
� ) � � ���  � ���� is the baseline flux. Thus, if in

the reference image the source is not lensed,
� 
��� � ���

and therefore

'
� ) � � � . Only if the

source is amplified in the refence image will

'
� ) �

be non-zero and negative.
For unresolved sources, a situation known as pixel lensing (and the one most applicable

to stars in M31), those microlensing events that can be detected typically have high ampli-
fication. In the high amplification limit, �&� and

�
are highly degenerate (Gould 1996; Baltz

& Silk 2000) and difficult to extract from the lightcurve. It is therefore advantageous to
parameterize the event duration in terms of the half-maximum width of the peak,� �
����� � � � 

� �
� 	

(5.5)

where

� �
� 	 � 
 � 
�� � � � � � 	 	  � � (5.6)

with
� ��� 	 � ��� �� �����������  �

(5.7)

(Gondolo 1999).

� �
� 	

has the limiting forms

� �
�

� � 	 �

� � �
and

� �
�

� � 	 �

�
� � 
  � 	  � � .
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5.3.2 Simulation parameters

The parameters that characterize microlensing events can be divided into “microlensing pa-
rameters” such as

�
, � ���$# , and � � and parameters that describe the source stars such as

intrinsic brightness
��� � 

, r
�

-i
�

colour � , and position in M31. Because we sample many lines-
of-sight across the face of M31 and all types of stars can in principle serve as sources for
microlensing, our simulations have to cover a large parameter space.

For each simulation the ��������� ,
� � � 

and � are fixed, yielding a set of microlensing events
of a certain type of source star with the same peak width. The other important parameters,� ���$# and

�
are randomized within certain ranges. The choice of simulation parameters is

summarized in table 5.2 and motivated below.
� Peak times and baseline fluxes
Peak times are restricted to the observing seasons, since one of the microlensing selection
criteria is that the peak of an event should lie within one of the observing seasons. We let� ���$# vary randomly between August 1st and January 31st in either of the four INT observing
seasons. The reference images relative to which the photometry is measured are constructed
from exposures obtained during the first season. Microlensing events that peak in the first
season can therefore have a reference flux that is above the baseline level, so that the baseline
flux

'
� ) � � ���  � 
��� is negative. For artificial events peaking in the first season the correct

reference flux is calculated, so that the correct (negative) baseline value can be used. Events
peaking in the other observing seasons have a zero baseline value.

� Event durations
Limits on the duration of detectable events follow naturally from the observational setup
of the survey. The lower limit is determined by the closest spacing of the observations.
Since the INT exposures are combined per night, events with a ���
����� shorter than 1 day
are practically undetectable, except for very high amplifications. The peaks of events with�	�
����� approaching the length of the observing season cannot be sampled properly, so that
their selection probability decreases linearly with � �
����� . We simulate events at six discrete
values of � �
����� of 1, 3, 5, 10, 20 and 50 days.

� Source fluxes and colours
In our microlensing survey we measure flux differences with respect to a template image.
This difference flux is the product of the magnification due to the microlensing and the in-
trinsic flux of the lensed source. Thus, although all stars at a given location in M31 have the
same probability of being magnified by a certain factor, it is easier to detect microlensing of
brighter stars. On the other hand, fainter stars are more abundant, making microlensing of
fainter stars more likely to occur. We have to decide which range of the source luminosity
function is responsible for most of the detectable microlensing events.

The maximum flux difference during a microlensing event is given by'
� ���$# � � � �

� �
� ��
�

�
�
� �   ���

(5.8)

where
� �

is the intrinsic flux of the source and

�
is the impact parameter in units of the

Einstein radius. To be detected,

'
� ���$#

should exceed the detection threshold,
��� � �

. This
lower limit on

'
� ���$#

implies an upper bound on

�
which, through equation 5.8, is a function

of
� �

. We therefore define an upper limit to

�
as:

�
� � � � � ��� � � 	 . Thus, the probability that a

given source gives a detectable

'
� ���&#

scales with

�
��
.
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Figure 5.2 – The solid line in
this figure shows the R-band lu-
minosity function from Mamon
& Soneira (1982). Multiplying
this function with the square of
the maximum impact parameter
��� needed to detect a microlens-
ing event gives the dashed line.
The line shown is for a detection
threshold of 1 ADU s � � in r � .

In figure 5.2 we show both the brighter part of the R-band luminosity function from
Mamon & Soneira (1982) and the product of this luminosity function with

�
��

assuming a
detection threshold of 1 ADU s �  . This distribution peaks at an absolute R-band magnitude
of approximately 0, implying that most detectable microlensing events will have sources that
are Red Giant Branch (RGB) stars.

Based on these considerations we decide to use source stars with a number of discrete
r
�

fluxes between 0.01 and 10 ADU s �� . Typical r
�

-i
�

colours of RGB stars range between
0.5 and 2.0. We simulate events with r

�

-i
�

=0.75. To check the dependence on colour of the
detection efficiency, we also simulate events with colour r

�

-i
�

=1.25 for part of the field.
� Impact parameters
There is no sense in simulating events we know we cannot detect. Therefore we let the impact
parameter

�
vary randomly between 0 and the appropriate maximum value

�
�

for each r
�

flux.
Table 5.2 summarizes the fluxes and

�
�

for which simulations were performed.
� Position in M31
The detection efficiency and lightcurve quality vary with position in M31 for several reasons.
Photometric sensitivity depends on the amount of background light from the galaxy, lowering
the efficiency in the bright central parts of M31. The surface density of variable stars is also
higher in the central parts, making the difference images more crowded with variable star
residuals. This influences the photometry, adding noise to the microlensing lightcurves.

To sample the whole observed area in a systematic way and avoid overlap between indi-
vidual simulated events, we place them on a grid with 45 pixels (15

� �

) separation between the
events. Each simulation then has 3916 artificial events per chip. The grid is shifted randomly
as a whole for each simulation run by a maximum of 10 pixels in either way.
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Table 5.2 – Fluxes and maximum
impact parameters probed in the sim-
ulations of microlensing events.

� 
m
 � �

m
�

�
�

(ADU s �  ) (ADU s �  )
0.01 29.5 0.011 28.75 0.01
0.1 27.0 0.11 26.25 0.09
0.5 25.2 0.55 24.45 0.35
1.0 24.5 1.11 23.75 0.56

10.0 22.0 11.1 21.25 1.67

5.3.3 Simulation method

Simulations are done per CCD. In each simulation 3916 artificial microlensing events are
added to the r

�

and i
�

difference images of a certain CCD. Input parameters are the � �
����� ,
intrinsic r

�

flux
� � � 

, colour � and the difference images and accompanying files. The first
step is the generation of the parameters of the events to be simulated and the random shift
of the grid on which the events are placed. For each event the � ���&# , � are randomly chosen
as described above. Because the reference image is built up of images from the first season,
events that peak during the first season can have a negative baseline flux. If � ���$# happens
to lie in the first season the baseline flux is also calculated; if � ���&# lies in one of the other
seasons, the baseline is zero.

The artificial events are then added as residuals into the difference images. When adding
a residual to a difference image, the shape of the PSF in the subregion of the difference image
is used. Photon noise is also included in the residuals.

After this, the same pipeline is used for the analysis of the modified difference images:
variable objects are detected and for all detected artificial events lightcurves are built. The
lightcurves are used to define the exact microlensing selection criteria. They also are used to
define the detection efficiency for microlensing events.

5.4 Microlensing event selection

Of the 105,447 variable sources in our data set, the vast majority are variable stars. We
need an automated method to select the lightcurves that are consistent with microlensing.
This is necessary both because of the large number of lightcurves as well as because only
then the detection efficiency can be properly modeled. Our selection procedure is aimed
at recognizing lightcurves with the two main characteristics of microlensing events caused
by a single lens: a flat baseline with a single peak with a certain characteristic shape. We
also employ some criteria on the sampling of the lightcurves to ensure enough information is
available for each source.

Recognition of the right lightcurves is based on the �
�

statistic that measures the
goodness-of-fit of an observed lightcurve to equation 5.4. This fit is done simultaneously
to the r

�

and i
�

lightcurves of a source and involves seven free parameters: � ���&# , � , � � ,��� � 
,
��� � �

,

'
� ) � � 

, and

'
� ) � � �

. To increase computing speed we first obtain rough estimates
for � ���$# and � � from the r

�

lightcurve and then perform the full seven-parameter fit. Other
information that will be used for the microlensing candidate selection is also recorded, for
example the �

�
of a flat line fit to the lightcurve, and information about how well the peak of

the lightcurve is sampled.
Gravitational lensing is achromatic and therefore the observed colour of a star undergoing
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Figure 5.3 – Plots of
� � � �
� versus � � ��� . (a) For simulated events with a � � � ��� of 50 days, (b) a

� ������� of 10 days, (c) a � � � ��� of 1 day, and (d) for the actual data from 1 chip.

microlensing remains constant, in contrast with the colour of certain variables. While we do
not impose an explicit achromaticity condition, changes in the colour of a variable source
show up as a poor simultaneous r

�

and i
�

fit. Because many red variable stars vary little in
colour, as defined by measurable differences in flux ratios, the lightcurve shape and baseline
flatness are better suited for distinguishing microlensing events from long period variable
stars (LPVs) than a condition on achromaticity.

� Peak and lightcurve sampling
Lightcurves must contain enough information for the seven-parameter fit to be used as a reli-
able indicator of their shapes. Both the baseline and the peak of a microlensing event should
be sampled adequately by the data points. We therefore impose the following conditions:
(1) both the r

�

and i
�

lightcurves contain at least 100 data points.
(2) the peak contains either at least 4 points more than 3 � above the baseline in the r

�

lightcurve, or at least more than 2 points in r
�

and more than 1 point in i
�

that are more
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Figure 5.4 –
� � � ��� versus � � �
�

for variable sources that satisfy se-
lection criteria (1), (2) and (3) for
peak and lightcurve sampling. The
solid line indicates criteria (4) and
(5) for peak significance and good-
ness of fit. Criterium (5) depends
on the number of points in the
lightcurves, and the line drawn here
is for

�
=309, the typical number

of available data points per source.
Two candidate events with higher� � � ��� are indicated with arrows,
labeled with their

� � �	�
� value.

than 3 � above the baseline.
(3) The top half of the peak should lie completely within a period with dense time sampling.

Sufficient baseline sampling is ensured by condition (1), while peak sampling is con-
trolled by conditions (2) and (3). In (2), the r

�

data is weighted more heavily than the i
�

data
because it is generally of higher quality and because i

�

was not sampled as well during the
first season. For (3) we define the top half of the peak as that part where the difference flux is
more than half of the maximum peak difference flux. There are periods of several weeks in
the third and fourth season in which we do not have data due to bad weather. This criterium
ensures that at least for relatively long events both part of the rising and part of the declining
side of the peak are sampled. The periods we use are the following: 01/08/1999-13/12/1999,
04/08/2000-23/01/2001, 13/08/2001-16/10/2001, 01/08/2002-10/10/2002, and 23/12/2002-
31/12/2002.

� Peak significance and �
�

constraints
With sufficient information about the lightcurve shape available, we can use the �

�
values of

the microlensing fits to select lightcurves that are consistent with microlensing. We also use
a measure of the significance of the peak,

'
�
� � �

�
� � �  �

�
where �

�
� �	� is the �

�
-statistic

for the fit of the observed lightcurve to a flat line. The two conditions are:
(4)

'
�
� � �

� � �
(5) �

� � � �  � 	 ��� ' �
��� � � � 
 � �  � 	 	  � � , where

���
'

�
��� � '

�
� � � � � � �

.
These �

�
cuts are motivated by the Monte Carlo simulations of artificial microlensing events.

Figure 5.3 shows the distribution of artificial events with � �
����� = 50, 10, and 1 days (panels
a, b, and c respectively) and for all variable sources in one of the CCDs (panel d). Conditions
(4) and (5) are also indicated in the figure assuming

� � � ��� though in practice
�

can be
different for individual lightcurves. Condition (4) is meant to filter out peaks due to noise
or variable stars, while condition (5) corresponds to a 3 � -cut in �

�
for low signal-to-noise

events. The �
�

cut in (5) increases with increasing

'
�
�
. As can be seen from panels (a)
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through (c) of figure 5.3, the �
�

of the microlensing fits to the simulated events increases
systematically with

'
�
�
. This effect is caused by the fact that the photometry routine in

DIFIMPHOT seems to underestimate the error in the flux measurement for high flux values.
Relaxing the �

�
cut for high signal-to-noise events also allows for the selection of events with

secondary effects such as parallax or close caustic approaches.
After applying conditions (1)-(3) to our data set of 105,447 variable sources, we are left

with 28,667 sources. In figure 5.4 we plot �
�

versus

'
�
� �	�

for these well-sampled sources.
Conditions (4) and (5) are indicated, again assuming

� � � � � . Applying (4) and (5), we
arrive at our final sample of 14 candidate microlensing events, that are described in detail in
the next section.

5.5 Microlensing event sample

In table 5.3 the coordinates and maximum measured brightnesses of the events are given as
well as some fit parameters. Figure 5.5 shows the positions of the events in the INT fields. In
appendix 5.A we show for all candidate events the r

�

and i
�

lightcurves, zooms on the peak
region and a plot of the r

�

versus the i
�

flux, as well as thumbnails from the difference images.
Also shown in the lightcurves are R- and I-band measurements from the 4m Mayall telescope
at Kitt Peak (KP4m). The fits drawn in the lightcurves and the fit parameters in table 5.3 are
taken from the fits to only the INT data; the KP4m points are just informative.

5.5.1 Sample description

Compared to the sample presented in chapter 3, four candidate microlensing events have
disappeared and four new events have been found. Candidates MEGA-ML-4, -5, -6, and -12
have turned out not to be microlensing events, but variable stars that fluctuate in the fourth
season. All other candidates from the previous two-year sample are “rediscovered” in the
current, more robust analysis. Furthermore, we detect four more candidate events: MEGA-
ML-15, -16, -17, and -18. Event MEGA-ML-16 peaks in the first season and is the same as
PA-99-N1, presented by Paulin-Henriksson et al. (2003). The other new events all peaked in
the fourth observing season and are reported here for the first time.

In chapter 3, blending of variable stars introduced noisy baselines, causing us to miss
event PA-99-N1 found by Paulin-Henriksson et al. (2003). For this reason we now use a
smaller aperture of size 0.5 FWHM and this efficiently reduces the noise, as testified by the
fact that PA-99-N1 is now included in our sample as MEGA-ML-16. Nevertheless, some
variable star blending is unavoidable, especially in the crowded regions close the the center
of M31, where every resolution element will have some flux of faint, unresolved variable
stars. A good example is provided by event MEGA-ML-3, which has a noisy baseline, in the
KP4m data as well as in the INT data. A faint positive residual is visible in the 1997 KP4m
difference image shown in figure 5.6. The residual is located one pixel ( � � 
 � � � ) from the event
and is likely due to a variable star. It corresponds to the data point in the lightcurve � 1000
days before the event and well-above the baseline (see figure 5.23). The KP4m data point
from 2004 is also above the baseline but in this and other difference images, no residual is
visible. This implies that very faint variable stars will influence the photometry even when
they are too faint to be detected in the difference images. Noisy baselines are therefore
unavoidable in the high surface brightness parts of our field.

All candidate events are fitted well by the simultaneous r
�

and i
�

microlensing fit. Events
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Table 5.3 – Coordinates, highest measured difference flux, and some fit parameters for the 14 candidate microlensing events.

Candidate RA DEC

�

r

� ��� �� ��� 	
 � � � � � �  � � ����� � r

�

-i

�

event (J2000) (J2000) (mag) (days) (days) (ADU s

� �

) (mag)
MEGA-ML 1 0:43:10.54 41:17:47.8 21.8

�

0.4 60.1

�

0.1 5.4

�

7.0 1.12 1.91 0.1

�

0.3 0.6
MEGA-ML 2 0:43:11.95 41:17:43.6 21.51

�

0.06 34.0

�

0.1 4.2

�

0.7 1.06 2.48 3.4

�

1.7 0.3
MEGA-ML 3 0:43:15.76 41:20:52.2 21.6

�

0.1 420.03

�

0.03 2.3

�

2.9 1.14 2.11 0.08

�

0.21 0.4
MEGA-ML 7 0:44:20.89 41:28:44.6 19.37

�

0.02 71.8

�

0.1 17.8

�

0.4 1.98 256.9 6.8

�

0.4 1.5
MEGA-ML 8 0:43:24.53 41:37:50.4 22.3

�

0.2 63.3

�

0.3 27.5

�

1.2 0.82 3.03 20.4

�

22.9 0.6
MEGA-ML 9 0:44:46.80 41:41:06.7 21.97

�

0.08 391.9

�

0.1 2.3
�

0.4 1.02 2.49 0.9

�

0.4 0.2
MEGA-ML 10 0:43:54.87 41:10:33.3 22.2

�

0.1 75.9

�

0.4 44.7
�

5.6 1.28 5.88 1.4

�

0.5 1.1
MEGA-ML 11 0:42:29.90 40:53:45.6 20.72

�

0.03 488.43

�

0.04 2.3
�

0.3 1.03 13.27 1.5

�

0.4 0.2
MEGA-ML 13 0:43:02.49 40:45:09.2 23.3

�

0.1 41.0

�

0.3 26.8

�

1.5 0.75 1.68 9.2

�

10.8 0.8
MEGA-ML 14 0:43:42.53 40:42:33.9 22.5

�

0.1 455.9

�

0.1 25.4

�

0.4 1.11 3.74 146

�

182 0.4
MEGA-ML 15 0:43:09.28 41:20:53.4 21.63

�

0.08 1145.5
�

0.1 16.1

�

1.1 1.23 4.41 7.0

�

2.2 0.5
MEGA-ML 16 0:42:51.22 41:23:55.3 21.16

�

0.06 13.38
�

0.02 1.4

�

0.1 0.93 2.81 2.6

�

0.7
MEGA-ML 17 0:41:55.60 40:56:20.0 22.2

�

0.1 1160.7

�

0.2 10.1

�

2.6 0.79 2.02 0.5

�

0.3 0.4
MEGA-ML 18 0:43:17.27 41:02:13.7 22.7

�

0.1 1143.9

�

0.4 33.4

�

2.3 1.13 1.83 13.7

�

16.3 0.5
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Figure 5.5 – The locations
of the 14 microlensing events
within the INT fields are shown
here with the dots. Events 7 and
16 correspond with events N2
and N1 from Paulin-Henriksson
et al. (2003). Their event S3 is
indicated with a cross and lies
in the high surface brightness
region that we exclude from
our analysis. Also marked with
a cross (B1) is the position of
level 1 candidate 1 of Belokurov
et al. (2005).

10 and 15 have a somewhat high �
�
, but are located in high surface brightness regions. Only

event 7 has a high �
�
, but since

'
�
� �	�

is high, it easily satisfies our selection criteria.

All candidate events are consistent with achromaticity, although for low signal-to-noise
events, it is difficult to draw firm conclusions from the lightcurves or

'
r
�

versus

'
i
�

plots.
None of the events is ruled out by either the colour evolution or the KP4m data. In a lot
of cases, some fit parameters have large uncertainties, due to the degeneracies between the
unlensed flux

� �
, impact parameter

�
and timescale ���
����� . However, the values found

for the unlensed r
�

flux
� � � 

and r
�

-i
�

colour, listed in table 5.3, still give some indication of
the properties of the source stars. The unlensed fluxes are consistent with the range that we
expect, roughly from 0.1 to 10 ADU s �� (see figure 5.2). Also the colours of the majority of
the events lie within the typical range for red giant stars.

Dividing the events by season, we have seven events in the first season, four in the second
season, none in the third season and three in the fourth season. That more events are detected
in the first two seasons is not surprising, as the amount of data available is larger (see table
5.1) because of a lot of bad weather in the third and fourth season. The many gaps in the time
coverage in the last two seasons conspired particularly against short events and the events
detected in the fourth season are all of moderately long duration.
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Figure 5.6 – Detail of two
KP4m difference images cen-
tered on the position of event 3.
Left: October 27th 1997, almost
3 years before the event peaks,
a very faint residual is seen cen-
tered just 1 pixel (0.21”) away
from the event. Right: Septem-
ber 26th 2000, during the peak of
the event that is displaced from
the position of the faint variable.

5.5.2 Comparison with other surveys

Since the POINT-AGAPE collaboration uses the same INT data set for their M31 microlens-
ing survey as this study, it is interesting to compare our microlensing sample with the events
reported by them. Paulin-Henriksson et al. (2003) performed a search for short ( � �
����� � 
 �
days) duration, high signal-to-noise microlensing events in the first two observing seasons
that resulted in four convincing events. They argued that one of these events (PA-00-S3) is
probably due to a stellar lens in the M31 bulge. This event lies in the region of the bulge
excluded from our analysis (see figure 5.1). The other three events, PA-99-N1, PA-99-N2,
and PA-00-S4 correspond to our events 15, 7, and 11. We find in the first two observing
seasons a total of eleven events, so the remaining eight events evidently do not satisfy their
rather severe selection criteria.

In Belokurov et al. (2005) the POINT-AGAPE collaboration analysed the first three INT
observing seasons, without restrictions on the event duration. They found three high quality
candidates. One of these was not previously detected, one corresponds to our event 11, or
PA-00-S4, and one corresponds to PA-00-S3. The new event is present in our survey, but does
not pass our selection criteria because of a high �

�
. In figure 5.7 we show our lightcurves of

this candidate microlensing event. Our best-fit standard microlensing model is also plotted,
but clearly cannot reproduce the observed lightcurve behaviour very well. The peak appears
to be asymmetric about the peak time � ���&# ; the r

�

data are systematically below the model
around 15 days prior to � ���$# and systematically above the model around 15 days after � ���&# .
Since there are no data available at all on the rising part of the peak, � ���$# is poorly constrained
and it is possible that the actual peak in the flux occurs earlier than at the fitted � ���&# . When
comparing our lightcurves to the ones presented by Belokurov et al. (2005), the r

�

peaks have
the same shape, although Belokurov et al. (2005) have removed one epoch close to the peak
center that is present in our lightcurve. In the i

�

lightcurves the peak shape differs somewhat.
Peak asymmetries can be caused by secondary effects like parallax effects, but the peak

shape that seems inconsistent with microlensing together with the high brightness of the
peak suggest this might actually be a nova-like eruptive variable. The event appears to be
achromatic, but the colour of classical novae can remain constant as well on the declining
part of the lightcurve, see for example figure 4.19 in this thesis or Darnley et al. (2004). If
this is a classical nova, it would be a very fast one, with a decline rate corresponding to � 0.6
mag per day. Overall, we question the microlensing nature of this candidate event.

Calchi Novati et al. (2005) found six candidate microlensing events in another analysis
of the three-year INT data set. Of these, four are the same as reported by Paulin-Henriksson
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Figure 5.7 – Our photometry for microlensing event candidate 1 from Belokurov et al. (2005).

et al. (2003) and two are new events: PA-00-N6 and PA-99-S7. The latter is located in the
bright part of the southern field excluded in our analysis (see figure 5.1). Candidate event PA-
00-N6 is present in our data, but was only detected in one epoch in our automatic SExtractor
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Figure 5.8 – Relative probability of detecting
a microlensing event of a source star with a cer-
tain intrinsic flux. This probability is the prod-
uct of the number of available stars (taken from
the luminosity function), the square of the max-
imum impact parameter for which an event can
be detected, and the detection efficiency for each
source population, averaged over all ��� � ��� .
The figure shows that our range of simulated
source fluxes from 0.01 to 10 ADU s � � covers
the peak of the distribution very well.

residual detection step and therefore did not make it into the catalogue of variable sources.
Calchi Novati et al. (2005) do not detect our events 1, 2, 3, 8, 9, 10, 13, and 14, all peaking
in the first two observing seasons. Evidently, these events do not satisfy their signal-to-noise
constraints.

5.6 Detection efficiency

Since the selection procedure described in section 5.4 is completely automated and reprod-
ucable, we can use the Monte Carlo simulations discussed in section 5.3 to determine our
detection efficiency for microlensing events. Simulated lightcurves are generated by adding
artificial events to the difference images and analysing them with the same pipeline used for
the actual data. Applying the selection criteria for microlensing yields a catalogue of sim-
ulated detected microlensing events. The detection efficiency is the ratio of this number of
detected events to the original number of artificial events.

In the simulations we use discrete values of intrinsic source flux, to determine the mi-
crolensing detection efficiency for different source populations. We first check that the sam-
pled range of source fluxes covers the portion of the source luminosity function responsible
for most of the detectable events. The function

���
�
��

in figure 5.2 is meant to give a qual-
itative picture of the detectability of microlensing as a function of source luminosity. Here
we consider the function � � � � � � �

�
����

where
�

is the detection efficiency as a function of� � � 
integrated over

�
, �	�
����� and position. � � � � gives the relative probability for detection

of a microlensing event as a function of the source luminosity for our specific survey and
analysis setup. As shown in figure 5.8, the range � � � � to

� ������� 	 �� adequately covers the
peak of this probability distribution, meaning that the simulated events are representative of
the events that we are most sensitive to.

In figure 5.9 the detection efficiencies are plotted for two regions as function of the im-
pact parameter

�
for four different values of � ������� for the brightest and the faintest source

stars. As expected, the detection efficiency generally increases for increasing ��������� , and
for smaller

�
. However, for

� � � 	 � � � ADU s �� , there is a dip at small

�
when ���
����� � 10.

This problem is probably caused by the underestimation of the photometric error at high
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Figure 5.9 – Detection efficiencies as function of impact parameter � for different values of � �������
(50, 10, 3 and 1 days). The two upper panels show the fraction of simulated events that pass the
microlensing selection criteria for 2 source fluxes, 10 and 0.01 ADU s � � , in the south-east chip of the
north field. The lower panels show the same for the south-east chip of the south field.

fluxes, because of which the �
�

of the microlensing fits are systematically too high for events
with many high flux points. The detection efficiency is higher for � �
����� of 10 than 50 days,
because long duration events have an increasing chance that their peaks do not lie entirely
within one observing season.

Our goal is to describe the detection efficiency with a functional form that depends on a
few parameters. The dominant parameters that influence the probability a microlensing event
is detected are its duration and peak brightness. Therefore, it should be possible to express
the detection efficiency as a function of � ������� and

'
� ���$#

. Since the shape of the standard
microlensing lightcurve does not depend strongly on

�
(e.g. figure 3.2), we expect that there

is no significant dependence on the intrinsic source brightness
� � � 

. In figure 5.10 we plot
the detection efficiencies for events with � ������� =50 days as a function of

� � ' � ���$#
for
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Figure 5.10 – Detection efficiencies as a function of � � ���
����� for � � � ��� =50 days and

�
��� � = 10

ADU s � � (solid line), 1 ADU s � � (dotted line), 0.1 ADU s � � (long-dashed), and 0.01 ADU s � � (short-
dashed line). In general the lines overlap within the errors.

four different regions. The curves overlap within the error bars, indicating that the detection
efficiency indeed depends on the peak brightness and that

�
and

� � � 
are highly degenerate.

Another property of microlensing events that could affect the detection efficiency is their
colour, even though there is no explicit colour cut in our selection procedure. All simulated
events have a colour of r

�  i
� � �

�

� � , but in part of the north field we also ran simulations
with events 0.5 magnitude redder, keeping r

�

constant. Figure 5.11 compares the detection
efficiencies for the two colours and shows that there is no significant colour dependence.
Only for the very highest signal-to-noise events there is a difference. This is caused by
the problem with the photometric error estimates discussed above that causes a decrease in
detection efficiency for high signal-to-noise events. For the redder events this is enhanced
because the sources have a higher intrinsic i

�

-band flux. Since this affects only very few
events, we conclude that the influence of colour on the detection efficiency can be neglected.
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Figure 5.11 – Colour depen-
dence of the detection efficiency.
For � � � ��� ’s of 1, 3, 10 and
50 days the detection efficien-
cies are shown for the 2 different
source colours simulated. The
colour has no noticable effect,
except for the highest signal-to-
noise events.

Having established that ��������� and

'
� ���&#

are indeed sufficient to describe the detection
efficiency, we have to find an appropriate functional form. Based on the shapes of the curves,
as seen in figure 5.11, we choose a Gaussian in

� � ' � ���$#
with a peak position that depends

on �	������� . The exact functional form is given by:

� � 	   � � ��� � ������
	�� � �� � �  ���    � ���������� � (5.9)

where 	�� ���   �� �(�	�
�����
	 � � �

� (5.10)

The last term in equation 5.9 scales the Gaussian down for long events, to take into account
that the detection efficiency decreases sharply for long duration events due to the limited
length of the observing seasons. The parameters 	  , 	 � , �  , and � � are determined by fitting
simultaneously the detection efficiencies for all values of � �
����� . Figure 5.12 shows an
example for one chip of these fits to the detection efficiencies.

From figure 5.10 it is apparent that the detection efficiencies also depend on location in
the field. This is mainly due to the changing galaxy surface brightness, but also due to bad
pixels and saturated star defects. To account for the spatial variation each chip is divided
in 32 subregions of � 3’ � 3’ size. For each of these regions we have on average 14 640
simulated events (2 440 per � ������� ). The spatially varying microlensing detection efficiency
is obtained by fitting the four parameters in equation 5.9 in each 3’ � 3’ region in the INT
fields.

5.7 Extinction model
That compact objects in the halo of M31 would reveal their presence by inducing a near-
far asymmetry in the microlensing event distribution, is one of the main motivations for the
microlensing surveys toward M31. In the absence of significant intrinsic asymmetries in
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Figure 5.12 – Detection
efficiencies as a function of
� � ���

����� for different values
of � � � ��� . The symbols give
the results of the Monte Carlo
calculation for one chip. The
lines correspond to the fitting
formula, equation 5.9.

M31, the distribution of self-lensing events and variable stars masquerading as microlensing
events would be symmetric. The detection of a near-far asymmetry in the microlensing event
distribution would then be evidence for the presence of a significant MACHO population.

However, as was shown by An et al. (2004a) and also in chapter 4 of this thesis, a similar
asymmetry is present in the distribution of the variable stars in M31, caused by variable
extinction within M31. In order to account for this in our models, we construct a first-
order extinction model to test how extinction influences our theoretical predictions of the
microlensing rate and distribution.

M31 shows several prominent dust features of which two dust lanes are most obviously
visible on the near side of the disk. How the dust is distributed perpendicular to the plane
of the disk is, however, unknown. Following the approach of Walterbos & Kennicutt (1988)
we assume that the dust is located in an infinitely thin layer in the midplane of the disk. For
every line-of-sight, the light emitted in front of the midplane is then completely unextincted,
while the light emitted behind the midplane is partly absorbed, depending on the local optical
depth of the dust layer. This simplifying assumption can be used to show why the extinction
poses more of a problem on the near side of M31 than on the far side. Because of the high
inclination of M31 the fraction of stars located behind the midplane of the galaxy is higher
on the near side, as illustrated in figure 5.13. Therefore, even if the distribution of the dust is
symmetric, the effect of extinction will be much stronger on the near side of the disk.

Based on this assumption the observed intensity along a certain line-of-sight can be writ-
ten as � � )�� � �

� �� � � � � ) ��� �  � ��� (5.11)

where
�
�  � � �

(
� ) ��� � ) is the intensity of light originating from in front of (behind) the dust

layer and � is the optical depth. If we make a model of the fraction � of the light (before
extinction) that originates in front of the dust layer as a function of position, then for each
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o13

FarNear

Figure 5.13 – Schematic representation of the line-of-sight through the M31 galaxy from an observer
on earth. Because of the high inclination of M31, most of the light observed on the near side of the disk
is coming from behind the dust lanes.

Disk Bulge � ) � ��� ) � � � 	���
(kpc)

���
(kpc)

���
(kpc)

���
(kpc)

B 5.8 0.3 1.2 0.75 0.39
I 5.0 0.7 1.2 0.75 0.45

Table 5.4 – Disk and bulge parameters used to derive
�

, the fraction of light originating in front of the
midplane of M31: the scalelength and scaleheight, �	� and ��
 , for disk and bulge, and the fraction of the
total light coming from the bulge.

line-of-sight we have the following relation between the observed intensity
� � ) �

and the total
intrinsic intensity

� ������
:

� � )�� � � 
� � � �  � � �  �

	

� � � ��  � ��� (5.12)

Rewriting this for the B-band surface brightness we get

� ����� � � � )�� ��� 	 � � � � �� ��� 	  ����  � � (5.13)

Since I-band will be much less extincted than B-band, as a first-order approximation we
assume that

� � ) � ��� 	 � � � � �� ��� 	 so that

� � ��� � �
����� ��� 	 � � �����  � � ) � ��� 	 	  ��  � (5.14)

where � ��� �
� � � �� ��� 	 � � � � �  ��� 	 is the intrinsic colour of the stellar population. Transform-

ing the extinction in B-band to the extinction in I-band assuming the standard reddening
law (Savage & Mathis 1979),

� � ) � ��� 	 is corrected to get a better estimate of
� � � �� ��� 	 . The

calculation is repeated three times to get our final estimate of the extinction.
For determining the fraction � of light originating in front of the midplane, we model

both the disk and the bulge of M31 as a double exponential. Since most of the B-band flux
is produced by young stars, which have a different spatial distribution than the older stellar
populations, we use different models for � for these two bands. To construct these models we
use the parameters listed in table 5.4. The values of the disk scale lengths and the bulge-to-
disk-ratios are taken from Walterbos & Kennicutt (1988). The scale length and height of the
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Figure 5.14 – Extinction map in the I-band for the observed INT fields, calculated using the method
described in this section. Only in a few small patches more than 40% of the flux is removed. Extinction
is clearly more severe on the near side of the galaxy than on the far side.

bulge are adapted from their de Vaucouleurs fit to the bulge. The disk scale heights are based
on the distribution of different stellar populations in the Milky Way disk. In equation 5.14 we
then use the � model for B-band, while we use the model for I-band to correct the observed
I-band flux. For the B- and I-band fluxes we use observations made by Guhathakurta et al.
(2004) of a 1.7 � � 5 � field centered on M31, with effective exposure times of 20 minutes in
B and 40 minutes in I. We also use these mosaics to estimate the intrinsic colour profile and
find a colour profile as a function of radius that behaves similarly to the colour profiles found
by Walterbos & Kennicutt (1988), with almost constant colour within a radius of 30

� �

and
getting bluer at larger radii.

Following the recipe described above we derive an extinction map of M31. The I-band
extinction map for our fields is shown in figure 5.14. The major dust lanes are clearly seen in
the near side part of the northern field. As expected the extinction is much larger on the near
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side of the galaxy than on the far side. The I-band attenuation reaches a maximum of 40% in
the innermost dust lane and a few smaller complexes. Although this extinction map should
be considered as a first-order guess, it succesfully reproduces large-scale patterns such as the
dust lanes and most other complexes. However, this method has some intrinsic caveats.

The method is only sensitive if a large fraction of the light originates behind the dust layer.
At the far side of M31, where most of the light originates in front of the dust, the effect of
extinction is negligible, resulting in a � =0 dust layer in our extinction map. This asymmetry
in the extinction map does not reflect an asymmetry in the dust distribution, but rather an
asymmetry in the effect that the dust has on the observed flux. This is not a concern for our
purposes, since we are interested in the severity of the extinction, not in the dust layer itself.

But also on the near side the method almost certainly underestimates the effect of ex-
tinction. The method relies on comparing the observed flux ratio

� � ) � ��� 	 � � � ) � ��� 	 with the
intrinsic colour � ��� , which means that it will fail in the case of grey extinction. For very high
extinction, � � � �

, the approximation
� � ) � ��� 	 �

� � � �  ��� 	 is not valid. If most of the light
behind the dust is absorbed, the observed flux is dominated by the light originating in front of
the dust. The observed colour will be the intrinsic colour, and equation 5.14 will give � � � .
Therefore, in highly extincted regions like the centers of the dust lanes, the extinction is likely
to be underestimated. Also if the dust is distributed in optically thick clumps with optically
thin regions in between, I and B fluxes will be absorbed in equal amounts. Moreover, the
assumption that the dust is in an infinitely thin layer decreases the obtained extinction val-
ues, as argued by Walterbos & Kennicutt (1988). Finally, scattering by the dust increases the
observed flux and therefore also leads to an underestimate of the extinction.

Walterbos & Kennicutt (1988) do a similar analysis along the dust lanes on the near side
of M31 and find R-band extinctions of typically a few tenths of a magnitude, going up to
about 1 magnitude in a few places, in good correspondance with our extinction model. They
also emphasize that these values are lower limits due to the limitations of the method.

The variable stars in our survey can be used to test and perhaps improve our extinction
map. We assume that the variable stars are distributed symmetrically over M31. Of all
variable stars, long-period variables (LPVs) are best suited for this test because they generally
belong to quite old stellar populations and are therefore more smoothly distributed over the
galaxy than younger variable stars, such as Cepheids. We select LPVs with periods between
150 and 650 days and that are well-fit by a Fourier series (equation 4.1). (These are the
same LPVs that were discussed in section 4.3.3.) Here we focus on two regions in our INT
fields that are located symmetrically with respect to the center of M31. One of the regions is
located on the heavily extincted near side of the disk, the other one on the almost unaffected
far side. Figure 5.15 shows the spatial distribution of the LPVs as well as the two regions. The
amplitudes of the LPVs can tell us something about the mean extinction in these two regions.
If an LPV is extincted, the amplitude of the flux variation will be affected the same way as the
average flux. Assuming that there are no intrinsic differences between the LPV populations
in the two regions, we should see the effect of extinction by comparing the distribution of the
LPV amplitudes in the two regions.

Following An et al. (2004a) in their abuse of the terminology, we will also refer to the
amplitude distributions as luminosity functions. Figure 5.16 compares the LPV luminosity
functions (LFs) of the LPVs located in the near side and far side field. On the faint side, that
is determined by the detection efficiency, the two LFs overlap. However, on the bright side
there is a large offset. On the bright end of the LFs completeness should be 100% and if the
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Figure 5.15 – The two sym-
metrically placed regions used
for the LPV amplitude analy-
sis. The northern field is located
on the near side and contains
some of the most heavily ex-
tincted parts, the southern field
is on the far side and hardly af-
fected by extintion. These re-
gions are similar to N2 and S2
regions from An et al. (2004a),
only adjusted to avoid the part of
the southern INT field that is not
used in our analysis.

intrinsic distribution of LPVs in M31 is homogeneous and symmetric, the LFs are expected
to overlap. This is clearly not the case, and this is explained by a large fraction of the near
side LPVs being extincted, systematically lowering their observed amplitudes and thereby
shifting the LF toward fainter amplitudes.

To test the extinction model we will use it to extinct the LPVs in the far side region to
see if we can reproduce the near side LF. This is done by transforming the coordinates of
the LPVs from the far to the near side region by mirroring them through the center of M31
and extincting an appropriate fraction of them according to the extinction values from our
extinction model. Since we use r

�

amplitudes, the I-band extinction values in figure 5.14
are transformed to r

�

-band values following the standard extinction law (Savage & Mathis
1979). The resulting, extincted far side LF is shown in figure 5.16 with the short-dashed
line. Although the extincted LF is closer to the near side LF, it is still significantly brighter,
suggesting that our extinction model underestimates the actual effect of extinction. An easy
way to increase the extinction in the model that also increases it more strongly in heavily
extincted regions is to simply multiply the optical depth � with a constant. Also plotted in
figure 5.16 are the LFs of the far side LPVs for increased extinction models: the long-dashed
line is for a model with 2 � , the dot-dashed line for a model with 2.5 � . By multiplying the
optical depths of our extinction model by 2.5, the bright side of the extincted far side LF
transforms to overlap very well with the the bright side of the near side LF.

This comparison of the LPV amplitudes indicates that the extinction model does indeed
underestimate the extinction. An increase of the model � with a factor 2.5 does well to explain
the difference in the LPV luminosity functions between the near and far side. Our original
extinction map will underestimate the actual extinction more strongly in some places than in
others. Over the probed region the model seems to underestimate the extinction effectively
by a factor 2.5 in � .
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Figure 5.16 – Luminosity
functions of LPVs in the 2
symmetrically placed regions.
The far side LFs were scaled
slightly to correct for small
differences in area due to the
gaps between the chips. The
solid line is for the near side
region and the dotted for the
uncorrected far side region. The
short-dashed, long-dashed, and
dot-dashed lines are far side LFs
corrected for increasing levels
of extinction.

5.8 Theoretical predictions
With the microlensing detection efficiencies and an extinction model in hand, we can use
specific galaxy models to make predictions for the microlensing event rate and distribution.
Comparing the sample of observed candidate events to these theoretical predictions will al-
low us to constrain the amount of MACHOs in the M31 halo. In this section we describe
theoretical calculations of the expected number of microlensing events and their distribution
for this survey. First, the models of M31 we use are discussed in subsection 5.8.1. The details
of the microlensing event rate calculations are described in subsection 5.8.2. In subsection
5.8.3 the results of the theoretical calculations are presented.

5.8.1 Self-consistent models of M31

To model M31 we use the axisymmetric, self-consistent galaxy models developed by Widrow
& Dubinski (2005), following the approach of Kuijken & Dubinski (1995). We will not use
exactly the same models of M31 constructed in Widrow & Dubinski (2005), but versions of
these that are adepted for our needs. These models are derived from explicit distributions
functions (DFs) for three components: a disk, a bulge, and a dark halo. The central black
hole is left out of our models as its influence on the microlensing results is negligible. For
the exponential disk, the disk DFs from the models by Kuijken & Dubinski (1995) are used.
The bulge is modeled using the Hernquist model (Hernquist 1990). The dark halo is modeled
to follow the density profile found by Navarro et al. (1996), the so-called NFW profile. Each
component is described by several parameters and in total the models have 15 free parameters.
Using the DFs for the different components, the gravitational potential is varied iteratively
until a self-consistent composite disk-bulge-halo model is achieved.

The models constructed this way can be fit to a wide range observational data. For a com-
parison with photometric data, mass-to-light ratios must be specified. From the models, N-
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body representations can be generated that can be “observed” to derive model surface bright-
ness profiles, rotation curves and velocity dispersions. Comparing these pseudo-observations
to real data allows one to find a best-fit model. The observational data we use to constrain our
M31 models include the minor and major axes surface brightness profiles from Walterbos &
Kennicutt (1988) and a combined rotation curve from the observations of Kent (1989) and
Braun (1991) that runs from 2 to 25 kpc in galactocentric radius. Stellar rotation and velocity
dispersion measurements from McElroy (1983) are used to constrain the dynamics in the in-
nermost part of the galaxy. Comparing pseudo-observations of the model surface brightness
profile, rotation curve and bulge dynamics to the observations, yields an individual �

�
for

each of these. We give equal weight to the photometric and kinematic data, but the rotation
curve is weighted more heavily than the bulge dynamics. The composite �

�
is given by

�
� � �� 
 � �

�� ��� � 

� �

�
���

� �
� �

�
� (5.15)

where �
�� ��� , �

�
��� , and �

�
� are for the surface brightness profile, rotation curve and bulge

dynamics. To search the vast parameter space for the best-fitting model, the downhill simplex
algorithm (see e.g. Press et al. 1992) is used.

A whole suite of models gives acceptable fits to the observations. Therefore we want
to use some priors on the � � � and the vertical scaleheight of the disk. Reasonable values
for the disk and bulge � � � are obtained using the stellar population models by Bell & de
Jong (2001) together with colour information from Walterbos & Kennicutt (1988). From
the far-side minor axis surface brightness profile, that should be almost free from internal
extinction, we get a bulge colour of B-R � 1.75 and for the disk B-R � 1.55. Using foreground
reddening calculated from Schlegel et al. (1998) of E(B-R)=0.1 and a small correction for
internal extinction, this yields � � � values between 3.4 and 3.8 for the bulge and between
2.2 and 2.6 for the disk.

The vertical scale height of the disk of M31 is poorly known, but will have significant
impact on the microlensing rate through the self-lensing within the disk. Kregel et al. (2002)
find for a sample of edge-on galaxies that the average ratio between exponential scale length
and scale height of the disks is 7.3, with considerable scatter.Since the R-band scale length
is quite well constrained at 5.5 kpc, a scale height of 0.7

�
0.2 seems reasonable. The re-

sult of Kregel et al. (2002) was obtained from I-band data, and for R-band a slightly lower
scale height can be expected. Because the disk DF in our models uses a sech

�
(z) vertical

distribution, we have to convert the exponential scale heights to the sech
�

equivalent.
For our default model we choose to use � � � � 	 ) ��� �	� =3.6, � � � � 	 � � � � =2.4, and a sech

�

scale height
���

of 1.0 kpc, which corresponds to an exponential scale height of about 0.5-0.7
kpc. The disk trancation radius is also fixed at 28 kpc, which is at the high end of the range
favoured by Kregel et al. (2002). Lower values seem to be inconsistent with the measured
surface brightness profile. The remaining parameters for the disk, bulge, and halo DFs are
varied in order to minimize �

�
. In figure 5.17 the model surface brightness profile and rotation

curve of this model A1 are compared to the observational data, showing excellent agreement.
The �

�
of this model is 1.06. Table 5.5 shows all the models we consider. Models B1-E1

explore the � � � � 	 ) ��� � � and � � � � 	 � � � � plane. All models have quite a low �
�
, because of a

degeneracy between luminous and dark mass; bulge and disk mass are traded off against halo
mass. In models F1 the scale height is halved and models G1 and H1 are variations of the
assumed MACHO mass.
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Figure 5.17 – Comparison of pseudo-
observations of model A1 to real observations.
Upper panel: model surface brightness profiles
(solid lines) along the major and minor axis
compared to observations by Walterbos & Ken-
nicutt (1988) (dots). For clarity the profiles are
shifted down in steps of 2 magnitudes. From the
top down the profiles correspond to: SW major
axis, NE major axis, SE minor axis (near side),
and NW minor axis (far side). Lower panel:
model rotation curve (solid line) and combined
rotation curve from Kent (1989) and Braun
(1991). Also indicated are the contributions to
the rotation curve of the bulge (dotted line), disk
(long-dashed line), and halo (short-dashed line).

The models include extinction, using the extinction map derived in section 5.7. This is
done by correcting the observed SBPs for extinction and comparing the model SBPs with
these extinction-corrected observations. However, as discussed there, the extinction map is
likely to be an underestimate. In fact, the analysis of the amplitudes of the LPVs on the far
and near side of M31 favours an optical depth that is 2.5 times higher. For this reason we
also consider a parallel sequence of models A2-H2 with this higher extinction value. The �

�

values of these models are even slightly better than those for the low-extinction models.

5.8.2 Event rate calculation

The self-consistent galaxy models of M31 are used to calculate predicted event rates for our
survey. Below we describe how one goes from the DFs that define the galaxy model to the
expected number of microlensing events and their spatial distribution.

Event rates from distribution functions

As an example, we first consider a simple case where all lenses have the same mass � �
and

all sources have the same luminosity � � . The density and velocity distribution of a galaxy
component along the LOS is given by its DF

� �  ��� 	 , where  is the distance along the LOS.
For a single source in M31 the rate at which lenses pass in front of the source is given by

� � � � � � �  � ��� � 	
� � 
 � � ��� �  � � � � �

�
(5.16)

where
� �

is the DF for the lenses,  � is the observer-lens distance, � � is the Einstein radius
(equation 5.2),

� �
is the transverse velocity of the lens with respect to the observer-source
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line-of-sight, and

�
is the impact parameter in units of the Einstein radius. Going from one

source to a distribution of sources described by the DF
� � , we get the following expression

for the rate per unit solid angle:

� �
� �

� � � � �  � � � � 	
� �

� � �  � � � � 	� � � � 	 � � �

 � � � � �  � � � �  �� �  � � � � �

�
(5.17)

where  � is the observer-source distance. Of course,  � should be integrated up to  � since the
lenses have to be in between the observer and the source.

In order to create microlensing events, the DFs along the line-of-sight can be represented
as a set of randomly selected particles with the appropriate space and velocity distribution:

� � �  � ��� � 	 � � �
� �

���
 ��� 

� �  �   � 	 � � � �  � � 	 (5.18)

� � �  � ��� � 	 � � �� �
���
 
! � 

� �  �   ! 	 � � � �  � !
	

(5.19)

where
� �

and
� � are the surface mass densities of the lenses and sources along the line-of-

sight respectively. Now the integrals over  and � in equation 5.17 become sums:

� �
� �

��� � �  � � !
�	��
� �

�
� � ! � (5.20)

where � � � � � � � �� � � � � � � � � � 	 � � � � (5.21)

and
� � ! � � 
 ��� ��� 	 � !  �� � ! (5.22)

The sum is restricted to all lens-source pairs for which the lens is located between the observer
and the source. Note that � depends on the line-of-sight densities of the lens and source
populations as well as on the characteristics of the populations.

� � ! depends on the velocities
and characteristics of the lens and source of each lens-source pair (hence the

��
subscript).

For each lens-source pair the velocities and distances are known and the Einstein crossing
time, �%� � � ! can be calculated, so that the we also know the event rate as a function of � � :

� � �
� � � �%� ��� � �  � � !

����
� �
�
� � ! � �(� � � � !  "� � 	 (5.23)

Stellar and MACHO populations

The formulae discussed above apply to the six combinations of lens-source populations in our
models: disk-disk, disk-bulge, bulge-disk, bulge-bulge, halo-disk, and halo-bulge. However,
above we assumed the same mass for all lenses and the same luminosity for all sources. For
our theoretical predictions equation 5.20 is modified to include integrals over realistic mass
and luminosity functions for the disk and bulge populations. We write the luminosity function
(LF) as � �

� ���
� � ��� � � 	 (5.24)
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and the mass function (MF) as

� �
� � � � � � � � � � 	

(5.25)

where � and � are normalization constants and � �
is the lower bound for the mass function.

For both disk and bulge we use the R-band luminosity function from Mamon & Soneira
(1982) for � . For the function

�
we use a MF from Binney & Merrifield (1998) (their equation

5.16) with the power-law form � � � � � � � � �� � extended to � �
. � and � are evaluated

separately for the disk and the bulge. In the case of the disk we assume that 30% of the mass
is in the form of gas. The LF is normalized to give � � L  , which leaves us to determine � .
We can write

� � � �  � � � 	 � � � ���
� �

� �
� �����	��� 


�

�� (5.26)

where � �� � � � is from Kroupa et al. (1993) and the V-band LF from Mamon & Soneira
(1982), and evaluate this equation at solar values for convenience. Then we can determine
� �

by requiring that: � �
� � � � � � � � � � � � 	 � � �� � ��� � � 	 � � � � 	 � � � (5.27)

and solve for � �
. Thus, the lower limit on the MF is determined by the � � � , so that a high

� � � disk contains more low-mass stars than a disk with low � � � .
The nature and mass of possible MACHOs is unknown. For simplicity we use for the

MACHO component a single mass, � ������� �
, for all MACHOs.

Theoretical prediction of microlensing events

Inserting the LF and MF into equation 5.20 yields an expression for the event rate per unit
solid angle. In section 5.6 we described how the detection efficiency for microlensing events
is derived in 3

�
� 3
�

subregions, resulting in 250 spatial bins over the analysed field. To get the
expected number of events for our survey, we need to calculate the event rate for each of these
spatial bins. The detection efficiency

�
is described as a function of � �
����� and

'
� ���&#

. For
every lens-source pair these are known, so that

�
can be easily included. Thus, we get the

following expression for expected number of events in the � -th spatial bin:

� ( � '
��� � � � � �  � � !

�	� 
� �
� �

� � � � � ��� 	
�

�
� � � � � � � � 	 � � ! � ��� ������� �

'
� ���&# 	

(5.28)

where
�

is the overall duration of the experiment (four 6-month observing seasons, or two
years), and

'
� � � arcmin

�
is the angular area of the bin. The total number of events is of

course
� � � � ( .

We use an integration limit

� � � 

, since even for very bright stars, events with

�
� 
 are

too faint to be detected (see table 5.2). However, not all lens-source pairs will in reality have
an impact parameter smaller than 2 � � . Therefore, an extra correction factor of � � 
 ��� � � ! 	 �
is inserted in equation 5.28.
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Some of the events will be extincted and therefore have a lower

'
� ���$#

. The extinction
model (either the original map derived in section 5.7, or the high extinction version) is used
to take this into account. For this purpose, the extinction map is resampled so that there are
25 resolution elements in each spatial bin. Then, for all events that have a source star located
behind the midplane of the galaxy, one of the 25 extinction values is randomly chosen and
the event is extincted accordingly.

Binary lenses

Our microlensing selection procedure is specifically designed to look for standard microlens-
ing events: the case of a single point-like lens gravitationally lensing a single point-like
background source. Also in the theoretical calculations all events are treated as standard
events. However, at least half of all stars are part of a binary or multiple star system. The
lightcurves of microlensing events in which the lens is made up of two point masses can de-
viate strongly from standard microlensing (Schneider & Weiss 1986) lightcurves. A fraction
of self-lensing events in M31 might not satisfy our microlensing selection criteria because
of this. Microlensing events with a binary lens will show very strong deviations from the
standard lightcurve if the source crosses the so-called caustics, the positions in the lens plane
where the magnification is theoretically infinite. If the source does not pass the caustics, the
lightcurve is much less deformed, depending on how close it approaches them. The size of
the caustic region depends on the mass ratio of the lens components, their separation and
the total mass of the system; the size of the caustic region peaks when the separation of the
two components is similar to the Einstein radius (equation 5.2) corresponding to their com-
bined mass. Mao & Paczynski (1991) estimate that for microlensing toward the bulge of the
Milky Way, � 10% of the events will show strong binary characteristics. For microlensing
toward the bulge by lenses of 1 M  the Einstein radius is in the order of 5-10 AU in the lens
and source plane. For self-lensing within M31 the Einstein radii are of the same order of
magnitude. In this range binaries are uniformly distributed over log Period (Abt 1983, and
references therein) and therefore also in log Separation. We can therefore expect that also in
our survey � 10% of the self-lensing events will show strong binary behaviour. More subtle
deviations from the standard microlensing behaviour will not be detected in low signal-to-
noise events, and for high signal-to-noise events we use a more lenient �

�
criterium. This

means that our theoretical predictions for M31 self-lensing should be scaled down by 10%.

5.8.3 Modeling results

Table 5 presents the theoretical predictions for the total number of events expected in the
MEGA-INT four-year survey. The results are given for both self-lensing (

� � ��� �
) and halo

lensing (
� � � � �

). The values quoted for
� � � � �

assume 100% of the halo is in the form of
MACHOs. In other words, these values should be multiplied by the MACHO halo fraction in
order to get the expected number of events for a MACHO component. We note that lensing
by the Milky Way halo is not included in these results. This possible contribution is expected
to be small, since the number of microlensing events from a 100% MW halo is a few times
lower than for a 100% M31 halo (Baillon et al. 1993; Gyuk & Crotts 2000) for MACHO
masses around 0.5M  .

The near-far asymmetry of the events contains information about the contribution of halo
lensing, and is therefore an important parameter. In figure 5.18 we show the cumulative
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Low extinction
Models with � ������� �

=0.5 M  and
� �

=1.0 kpc� � � � 	 � � � � � 	 ) �
� � � ��� � � ���	� � � � ��� � � � � � � � ��� �

A1 2.4 3.6 1.06 14.2 30.9 0.037 0.086 0.037
B1 2.4 2.9 1.17 13.4 31.5 0.031 0.085 0.033
C1 2.4 4.3 1.02 13.1 29.6 0.039 0.092 0.043
D1 1.8 2.4 1.34 11.3 35.5 0.031 0.082 0.041
E1 3.6 4.4 1.03 15.8 24.6 0.030 0.091 0.030

Models with � � � � 	 � =2.4 and � � � � 	 ) =3.6��� � ����� � �
�
� � � ��� � � ���	� � � � ��� � � � � � � � ��� �

F1 0.5 0.5 1.10 12.5 30.7 0.037 0.084 0.042
G1 1.0 0.1 1.06 14.2 43.1 0.037 0.088 0.037
H1 1.0 1.0 1.06 14.2 25.9 0.037 0.085 0.037

High extinction
Models with � ������� �

=0.5 M  and
� �

=1.0 kpc� � � � 	 � � � � � 	 ) �
� � � ��� � � ���	� � � � ��� � � � � � � � ��� �

A2 2.4 3.6 0.99 12.4 28.6 0.052 0.095 0.057
B2 2.4 2.9 1.08 12.2 32.6 0.046 0.094 0.052
C2 2.4 4.3 0.99 14.5 29.6 0.056 0.098 0.056
D2 1.8 2.4 1.23 10.3 34.5 0.045 0.095 0.058
E2 3.6 4.4 1.04 14.2 22.8 0.046 0.105 0.046

Models with � � � � 	 � =2.4 and � � � � 	 ) =3.6��� � ����� � �
�
� � � ��� � � ���	� � � � ��� � � � � � � � ��� �

F2 0.5 0.5 1.06 11.2 30.5 0.052 0.095 0.061
G2 1.0 0.1 0.99 12.4 39.1 0.052 0.098 0.057
H2 1.0 1.0 0.99 12.4 23.8 0.052 0.093 0.057

Table 5.5 – Results of the microlensing modeling using self-consistent M31 models. In the first
columns some model parameters and the combined � � are listed. The remaining columns contain
the predicted number of events due to self-lensing ( �����	� 
 ), due to halo-lensing ( ��� � � � ), the asymmetry of
the self-lensing ( ����	� 
 ), of the halo-lensing ( �� � � � ), and of the combination of both ( � ��� � . The number
of self-lensing events � ���	� 
 has been scaled down by 10% to account for the selection bias against events
with binary lenses. The microlensing event rate due to the halo ��� � � � is for a 100% MACHO halo, i.e.
all of the halo mass is assumed to be in the MACHOs. For calculating the combined self- and halo-
lensing asymmetry parameter � ��� � a smaller fraction of the halo mass is assumed to be in MACHOs,
namely the amount necessary to make up the difference, if any, between � ���	� 
 and the observed number
of 14 candidate events. The disk scale heights � 
 are ����� � � scale heights. The upper, low extinction
part of the table contains models with internal extinction values as derived in section 5.7, while the
lower, high extinction part contains models with increased extinction, as motivated by our analysis of
the LPV amplitudes.
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Figure 5.18 – Cumulative event distri-
bution as a function of distance from
the major axis (in degrees). Shown are
the data (dots), self-lensing distribution
(solid line) and halo-lensing distribution
(dotted line). Both self- and halo-lensing
lines are scaled to give a total of 14
events.

distribution of events for self and halo lensing as predicted by our model A1, as a function of
the distance from the major axis, � . We take � to be positive on the far side of the disk. Both
self-lensing and halo-lensing contributions are scaled to give 14 total events. The dots show
the distribution of the 14 candidate events in our sample. Both self- and halo-lensing do a
good job of describing the event distribution in the inner � � 
 � . The halo distribution does a
somewhat better job of modelling the three events between � � �

�



� and � � �

�

�
� . Neither

halo nor self lensing models predict anywhere near two event for � � �
�

� � � .
To easily compare the asymmetry with respect to the major axis, we define the asymmetry

parameter
�

:
� � � � ( � � 	  � (� (5.29)

where � is again the distance from the major axis in degrees, and
�

is the predicted event rate.
In table 5.5 the values for

� � ��� �
and

� � � � �
are given. We also provide an average

� ��� �
which

assumes that MACHOs make up the shortfall between the expected number of events and the
observed value of 14. In cases where the expected number of events is greater than 14, we
set

� ��� � � � � ��� �
. The asymmetry parameter for the 14 candidate events is

� � � ��� � �
�

� 
 � .
Timescales of microlensing events are determined by the transverse velocities of lens and

source and by the Einstein radius, and are easily calculated from our theoretical models. Fig-
ure 5.19 shows the cumulative timescale distribution of our candidate microlensing events
and our model A1. Both the curves for self- and halo-lensing are scaled to give 14 events
in total. Within statistical errors, the data are consistent with the model predictions. This
supports the microlensing nature of our candidate events and argues against a large contami-
nation by variable stars or background supernovae.

Models A1 and A2 are the default models with the � � � ’s and
� �

motivated above and
a MACHO mass of 0.5M  . Models B through H show the effect of varying key parameters.
In the B and C models the bulge � � � is varied. This affects both the number of events
as well as the asymmetry. A heavier bulge results in more bulge-bulge lensing events and
since the bulge is heavily extincted on the near side, increasing the bulge-bulge lensing rate
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Figure 5.19 – Cumulative event distri-
bution as a function of timescale. Shown
are the data (dots), self-lensing distribu-
tion (solid line) and halo-lensing distri-
bution (dashed line). Both self- and halo-
lensing lines are scaled to give a total of
14 events.

boosts the asymmetry. The D and E models show the effects of varying the stellar mass in the
whole galaxy. As expected, a higher � � � increases the self-lensing rate and lowers the halo-
lensing rate, since less mass can be put in the halo. The asymmetry of the self-lensing rate is
hardly affected, but the asymmetry of the halo-lensing is. Models F1 and F2 have a vertical
scale height two times smaller than the default models. This mostly affects the self-lensing,
decreasing the expected number of events. The G and H models have MACHO masses of 0.1
and 1.0 M  . These values of � ����� � �

are chosen in accordance with the most probable mass
range for Milky Way MACHOs according to Alcock et al. (2000). Increasing � ������� �

leads
to a decrease of the number of halo lenses and thus to a decrease of

� ���	� �
.

Looking at the table it is clear that in general the effect of extinction is a decrease in� � ��� �
and an increase in

� � ��� �
. We also see that as the mass-to-light ratios are increased,

� � ��� �
increases and

� � � � �
decreases. There are some exceptions to these trends. For example in

the heavy bulge case, models C1 and C2,
� � ��� �

is higher for the high extinction model. The
reason for this is that the bulge in this model is very heavy due to the combination of a high
extinction correction to the minor axis SBP and the high bulge � � � . The resulting increase
of bulge lenses overcompensates for extinguishing bulge and disk sources. Model C1 also
gives a lower

� � ��� �
than model A1, as the higher � � � � 	 � leads to a less massive disk. For

each choice of mass-to-light ratios, the remaining parameters are adjusted to minimize �
�
.

This process can lead to rather complicated interdependencies between the model parameters.

5.9 Discussion

The expected number of events due to self-lensing is quite stable over all models that we
probe in table 5.5. The relative insensitivity of

� � ��� �
to changes in the mass-to-light ratios is

a result of the way the models are constructed; changes in � � � � 	 ) and � � � � 	 � are com-
pensated by changes in the structural parameters of the disk, bulge, and halo to minimize �

�

for the fit to the rotation curve and surface brightness data. For example in models D1 and
E1 the mass-to-light ratios differ by a factor of �



while

� � ��� �
differs by only a factor of 1.4;
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14 events 11 events
model

� ) � � �
conf. interval

� ) � � �
conf. interval

A1 0. [0,0.28] 0. [0.,0.21]
B1 0.02 [0,0.29] 0. [0.,0.22]
C1 0.03 [0,0.32] 0. [0.,0.24]
D1 0.08 [0,0.30] 0. [0.,0.22]
E1 0. [0,0.32] 0. [0.,0.25]
F1 0.05 [0,0.32] 0. [0.,0.24]
G1 0. [0,0.20] 0. [0.,0.15]
H1 0. [0,0.34] 0. [0.,0.25]
A2 0.06 [0.,0.35] 0. [0.,0.25]
B2 0.06 [0.,0.31] 0. [0.,0.23]
C2 0. [0.,0.29] 0. [0.,0.22]
D2 0.11 [0.,0.33] 0.02 [0.,0.24]
E2 0. [0.,0.39] 0. [0.,0.29]
F2 0.09 [0.,0.35] 0. [0.,0.26]
G2 0.04 [0.,0.25] 0. [0.,0.18]
H2 0.07 [0.,0.42] 0. [0.,0.31]

Table 5.6 – Most probable value and 95% confidence limits for the MACHO halo fraction � from the
Feldman & Cousins (1998) analysis, for the full sample and the case without candidate events 11, 13,
and 14.

with the low � � � values in model D1, the rotation curve data drive up the disk and bulge
luminosity distributions at the expense of a poorer fit for the photometric data. A balance is
struck, resulting in a change in

� � ��� �
that is significantly smaller than what one might expect.

Within the statistical errors the total number of 14 observed events is consistent with the
predicted number of self-lensing events, but also not inconsistent with a signficant MACHO
fraction in the halo of M31. To make this more quantitative we use the method of Feldman &
Cousins (1998) and treat the detection of halo events as a Poisson process on a background
of self-lensing events. Let � be the number of observed events consisting of MACHO events
with mean

� � ���	� �
, where

�
is the MACHO fraction, and a background due to self-lensing

with known mean
� � ��� �

. The probability distribution function for
�

is

� � ��� � 	 � � � � � � � � � � � ��� � 	 � �������  � � � � � � � � � � ��� � 	
	 � ��� � (5.30)

Confidence intervals for
�

are calculated as follows. Calculate � � ��� � 	 for
�

values of���� � � ��� and sort from high to low. The maximum of � defines the most probable value of�
. Normalize the values of � so that the sum of all sampled values of � is 1. Sum the values

of � starting from the highest value until the sum exceeds the desired confidence level. The
largest and smallest value of

�
belonging to the the � -values that went into the sum define

the confidence interval.
In table 5.6 we provide most probable values of

�
and 95% confidence intervals for all

of the models in table 5.5. We provide these values both for the case of the full sample of 14
observed candidate events ( � =14), as well as for the case of 11 observed events ( � =11), for
reasons discussed below.
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Events used
� � �	��� � � �	���

Full sample 14 0.125
�

0.046
without 11 13 0.120

�
0.049

without 13, 14 12 0.076
�

0.034
without 11, 13, 14 11 0.066

�
0.034

LPVs 20,864 0.071
�

0.001

Table 5.7 – Observed number of events and the asymmetry of their spatial distribution, shown for the
full sample of 14 events and for cases where the probable M32 event (11) and candidate events 13 and
14 are ignored. Also shown is the asymmetry for the long-period variable stars (LPVs).

From table 5.5 we see that halo-lensing shows a significant asymmetry. This is due to the
longer pathlength through the halo for lines-of-sight toward the far side of the disk than to
the near side, the original argument for the asymmetry in the microlensing event rate being
indicative for the presence of a microlensing halo. Self-lensing is also asymmetric, which is
caused by the differential extinction. In all cases,

� � ��� � � � ���	� � � � � �	��� � � �
�

� 
 � 	 . The
(weak) asymmetry in the self-lensing distribution is always a factor 2 or more lower than the
halo-lensing asymmetry. Even for the high-extinction models,

� � ��� �
does not get anywhere

near
� � � � �

. Although the halo-lensing asymmetry comes quite close to
� � �	���

, it is still lower
in all models.

The asymmetry in the data is very large and cannot be reproduced even by pure halo-
lensing. This high value of

� � � � �
is largely caused by events MEGA-ML-11, -13, and -14

(see table 5.7). All of these events seem to be special cases for reasons that will be discussed
now. Paulin-Henriksson et al. (2002) argue that it is likely that the event MEGA-ML-11 has
a source star in M31, but a star in the satellite galaxy M32 as a lens. If so, it should not
be included in the analysis of the event distribution, as it is not caused either by self-lensing
within M31, nor by halo-lensing.

Events 13 and 14 are located very far from the major axis of M31 and difficult to explain
by either self-lensing or halo-lensing. For model A1, the predicted number of self-lensing
events with � � � � ��� ����� � � 	 is � � � � � while the predicted number of MACHO events in the
same range in � is � � �  � . Thus, the probability of having two events either from self or
halo lensing is exceedingly small, unless the halo fraction is very large. However, since some
contamination by variable stars of our sample can not be excluded, one or both of these events
may be a variable star. We note, for example, that event 13 has the lowest S/N in our sample.
The probability of having one event for MACHO lensing with

� � �
�


 � is �
���

, small,
but not negligible. We also note that our models assume axisymmetry, and since M31 shows
several non-axisymmetric features such as disk warping, our models may be inaccurate in
some regions. According to the isophotal map by Hodge & Kennicutt (1982) event 13 lies
on the B=24 (R=22.6) contour while model A1 predicts R=23.5. Thus, the model may in
fact underestimate the surface brightness of the disk by a factor of 2, and hence the disk-disk
self-lensing rate by a factor of 4. (The reason for the discrepancy is not completely clear. The
contours on the far side do appear to be “boxier” than those predicted by the model.)

It is interesting that events 13 and 14 are coincident with the location of the giant stellar
stream discovered by Ibata et al. (2001). This stream runs across the southern INT field,
approximately perpendicular to the major axis and over M32, which might be the progenitor
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of the stream (Merrett et al. 2003). The average V-band surface brightness of the stream is� ��� � � � �
� � mag arcsec � � (Ibata et al. 2001) but this is measured far from the projected

positions of events 13 and 14. The surface brightness of the stream might be significantly
higher near the position of M32 (McConnachie et al. 2003). Perhaps the most conservative
statement one can make about the stream is that it is not bright enough to distort the contours
near events 13 and 14, that is, it cannot be brighter than the disk at these radii. The microlens-
ing optical depth due to the stream � � ������	� should relate to the self-lensing optical depth � � ��� �
roughly as

� � ��
��� � �
� � ������	�
� � � � � � � ��
��� �

��� � � � � � � � ��� � (5.31)

where
� � ��
��� �

and
� � � � � are the surface brightnesses of the stream and the disk, � � ��
��� �

is
the distance between the stream and the disk along the line-of-sight, and

� � � � � � � is the scale
height of the disk. The first ratio must be smaller than 1, for the reasons mentioned above.� � ��
��� �

is not well constrained, but � � ��
��� � � ��� � � � � � is probably of order 20, maybe up to
50. If close to M32 the surface brightness of the stream is around 10% that of the disk,
this implies that � � � 
���	� is of the same order as � � ��� � . The stream-disk lensing rate might be
further enhanced if the stars in the stream have a large proper motion relative to the disk.
These arguments suggest that the number of stream-disk events in the vicinity of M32 might
be as high as � � � ; perhaps high enough to explain one event.

In table 5.7 we show the values of
� � �	���

for the full sample of 14 candidate events and
for the cases where either event 11, events 13 and 14, or all of these are ignored. For compar-
ison, we also list the asymmetry for the long-period-variables (LPVs) used in section 5.7 and
discussed in detail in section 4.3.3 of this thesis. The errors in

� � � � �
have been determined

with the bootstrap method.
Figure 5.20 compares the asymmetry and number of events for the four cases in table 5.7

with the model predictions from table 5.5. The dots with error bars represent the data, while
the solid circles with solid lines and the open circles with dotted lines represent the high-
extinction and low-extinction models respectively. The circles assume pure self-lensing while
the lines correspond to increasing MACHO halo fraction

�
with the tick-mark indicating

the position of
� � �

�



. Once again, we see that the asymmetry parameter for the data is

higher than that for any of the models. Removing events 13 and 14 improves the situation
considerably. The high-extinction models are clearly in better agreement with the data than
the low-extinction models.

Assuming that events 11, 13, and 14 are not caused by halo-lensing or self-lensing within
M31, the data are consistent with the high-extinction models. Looking at table 5.6 shows that
in this case for all but one model, the most probably MACHO fraction is

� � � . Without
events 13 and 14,

� � �	���
is also in very good agreement with the asymmetry of the LPVs,

implying that both asymmetries are caused by extinction.

5.10 Conclusions

We present the analysis of four seasons of M31 data obtained at the INT. The goal of the anal-
ysis is to constrain the contribution of MACHOs to the halo of M31. A search for microlens-
ing events using a fully automated search procedure results in 14 candidate microlensing
events, of which three are reported here for the first time. The spatial and timescale distribu-
tions are consistent with microlensing.



128 CHAPTER 5: The compact object content of the M31 halo

Figure 5.20 – Asymmetries and event
numbers for data and models. The points
with error bars on the left show � and �
for the sample of candidate events and
the subsamples listed in table 5.7. The
solid lines correspond to the high and the
dotted lines to the low extinction mod-
els from table 5.5. The dots are the
pure self-lensing points, with the MA-
CHO mass fraction increasing along the
line. MACHO fractions of 20% are indi-
cated with vertical lines.

Extensive Monte Carlo simulations of artificial microlensing events are used to determine
our detection efficiency for microlensing events. Using the detection efficiency we calculate
theoretical predictions for the microlensing event rate and distribution. These calculations are
based on a suite of self-consistent disk-bulge-halo models for M31 and include a model for
the extinction across the M31 disk. The sample of candidate microlensing events is compared
to these theoretical predictions.

The results with regard to the fundamental question of whether there is a significant MA-
CHO fraction in the M31 halo are inconclusive. Based on the total number of events, we
find that the most probable MACHO halo fraction

�
varies between � and �

�

�
depending

on the model. Our event rate analysis is consistent with a total absence of MACHOs as the
confidence intervals for all of our models include

� � � . We cannot exclude some MACHO
component, but a MACHO fraction of

� � �
�

�
or higher is excluded at 95% confidence for

almost all models.
The spatial distribution of the candidate events is highly asymmetric and does seem to

favour a MACHO component. However, for different reasons it is questionable whether the
three candidate events that largely determine the asymmetry signal should be used in this
analysis. Thus, we conclude that both from the observed number of events, and from their
spatial distribution we find no evidence for the presence of MACHOs in the halo of M31.

5.A Candidate event lightcurves
On the following pages, for each of the 14 candidate microlensing events in our sample, the
r
�

and i
�

lightcurves and thumbnails taken from the difference centered on the event positions
are shown, together with a short discussion. Apart from the INT r

�

and i
�

data, KP4m R and
I data points are also plotted in the lightcurves. The fits shown are however the fits done to
only the INT data.
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Figure 5.21 – (a) Event 1: lightcurves. The two upper panels show the full r � and i � lightcurves of the
microlensing event. In the lower left corner are zooms on the peak region. In the lower right corner
the r � flux is plotted versus the i � flux; if the colour is constant, the points should lie on a straight line.
Also drawn is the best fit microlensing model. The solid circles are points from the INT data, the open
circles are from the KP4m data. The start of the INT survey, August 1st 1999, is used as the zeropoint
for the timescale.
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Peak

Day 57 Day 58 Day 59 Day 60 Day 61 Day 64 Day 65

Baseline

r’

i’

Day 2 Day 134 Day 422 Day 536 Day 1159

Day 66

r’

i’

MEGA−ML−1

Figure 5.21 – (b) Event 1: thumbnails. The two upper rows of thumbnails show are taken from r � and
i � difference images during the peak of the candidate event. Selected thumbnails from the baseline are
also shown in the two bottom rows. Each thumbnail is 30 � 30 pixels or 10 � 10” in size.

MEGA-ML-1

Located close to the center of M31, this event has a rather noisy baseline. Apart from the
background of very faint variables there are some variable sources clearly visible in the dif-
ference images. As can be seen in the thumbnails in figure 5.21(b) a bright variable is located
just a few pixels from the position of the candidate event. Another, fainter variable is seen
at a similar distance above and to the left. The other variable sources are further away and
should have no influence on the photometry.
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Figure 5.22 – (a) Event 2: lightcurves. See caption of 5.21(a).
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Peak

r’

MEGA−ML−2

Day 31 Day 32 Day 33 Day 35 Day 36 Day 37 Day 38

i’

Baseline

r’

i’

Day 2 Day 94 Day 473 Day 754 Day 1208

Figure 5.22 – (b) Event 2: thumbnails. See caption of 5.21(b).

MEGA-ML-2

This candidate event is located very close to MEGA-ML-1 and therefore has the same prob-
lems connected to being close the center of M31. In the thumbnails of days 94, 754, and 1208
we see a variable source a few pixels to the left of the event position. This variable is brighter
in r
�

than in i
�

, which causes the r
�

baseline to be the most noisy.
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Figure 5.23 – (a) Event 3: lightcurves. See caption of 5.21(a).
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Peak

Day 419 Day 420 Day 421 Day 422 Day 423

Baseline

r’

i’

Day 133 Day 457 Day 473 Day 755 Day 1153

r’

i’

MEGA−ML−3

Figure 5.23 – (b) Event 3: thumbnails. See caption of 5.21(b).

MEGA-ML-3

This candidate event is also located close to the M31 center. In figure 5.6 we already demon-
strated that a very faint variable source is positioned � 0.25”away from this candidate event.
In the i

�

thumbnails another variable is visible just above and to the right of the event. This
variable has a bright episode between days 440 and 480, causing the bump in the baseline in
the i

�

lightcurve.
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Figure 5.24 – (a) Event 7: lightcurves. See caption of 5.21(a).
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Peak

Day 32 Day 55 Day 65 Day 69

Baseline

r’

i’

Day 372 Day 489 Day 755 Day 1163 Day 1248

Day 61 Day 92 Day 99 Day 117

r’

i’

MEGA−ML−7

Figure 5.24 – (b) Event 7: thumbnails. See caption of 5.21(b).

MEGA-ML-7

By far the brightest event in our sample, the thumbnails of MEGA-ML-7 show a very bright
residual close to the peak center. Since the peak occurs during the first season, some of
the exposures used for creating the reference image contained a significant amount of the
magnified flux, so that the baseline lies at a negative difference flux. There are some variables
nearby, but none of them are close or bright enough to significantly influence the photometry.
The distance to the center of M31 is also quite large ( � 22’), reducing the background of
faint variable sources. As pointed out by Paulin-Henriksson et al. (2003), there are some
systematic deviations from the best fit microlensing model. An et al. (2004b) find that this
anomaly can be explained by a binary lens.
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Figure 5.25 – (a) Event 8: lightcurves. See caption of 5.21(a).
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Peak

Day 32 Day 42 Day 61 Day 65

Baseline

r’

i’

Day 371 Day 520 Day 903 Day 1096 Day 1248

Day 59 Day 71 Day 99

i’

r’

MEGA−ML−8

Figure 5.25 – (b) Event 8: thumbnails. See caption of 5.21(b).

MEGA-ML-8

This near side event is located � 23’ from the center of M31. A variable that is particularly
bright in i

�

is situated about 2.4” NW of the candidate event, but should not have much of
an effect on the photometry. The baselines of the lightcurves indeed look stable and well-
behaved.
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Figure 5.26 – (a) Event 9: lightcurves. See caption of 5.21(a).
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Peak

Day 388 Day 394 Day 396 Day 397

Baseline

r’

i’

Day 133 Day 472 Day 753 Day 1099 Day 1248

Day 398Day 395

i’

r’

MEGA−ML−9

Figure 5.26 – (b) Event 9: thumbnails. See caption of 5.21(b).

MEGA-ML-9

Peak coverage is poor for this candidate event, but the baselines are stable. The thumbnails
show quite a lot of faint variables, two of which are located very close, approximately 1” to
the left of the event position, accounting for the noise in the i

�

baseline that is higher than in
the r

�

lightcurve.
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Figure 5.27 – (a) Event 10: lightcurves. See caption of 5.21(a).
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Peak

Day 33 Day 42 Day 64 Day 70

Baseline

Day 371 Day 520 Day 1098

Day 61 Day 99 Day 133

i’

r’

MEGA−ML−10

r’

i’

Figure 5.27 – (b) Event 10: thumbnails. See caption of 5.21(b).

MEGA-ML-10

This event is a beautiful example of a combined lightcurve with KP4m and INT data. Peak
coverage in INT i

�

is poor, but the KP4m I data points follow the fit (derived only from INT
data) very well. A fairly bright variable is situated slightly above and to the right of the event
position and there is a hint of a very faint variable about 1” to the left. Although the INT
baseline in i

�

is noisy, the r
�

and both KP4m R and I lightcurves show an very stable and
well-behaved baseline.
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Figure 5.28 – (a) Event 11: lightcurves. See caption of 5.21(a).
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Peak

Day 483 Day 486 Day 488 Day 489

Baseline

Day 6 Day 406 Day 756

Day 487 Day 491

r’

i’

r’

i’

MEGA−ML−11

Figure 5.28 – (b) Event 11: thumbnails. See caption of 5.21(b).

MEGA-ML-11

A high signal-to-noise event with a good fit and stable baseline. There is some noise in the i
�

baseline, caused by the variable source that is visible in the thumbnails of days 6 and 756 at
� 1.3” above the event position. During the fourth observing season a few bad columns were
lying exactly on top of the event position, so that there is only 1 INT data point available.
However, the KP4m data show that the baseline remains flat everywhere.
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Figure 5.29 – (a) Event 13: lightcurves. See caption of 5.21(a).
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Figure 5.29 – (b) Event 13: thumbnails. See caption of 5.21(b).

MEGA-ML-13

This candidate event has the lowest signal-to-noise of our sample. It is situated far out in
the far side of the disk at � 31’ from the center of the galaxy and the relatively low galaxy
background makes it possible to detect these kind of faint events. Due to the y-axis scale
the i

�

the baseline looks quite noisy, but it is in fact not significantly more so than for other
candidate events. The thumbnails of days 398 and 520 show that the closest variable source is
located � 1.4” below and to the left of the event, which explains the scatter in the i

�

baseline.
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Figure 5.30 – (a) Event 14: lightcurves. See caption of 5.21(a).
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Figure 5.30 – (b) Event 14: thumbnails. See caption of 5.21(b).

MEGA-ML-14

At � 35.5’ from the M31 center, this candidate event is the most far out in the disk of all
events in our sample. The i

�

photometry of this candidate event is compromised by the vari-
able source at � 1.3”. From the i

�

thumbnails one can also see that the event lies at the edge
of a fringe, making the background in the lower half of the thumbnails brighter than in the
upper half. This can also cause some extra scatter in the photometry. Overall, however, the
microlensing fit is very good and both INT and KP4m lightcurves show a stable baseline.
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Figure 5.31 – (a) Event 15: lightcurves. See caption of 5.21(a).
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Figure 5.31 – (b) Event 15: thumbnails. See caption of 5.21(b).

MEGA-ML-15

This event is again located close to the center of M31 and presumably has a strong background
of faint variable sources. In the thumbnails also several variables are visible very close to the
event position, both in r

�

and in i
�

. The lightcurve baselines are rather noisy because of this,
but show no coherent secondary bumps and the KP4m baselines are very stable.
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Figure 5.32 – (a) Event 16: lightcurves. See caption of 5.21(a).
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Figure 5.32 – (b) Event 16: thumbnails. See caption of 5.21(b).

MEGA-ML-16

Not selected in our first analysis of the first two seasons of INT data (de Jong et al. 2004) due
to baseline variability, the i

�

lightcurve of this event is strongly influenced by a bright variable
situated just 1.1” to the north. Using a smaller extraction aperture for the photometry in the
present analysis, the i

�

baseline is still very noisy and the same is true for the KP4m I-band
data. The INT r

�

and KP4m R data are much better behaved and the r
�

peak is fit very well by
the microlensing fit.
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Figure 5.33 – (a) Event 17: lightcurves. See caption of 5.21(a).
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Figure 5.33 – (b) Event 17: thumbnails. See caption of 5.21(b).

MEGA-ML-17

The i
�

baseline is slightly noisy, but the r
�

and both KP4m lightcurves are well-behaved. In
the thumbnails no very close variables are visible.
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Figure 5.34 – (a) Event 18: lightcurves. See caption of 5.21(a).
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Figure 5.34 – (b) Event 18: thumbnails. See caption of 5.21(b).

MEGA-ML-18

This candidate event shows quite large scatter in the baseline and also in the peak. Faint
variables might be the culprits, although the event is not located very close to the galaxy
center ( � 15.1’). The thumbnails show no variable sources very close to the event position,
however they do show that this event is situated on the edge of a fringe running diagonally
across the thumbnails. This fringe and the fact that it can change position slightly between
frames is the most probable cause for the noisy i

�

photometry.



CHAPTER 6

Variable source detection in
Centaurus A

EXTENDING the microlensing surveys that are currently underway in M31 to even more
distant galaxies is an interesting prospect, as more and different types of galaxies can be

studied. Centaurus A would make a very interesting target, since it is the nearest massive
elliptical galaxy, at 4 Mpc. To see whether the Difference Image Photometry technique used
in this thesis can be used as well for ground-based observations of targets at these distances,
we performed some simulations using our M31 data. After transforming the INT data of
M31 to how they would look if M31 was located at the distance of Centaurus A and observed
with the VLT Survey Telescope, we used the same analysis methods on these simulated data.
The method still seems to work well, as good quality difference images and lightcurves are
obtained. Of course only the brightest variable sources are detected. Using an estimate of
the detection limit based on our simulations, we calculate microlensing event rates due to
lenses in the halo for Centaurus A. For a halo mass fraction of 10% in compact objects, we
predict a detectable microlensing event rate of � 7 per year. Microlensing surveys in external
galaxies therefore require an increased signal-to-noise ratio of the observations to increase
the detectable event rate. The future for these kind of projects therefore lies most likely in the
use of larger telescopes or space-based observatories.
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6.1 Introduction

Now that the Difference Image Photometry technique has been successfully used for the
detection and photometry of variable sources in highly crowded fields in the Andromeda
galaxy, the question arises whether the application of this technique can be extended to even
more distant objects. Both the detection of variable stars and of microlensing in galaxies
outside the local group would have several interesting applications.

The number of known variable stars in galaxies could be multiplied, which would be
interesting by itself, but also useful for e.g. distance determination and the study of stellar
populations and star formation history.

Also microlensing surveys outside the local group would be an important step to gener-
alisation of the picture obtained from the surveys in the Milky Way, towards the Magellanic
Clouds, and in M31. Both the Milky Way and M31 are two large spiral galaxies in a relatively
low-density environment. Now that the microlensing results indicate a small, but non-zero
contribution of compact objects (MACHOs) to the dark matter content of these two galaxies
(Alcock et al. 2000; Lasserre et al. 2000), it would be interesting to see how the compact
object content in the halos of galaxies in other environments or in the halos of other types of
galaxies compares with this.

If the dark matter does indeed have a baryonic MACHO contribution, this component
could be different in elliptical galaxies compared to spirals, since they are believed to have
undergone different formation histories and star formation episodes. Furthermore, elliptical
galaxies tend to live in more dense environments, where galactic encounters are more com-
mon and old stellar populations would have been pushed out to larger radii into the halo.
Microlensing surveys in elliptical galaxies would also enable the study of these stellar halos,
that might be important repositories of faint stellar mass.

A first attempt at a microlensing survey in an elliptical galaxy was made by Baltz et al.
(2004). Using observations taken with the Wide Field and Planetary Camera 2 (WFPC2) on
the Hubble Space Telescope, they performed a search for microlensing events in the giant
elliptical galaxy M87. Since this galaxy is located at the center of the Virgo Cluster, the
column density of dark matter towards it is very high. For a fixed, non-negligible, dark matter
fraction in compact objects, the dominant contributor to the microlensing rate towards M87 is
the dark matter associated with the cluster halo, making this system potentially an important
laboratory for the study of compact objects in elliptical galaxies as well as in the intracluster
medium. Due to the large distance to M87 of about 16 Mpc (Tonry et al. 2001) doing this
experiment proved difficult in practice. In their study, Baltz et al. (2004) find only 7 variable
sources, 1 of which is consistent with microlensing, although it is bluer than expected for a
typical microlensing event.

Using our M31 data (chapter 5) we investigate the feasability of a microlensing survey
towards the giant elliptical galaxy Centaurus A (NGC 5128, hereafter Cen A). Apart from the
general interest of a microlensing study in an elliptical galaxy, this survey would have addi-
tional scientific interests. From the warped gas layer, the outer isophotes and the kinematics
of the planetary nebulae, there are indications that the potential and therefore the halo around
Cen A is triaxial (Hui et al. 1995). This means that the lines-of-sight toward different parts
of the galaxy have different path-lengths through the halo. Because of this, the microlensing
event rate will be asymmetric over the face of Cen A, much like the microlensing rate due
to halo lensing is asymmetric between the near and far side of the disk of M31. The spatial
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Figure 6.1 – Centaurus
A is the nearest active
galaxy and the nearest
large elliptical galaxy.
The presence of the huge
dust lanes, uncommon
for elliptical galaxies, is
one of the indications
that Centaurus A is the
product of the merger of
two galaxies of which at
least one was a spiral
galaxy.

distribution of microlensing events can therefore also be used to constrain the shape of the
dark halo of Cen A.

Because the distance to Cen A (4 Mpc, Tonry et al. 2001) is much smaller than the dis-
tance to M87, the sensitivity will be much higher and the crowding of variable sources much
less strong. To study the feasibility of a microlensing survey towards Cen A, we took data
from our M31 survey and simulated how these data would look if M31 was located at the
distance of Cen A and observed with Omegacam on the VLT Survey Telescope (VST).

Section 6.2 describes how the simulation of Centaurus A data was done and in section
6.3 we discuss the resulting difference images and lightcurves. In section 6.4 we estimate the
rate of observable microlensing events occurring in Centaurus A. Finally, in section 6.5 we
give our conclusions about the prospects of ground-based microlensing surveys in galaxies at
distances similar to Centaurus A.

6.2 Simulations

A good instrument for doing a survey for variable sources in Centaurus A would be the VLT
Survey Telescope (VST).The VST is a dedicated telescope for wide field surveys at Paranal
and first light is expected in late 2005. The VST will be equipped with Omegacam, a wide
field camera with a 16k � 16k pixel array with a total field of view of 1 � � 1 � and a pixel scale
of 0.21

� �

.

To test how well our techniques to detect and photometer variable sources in M31 will
apply in the case of the VST and Centaurus A, we attempted to simulate similar data. To be as
realistic as possible we use real INT data of M31, transformed to how they would look when
M31 was located at a distance of � 4 Mpc and observed with 0.21

� �

pixels, like Omegacam
will have. We choose to use the 2002/03 r

�

exposures of 1 chip in the north field (see e.g.
fig. 2.1) that contains part of the bulge of M31, since the stellar population of the bulge
presumably better resembles the stellar population of Centaurus A than that of the disk.
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6.2.1 Data preparation

Several steps are needed to transform the INT data of M31; first, the PSFs of the exposures
have to be degraded; second, the exposures have to be re-pixeled to the right pixel scale;
finally, since the first two steps will effectively remove the noise in the exposures, Poisson
noise has to be added to the images.

The pixel scale of the INT WFC data is 0.333
� �

, which corresponds to 1.28 parsec at the
distance of M31. At the distance of Centaurus A the pixel size of Omegacam of 0.21

� �

corre-
sponds to � 4 parsec, approximately a factor 3 more. For the re-pixelization, we can therefore
bin our exposures with 3 � 3 pixel blocks. Of course, the PSF of the data is compressed by
a factor 3 as well and becomes undersampled. First, the images are therefore smeared by
convolution with a circular gaussian. To simulate realistic observing conditions, we want our
simulated data to have a realistic seeing distribution. Median seeing at Paranal is 0.7

� �

and
with Omegacam that figure might be slightly degraded to, say, 0.8

� �

. In our 2002/03 INT
data, the median seeing is 1.0

� �

. We smear each individual exposure in such a way that after
block-binning the resulting exposure has a PSF corresponding to a seeing of 0.8 � the seeing
in the original. The result is a data set that has a realistic seeing distribution with a median
seeing of 0.8

� �

.
In the block-binning step we sum the flux in each 9 pixel block, so that the total flux for

each source is conserved. However, since we effectively put the sources 5 times further away,
this means that the effective exposure time increases with a factor 25. The INT exposures are
320 seconds each, with 2 exposures per epoch, corresponding to almost 4.5 hours exposure
time per epoch in our simulated Omegacam survey of Cen A. This is rather long but feasible.

The above described operations of smearing and block averaging the exposures effec-
tively averages out the photon-noise. Since in the difference images that are produced using
our difference imaging pipeline (see chapter 2) the photon-noise is the dominating back-
ground, this is a non-negligible effect. To correct for this, we use the IRAF task MKNOISE
to add realistic Poisson photon-noise back into the exposures. This is done on a per pixel
basis using the gain from the original input images. With this final touch, our simulated data
set is ready for analysis.

6.2.2 Data analysis

The data are analysed in the same way as for the M31 microlensing survey, described in
chapter 2. After some parameter adjustments to cope with the different size and pixel scale
of the images, the exact same pipeline could be used. The only real difference with the
procedure described in chapter 2 is that for the PSF-matching step the images are not divided
in subregions. Because each exposure has been smoothed with the same gaussian kernel
during the data preparation, the spatial variations in the PSFs are largely smoothed away and
one model PSF suffices for the whole image. In this way, more stars are available for defining
the model PSF and the resulting difference images turn out to be of better quality than when
using several subregions.

6.3 Results

The difference images that we obtain from our simulations are of similar quality as the ones
obtained from the M31 data. An example of part of a difference image is shown in figure
6.2. In principle this was to be expected, since the distance to the object should have no real
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Figure 6.2 – Cutout of a 240 � 160 pix-
els, or � 33 � � � 55 � � region of a good qual-
ity simulated difference image. There
are several badly subtracted bright fore-
ground stars, because of the 3 � 3 pixel
block-averaging, but apart from that the
difference image looks quite similar to
the one shown in fig. 2.3.

negative consequences for the method. The main effects of the increase in distance are that
the variable sources will become more highly crowded and the flux received from them will
be smaller. Therefore, we have to detect and photometer the variable sources in the images
to get a feel for the impact of the effect of distance.

Object detection is done in the same way as described in section 2.2.2, i.e. SExtractor
(Bertin & Arnouts 1996) is used to detect residuals that have at least 4 pixels that are at least
3 � above the background. Where in the same field in the M31 data � 15,000 variable objects
were detected, only 322 of them are also detected in the simulated Cen A data. The reason for
this lies in the signal-to-noise of the variable sources. The dominant noise in the difference
images is photon noise. Since the surface brightness of the underlying galaxy does not change
with distance, but the signal received from the sources is much fainter, the signal-to-noise is
lowered.

The standard formula for the signal-to-noise of a source is given by
�
� � � �

� � � � � $ � � � � � � ��� � � �
�
	 (6.1)

(Mortara & Fowler 1981), where
� �

is the total number of photons detected from the source,� � is the number of photons coming from the sky background, and
���

and
� � are the

contributions from the dark current and the read-noise. These last three terms are taken per
pixel and therefore need to be multiplied by the number of pixels � $ � � that are used for the
measurement. In our difference images the noise is dominated by photon noise, so for very
faint sources equation 6.1 can be simplified as

�
� � � �

� � $ � � � � (6.2)

which enables us to predict the signal-to-noise of a source in the simulated data from the
signal-to-noise in the M31 data. Going from the INT data to the Omegacam data, the PSF
decreases by a factor 0.8 and the pixel scale goes from 0.333”to 0.21”, so that � $ � � increases
with a factor two. Because of the 3 � 3 pixel block-binning

� � gets nine times larger. The
faintest residual that can be detected in the simulated data should therefore have

� � �
more

photons than the faintest detected residual in the M31 data. In the M31 data the detection
limit is 1.7 ADU/s, so in the simulated data the detection limit should be 1.7 �

� � � � 
 � =0.27
ADU/s, where the factor 25 accounts for the 25 � longer effective exposure time.
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Indeed, in the best quality difference images, the faintest residuals that are still detected
correspond to a difference flux of � 0.25 ADU/s, or � 26 magnitudes in r

�

. The noise proper-
ties of the simulated data seem to be consistent with what is expected from theory. Since we
demand that variable sources are detected in at least two epochs and since the detection limit
for the average difference image is lower, the actual detection limit will be higher. A more
reasonable estimate of the peak brightness limit of a microlensing event is � � � 25 or of that
order.

This reduced signal-to-noise of the variable sources is nicely illustrated in figure 6.3,
where the M31 and simulated Cen A lightcurves of three variables are compared. Due to the
25 times longer exposure times in the simulated data, the total signal of the sources is the
same as in the original data, but the noise has increased considerably. What might reduce the
errors is the fact that the PSF is closer to a circular gaussian than in the original data, due to
the smearing of the images before re-pixelization. In real data this artificial effect would not
be present, so in reality the noise might be slightly higher than in these simulations.

6.4 Expected microlensing event rates
Now that our simulations show that Difference Image Photometry should work well at the
distance of Centaurus A, we also want to calculate how many microlensing events we would
expect to see with a microlensing survey in this galaxy. We will concentrate on microlensing
by objects in the halo of Centaurus A. If we suppose the halo is a cored isothermal sphere
with velocity dispersion � and core radius � � , the density is given by:

� � � 	 � �
�


� �
�� � � � �� (6.3)

By definition, a source is considered to be microlensed if it is lying within the Einstein radius
of a lens, i.e. if it is magnified at least a factor of 1.34. The microlensing optical depth �
is defined as the number of lenses within one Einstein radius of the line-of-sight towards the
source and therefore gives the fraction of stars that is microlensed at a given time. So:

� � � ���� � � � � 	 � � �� ��� � � ���� � � � � � 	
� � � � �


� � � � � � �
	 � � ��� � �������� ��� (6.4)

where � � is the number density of lenses,
� � is the fraction of halo mass in the lenses, � �

is the Einstein radius, and � ��� , ��� � and ����� are the distances between observer, lens and
source. We integrate from the position of the source to the outer radius of the halo ��� . For
external galaxies like Centaurus A, � ��� � ����� and ����� � � , so that:

� � � � 	 � 

� � �
�

	 �
� ���� �� � � � �� � � �� � � (6.5)

for a source star located at a projected distance � � from the center of the galaxy. Integrating
gives:

� � � � �
�

	 � �� � � �� � � �� � � ��� �� � � �� �
(6.6)

For a MACHO mass fraction
� � of 10%, a halo velocity dispersion of � 100 km/s (Peng et al.

2004) and reasonable values for � � , � � and � � this gives values in the order of
� � � � , meaning

that at any time one in ten million stars is being microlensed.
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Figure 6.3 – Comparison of variable star lightcurves from the M31 data (left panels) with the
lightcurves obtained from the simulated Centaurus A data (right panels). Only data from the 2002/03
season was used for the simulations, so from the M31 lightcurves only that part is shown here. Clearly,
the same behaviour is shown in both data sets, but the Centaurus A lightcurves are noisier.

However, at the distance of Centaurus A we are in the regime where only very high
amplification events are detected, the so-called spike pixel-lensing regime defined by Gould
(1996). In this regime the impact parameter

�
, expressed in units of the Einstein Radius��� , is very small,

�
� �

, and inversely proportional to the maximum amplification � :
�
�
� � � . Suppose a source has to change in brightness by a certain amount � � � � in order to

be detected. This means that for a microlensing event to be detected, the maximum impact
parameter is

�
�

� � � � � � � � � � for a source star with luminosity � . The number of
detectable microlensing events at any time is now given by the optical depth multiplied by
the square of the impact parameter:

� � � � � � 
�
� ��� 	 � �

�
� � � ��� 	 � �

� �� � � (6.7)

where
� ��� 	 is the luminosity function of the source stars. Using the fact that the luminosity

of the galaxy ��� ' � � � � � � ��� 	 � and the fluctuation brightness of the stellar population
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�� � � � � � ��� 	 � � � ��� ' � we obtain

� � � � � �
�� � � ' �
� �� � � (6.8)

The absolute magnitude of Centaurus A is � � �  
�
 (Lauberts & Valentijn 1989) and
a typical value for the fluctuation brightness of an old stellar population is in the order of� �  � � � (e.g. Buzzoni 1993; Tonry et al. 2001). Based on our simulations we estimate the
detection limit to be approximately � � 
 � , so � � �  �

. Using these values, the number
of detectable microlensing events at any time is

� � � � � � � � � � � . Assuming a MACHO halo
mass fraction of about 10% this means that at any moment � 1 microlensing event can be
seen with a survey like the one simulated.

The rate
�

at which microlensing events due to halo lensing occur is given by the number
of events

� � � �
divided by the average duration of the events, measured by the time during

which the magnification is above half the maximum magnification ���
����� . In the regime
where

�
� �

, we can approximate � ������� � � �
� �%� (Gondolo 1999). Here ��� is the

Einstein crossing time, the time it takes the lens to cross the full Einstein disk:

� � � 
 � ���� � 

��� �  � � � � � �

	 � ����� ������ � � (6.9)

� 

�

�
� � � � � � �

� 
�  � � � � � �� � ��� 	 � 

� � � ���
� � � � � � � � �� (6.10)

where
���

is the transverse velocity of the lens with respect to the observer-source line of
sight. A typical value of �&� for 1 �  halo objects in Centaurus A is therefore in the order of
a year. The event rate is now given by

� � �
�

� � � ��� 	
�
� � � �
����� � � � ��%� �

� � � ��� 	 �
� � � � � � � ��%� � �	� �

� � � � (6.11)

and filling in the numbers gives
� � � �  � � � � � � � � � . Again assuming an

� � of 10% we
get an expected detectable event rate of � 7 per year. The average event duration is simply� � � � � �

�
�
�

�
months, which means that the average

�
of the detectable events is 0.08.

6.5 Conclusions

From our simulations it seems that the Difference Image Photometry method is well suited
for the detection and photometry of variable sources in galaxies outside the local group. The
problem of the crowding of variable sources seems not to be a serious problem, because
larger distances imply weaker signals and therefore only variable sources with large absolute
brightness changes, i.e. large difference fluxes, will be detected. In our simulated data, the
surface density of detected variable sources decreased with almost a factor 2.

The microlensing optical depth towards Centaurus A due to lenses in the halo is of the
order of � �

� � � � if we assume that 10% of the halo mass is in MACHOs. Judging from the
object detection in the simulated data, a difference flux detection limit of � � �


 � seems a
good estimate for this kind of microlensing survey, if the same methods are to be used. With
this detection limit and optical depth, the expected event rate is 7 microlensing events per
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year over the whole galaxy. Such an event rate is hardly high enough to justify this kind of
project, as large numbers of events are necessary to provide useful information about lens
and source populations. To improve on this situation the signal-to-noise of the observations
has to be improved, so that the rate of detectable microlensing events increases. This can be
achieved by using larger telescopes, resulting in deeper images with better seeing or by using
space-based observatories.

The most important consequences of large distances for microlensing are that it will be
impossible to identify the source stars of individual events and that only very high amplifi-
cation events can be observed. In other words, the microlensing is completely in the spike
regime (Gould 1996). Also blending by stars and variables that are too faint to be detected
will play a more important role. This means that even more than for microlensing in M31, the
information that can be obtained for individual events is limited. Statistical analysis of event
rates, spatial distribution and timescale distribution is the only way of extracting scientific in-
formation out of these data. This again emphasizes the need for large samples of microlensing
events. For the interpretation of the results of these kind of microlensing surveys, detailed
modeling of the target galaxies is of key importance.
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CHAPTER 7

Summary, outlook and conclusions

IN this thesis an attempt was made to answer an important astrophysical question: is a
significant part of the dark matter in the Andromeda galaxy (M31) locked up in compact

objects? It is a cliché that scientific research usually raises more new questions than answers
old ones, but also in this case the research that was carried out has spawned many new prob-
lems and issues. At the end of this booklet it is therefore good to summarize the results and
new questions, and say a few words about the extension of the current work and about the
future prospects of the field of extragalactic microlensing.

Thesis summary

The motivation for the microlensing survey described in this thesis has been the possible
detection of baryonic dark matter in the form of a large population of dark compact objects
in the halo’s of galaxies. As outlined in chapter 1, the microlensing surveys towards the
Magellanic Clouds have shown that not all Galactic dark matter is locked up in compact
objects, but a non-negligible fraction of up to 20% might be (Alcock et al. 2000; Lasserre
et al. 2000). A microlensing search in M31 has several advantages over the Magellanic
Cloud surveys (see section 1.4). Perhaps the most important one is that microlensing by dark
halo objects (MACHOs) should be easily distinguishable from microlensing by stellar lenses,
because of the high inclination of the disk of M31 with respect to our line-of-sight, inducing
a strong asymmetry in the halo-lensing event rate, but not in the self-lensing rate (figure 1.6).
One vital assumption for this to work is that the underlying microlensing source population
is symmetrically distributed within M31.

M31 is much further away than the Magellanic Clouds, about 780 kiloparsec, and this
makes it impossible to perform photometry on any but the brightest individual stars. For the
work presented in this thesis a special technique, pioneered by Tomaney & Crotts (1996), has
been used: Difference Image Photometry. The basic principle behind the method is easy to
understand. When two CCD images of the same stellar field are subtracted from each other,
the stars that have changed in brightness in the time between taking the images will show up
as bright or dark spots in the otherwise empty “difference image”. Of course great care has to
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be taken with this technique, and all the details of the procedure used for the work presented
in this thesis are discussed in chapter 2.

Apart from these technical issues related to the detection and photometry of variable
sources in the overcrowded fields in M31, the confusion with variable stars is a more astro-
physical problem concerning the detection of microlensing events. Colour criteria can be
used to separate out certain classes of variable stars. Furthermore, standard microlensing
events should be achromatic, whereas variable stars often show strong colour evolution dur-
ing their pulsation period. The most reliable method to distinguish a candidate event from
a variable star is to monitor the baseline for a long time and check for periodic variability.
In chapter 3 we present an analysis of the first two observing seasons at the Isaac Newton
Telescope (INT). Because of this relatively short baseline we use a colour criterium as part
of our microlensing selection scheme (figure 3.3). Of the 14 candidate microlensing events
found in chapter 3, 4 turn out to be variable stars during the analysis of the complete 4-year
data set in chapter 5, when subsequent variability was seen.

The importance of chapter 3 mostly lies in the fact that it showed the ability of our method
to detect candidate microlensing events in M31. Although the analysis of the sample of 14
candidate events is very crude, it seems to indicate that halo-lensing is indeed significant.
Since the detection efficiency for microlensing has not been determined and a comparison
with microlensing models is therefore not possible, the spatial distribution of the sample is
compared to the spatial distribution of the variable stars with periods between 150 and 600
days. The motivation for this is that the variable stars can be used as a rough indication of
the detection efficiency across the fields. The result of this comparison is that the candidate
events are distributed more asymmetrically than the variables, with a surplus of events on the
far side. Although the significance of this result is low, it is still an indication of the presence
of a microlensing halo.

Since a microlensing survey is in fact a variability survey, it has many more applications
than just the detection of microlensing events. Probably the most important by-product of
our INT survey is the catalogue of tens of thousands of variable stars that are detected and
photometered. In chapter 4 we show that the lightcurves produced in this survey can be used
to identify a variety of classes of variable stars, including Cepheids, long-period variables,
eruptive variables, RV Tauri stars and eclipsing binaries. But apart from forming a separate
research opportunity, the variable stars turn out to serve an important purpose for the mi-
crolensing results as well. The discovery by An et al. (2004a) that the distribution of detected
variable stars in M31 shows a near-far asymmetry, makes it clear that there are other effects
than halo-lensing that can cause an asymmetry in the microlensing event rate. However, An
et al. (2004a) suggest that the main reason for the variable star asymmetry is differential ex-
tinction within M31, and in section 4.4 we argue that extinction in fact might be the only
reason. This means that when these extinction effects are taken into account properly, the
spatial distribution of microlensing events can still be used to constrain the significance of
halo-lensing.

Chapter 5 is the microlensing analysis of the complete four-year INT data set and there-
fore the chapter in which we address the main scientific issue of this thesis. With the four-year
INT data set supplemented with data from the Mayall 4m. telescope at Kitt Peak, we have
very long baselines, so that even variables with periods up to a few years will show more than
one episode of either increased or decreased brightness. Because of this we do not have to
use an explicit colour criterion to select microlensing events, but can rely on flat baselines and
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good standard microlensing fits to well-sampled peaks in flux. The fully automated selection
procedure described in section 5.4 results in 14 candidate microlensing events, 10 of which
were also in our sample in chapter 3 and 4 were not. Through Monte Carlo simulations we
determine the detection efficiency for standard microlensing events, enabling us to compare
the sample of events with model predictions. For the model predictions we use self-consistent
models (Widrow & Dubinski 2005) for M31, and combine these with the detection efficien-
cies and an extinction model derived in section 5.7. The number of events due to self-lensing
within M31 that the models predict ranges between 11 and 15, while for a 100% MACHO
halo 30 to 40 events are expected. Based on the total number of events, we find that the most
probable MACHO halo fraction

�
varies between � and �

�

�
depending on the model. Our

event rate analysis is consistent with a total absence of MACHOs as the confidence intervals
for all of our models include

� � � . We cannot exclude some MACHO component, but a
MACHO fraction of

� � �
�

�
is excluded at 95% confidence for almost all models. Due to

extinction self-lensing causes an asymmetric microlensing distribution, although the asym-
metry due to halo-lensing is a factor 2 or more higher. The asymmetry in the data is very high
and cannot be explained even by pure halo-lensing. This high asymmetry is largely caused by
three events for which there are reasons to believe they are not due to any of the modeled pop-
ulations. One event is likely to be caused by a lens in M32 (Paulin-Henriksson et al. 2002).
The other two are located very far out in the disk and are very difficult to explain with either
self-lensing or halo-lensing. Possible explanations include misidentification of variable stars
and an extra lens population in the giant stellar stream (Ibata et al. 2001) in front of M31.
When ignoring these three events, the data are consistent pure self-lensing models with high
extinction. Our conclusion is that both from the observed number of events, and from their
spatial distribution we find no evidence for the presence of MACHOs in the halo of M31.

When something difficult has been achieved, there is often the tendency to try and take
things even further. Now that several groups have detecting microlensing in M31, it is there-
fore a logical step to extend this kind of work to even more distant targets. In chapter 6 we
consider the prospects of a microlensing survey toward the giant elliptical galaxy Centaurus
A (NGC 5128) with OmegaCam, the wide-field camera that will be mounted on the VLT
Survey Telescope (VST). Centaurus A is the target of choice because it is the nearest large
elliptical galaxy, thus providing the best opportunity of studying an early type galaxy. We
use INT data of M31 to simulate a deep survey in Centaurus A with the VST and analyse
this simulated data set with the same methods as used for our M31 survey. At the distance of
Centaurus A, � 4 Mpc, our method still works fine for the detection and photometry of vari-
able sources. However, even for a deep survey with exposure times of several hours per night
with VST, which has a 2-meter diameter primary mirror, the rate of detectable microlensing
events is estimated to be in the order of 5 to 10 per year. This is obviously not a satisfactory
efficiency for such a project and we therefore suggest that space observatories are probably
the only way to improve the signal-to-noise sufficiently to make a project like this worthwile.

Outlook

The immediate continuation of the work presented in this thesis will consist of combining
the data sets obtained at the different telescopes used by the Microlensing Exploration of the
Galaxy and Andromeda (MEGA). Apart from the INT these are the Mayall 4m telescope
at the Kitt Peak National Observatory (KP4m), the 1.3m McGraw-Hill and the 2.4m Hilt-
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ner telescope at MDM Observatory, and the Subaru and Hubble Space Telescope. This will
further improve the time-sampling of the survey, potentially resulting in new candidate mi-
crolensing events, and the latter two telescopes will provide absolute photometry for variable
stars and possibly identification of microlensing event source stars. The combined data set
will hopefully enable us to draw stronger and more detailed conclusions about the lens and
source populations in M31.

Studying the variable stars in M31 is another future goal of MEGA. Especially the com-
bination of INT and KP4m data will be important in this respect, since the INT data offers
the best time-sampling and the KP4m the highest sensitivity. The number of detected vari-
able stars will increase by several factors compared to the number of variables presented in
chapter 4. The final MEGA variable star catalogue will therefore offer a unique opportunity
to study a very large sample of variable stars in a galaxy other than the Milky Way, with
the additional advantage that their distribution over the whole galaxy is at hand. And again,
also for the study of the distribution of the underlying stellar populations and the differential
extinction the variable stars will form an important source of information.

The next challenge in extragalactic microlensing will be extending microlensing surveys
to galaxies outside the local group. That detecting microlensing events in such distant galax-
ies is in principle possible is shown by Baltz et al. (2004), who detect some variable sources
in M87, and by our simulations for Centaurus A in chapter 6. However, we note that a prob-
lem that might prove even more substantial, concerns the interpretation of the results of a
microlensing survey in far-away targets. The further away the target is, the less information
one will be able to obtain for individual microlensing events. Thus, the interpretation will
rely more and more on the statistical comparison of the sample of detected events with model
predictions. An even greater challenge than detecting microlensing events in itself might be
modeling the targets in sufficient detail.

In a broader picture, the field of microlensing seems to have shown that both in the Milky
Way and in M31, MACHOs do not account for a large part of the dark matter. But mi-
crolensing has many other useful applications. Now that an increasing number of events is
detected within the Galaxy and better photometry with denser time-sampling is obtained,
more detailed information about individual events can be derived. Once space-based optical
interferometry missions are operational, their angular resolution will be high enough to mea-
sure the centroid shifts in Galactic and even Magellanic Cloud microlensing events. This is
called astrometric microlensing, and enables direct determination of the Einstein radius and
the relative motion between lens and source. With these extra constraints the lens mass can be
determined and also in the case of binary lenses several degeneracies are lifted (e.g. Paczyn-
ski 1998; Boden et al. 1998; Han et al. 1999). The study of galactic structure and the stellar
mass function will be the most important science driver for the future work in microlensing.

Conclusions

The central question formulated at the beginning of this chapter was: “is a significant part of
the dark matter in the Andromeda galaxy locked up in compact objects?” The most honest
answer that can be given on the basis of the research presented in this thesis is: probably not.

The complicating factors for constraining the amount of MACHOs in the M31 halo are: 1)
extinction also inducing an asymmetric signal in the microlensing event rate and the difficulty
of modeling the extinction in detail and 2) the relatively small sample of events, so that
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detailed conclusions cannot be drawn based on an analysis of statistical nature.
However, it is clear that MACHOs do not account for a large fraction of the mass in the

M31 halo. The predicted number of microlensing events due to self-lensing within M31 is
quite stable around 11 to 15 in our models, which is consistent with the 14 detected candidate
events; the expected number of events due to a 100% MACHO halo is considerably higher,
30 to 40. Based on the number of events we can exclude at 95% confidence that more than
30% of the M31 halo mass is in MACHOs with masses between 0.1 and 1.0 M  . This is
consistent with the limit given by the microlensing results towards the Magellanic Clouds.
Two of the candidate events in the final sample are difficult to explain with any known lens
population due to their locations far away from the major axis. Another event is probably
caused by a lens in M32, rather than M31. There are therefore good reasons to leave these
three events out of the analysis. If this is done, self-lensing can easily explain the complete
candidate event sample, including the asymmetry in their spatial distribution. Of course, if
the MACHOs have much higher masses than the range we probe, the number of halo-lensing
events will go down dramatically, so that MACHOs of several tens of solar masses cannot be
excluded. However, we must conclude that our results are consistent with pure self-lensing
and thus, that we find no evidence for the presence of MACHOs in the M31 halo.
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Nederlandse Samenvatting

HET doel van de sterrenkunde is het beschrijven en, op basis van natuurkundige wetten,
begrijpen van het heelal. Over het algemeen lukt dat heel aardig. De levensloop van

de sterren en de samenstelling en struktuur van de melkweg zijn bekend. Zelfs de oorsprong
van het heelal denken we te begrijpen. Maar de moderne sterrenkunde kampt met een toch
wel zeer frustrerend probleem. We weten namelijk dat we zo’n 90% van alle materie in het
heelal (nog) niet kunnen waarnemen. Omdat we deze materie dus niet kunnen zien, noemen
we het ‘donkere materie’. Ook weten we niet waaruit deze materie bestaat. In dit proefschrift
proberen we bewijs te vinden voor het bestaan van één mogelijke vorm van deze mysterieuze
materie.

Het onzichtbare heelal

Het bepalen van de massa van objecten in het heelal is geen gemakkelijke opgave. Het
zal duidelijk zijn dat het niet mogelijk is om bijvoorbeeld een ster op een weegschaal te
leggen. Slechts in sommige gevallen is het mogelijk om een ster te ‘wegen’. Het beste
voorbeeld is de dichtstbijzijnde ster die er is, namelijk de zon. De aarde draait in één jaar
precies één rondje om de zon. Maar een object dat in een cirkel beweegt, wil eigenlijk in
een rechte lijn wegvliegen. Denk bijvoorbeeld aan de kogel die door een kogelslingeraar
wordt weggeslingerd. En hoe sneller de kogel rondgeslingerd wordt, hoe groter de snelheid
waarmee hij weg wil vliegen. Net als de kogel van een kogelslingeraar wil de aarde ook
eigenlijk in een rechte lijn van de zon wegvliegen. De reden waarom dat niet gebeurt is dat
de zon en de aarde elkaar aantrekken door middel van de zwaartekracht. De zwaartekracht
is de kracht waarmee alle objecten met massa elkaar aantrekken, waarbij geldt: hoe groter
de massa, hoe groter de zwaartekracht. Omdat we weten hoe ver de aarde van de zon staat
en hoe lang een rondje om de zon duurt kunnen we de zwaartekracht berekenen die nodig
is om te zorgen dat de aarde in zijn baan blijft, en dat geeft de massa van de zon. Deze
manier van massabepaling met behulp van de bewegingen van objecten, wordt dynamische
massabepaling genoemd en is in principe heel betrouwbaar.

Een andere manier van massabepaling berust op het afleiden van de massa van een object
op basis van hoe het er uit ziet. Deze methode wordt vooral gebruikt voor het bepalen van
de massa van melkwegstelsels en clusters van melkwegstelsels. Melkwegstelsels zijn enorme
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Figuur 7.1 – Het An-
dromeda melkwegstel-
sel, het dichtstbijzijnde
grote melkwegstelsel.
Net als onze eigen
Melkweg bestaat het
Andromeda stelsel uit
een schijf met in het
midden een bolvormige
concentratie van sterren.
Alle sterren, gas en
stofwolken in de schijf
draaien om het centrum
heen.

verzamelingen van sterren, die door hun onderlinge zwaartekracht bij elkaar blijven. Zulke
stelsels kunnen miljarden sterren bevatten. De Melkweg, het melkwegstelsel waarin wij ons
bevinden (en alle andere sterren die ’s nachts zichtbaar zijn) telt bijvoorbeeld naar schatting
100 miljard sterren. Clusters zijn weer verzamelingen van melkwegstelsels, die uit duizenden
melkwegstels kunnen bestaan. De totale hoeveelheid licht die een melkwegstelsel uitstraalt,
is de som van het licht van alle sterren en dus kan de helderheid vertaald worden naar de
hoeveelheid sterren in dat stelsel. Als je dan weet hoe zwaar sterren gemiddeld zijn, kan de
massa van het stelsel geschat worden. Hetzelfde principe kan gebruikt worden voor clusters.

In de dertiger jaren was de Amerikaanse sterrenkundige Zwicky de eerste die de massa
van de dichtstbijzijnde cluster van melkwegstelsels bepaalde met behulp van beide methodes.
Deze relatief nabije cluster is overigens nog zo ver weg dat de melkwegstelsels erin alleen
met een grote telescoop zichtbaar zijn. Uit de bewegingen van de melkwegstelsels in de
cluster, leidde Zwicky af dat de cluster veel zwaarder was dan uit de hoeveelheid uitgestraald
licht bleek. Kennelijk bevatte de cluster een heleboel materie die geen licht uitstraalde en die
we dus niet kunnen zien! En zo werd de term ‘missende materie’ geboren. Tegenwoordig
spreken we meestal van ‘donkere’ materie, omdat het om materie gaat die er wel is, maar die
we niet kunnen zien.

Dat niet alleen clusters zwaarder zijn dan ze lijken, maar ook melkwegstelsels zelf, werd
later duidelijk. Een heleboel melkwegstelsels, inclusief onze eigen Melkweg, hebben de vorm
van een spiraal. In figuur 7.1 is het Andromeda melkwegstelsel te zien, het dichtsbijzijnde
grote melkwegstelsel en ook een spiraalstelsel. Alle materie, zoals sterren en gas, in deze
melkwegstelsels draait rond het centrum van het stelsel, net als de aarde om de zon draait. Als
je kunt meten hoe snel het stelsel draait, kun je dus de massa van het melkwegstelsel bepalen.
In de jaren 80 van de twintigste eeuw werd het mogelijk om de beweging van het gas te meten
met grote radiotelescopen zoals die in Westerbork. Toen bleek dat ook melkwegstelsels veel
zwaarder zijn dan ze lijken. Ook melkwegstelsels bevatten dus onzichtbare materie!

Tegenwoordig weten we dat sommige melkwegstelsels wel tien keer zoveel onzichtbare
materie bevatten als zichtbare materie. In clusters van melkwegstelsels kan het wel honderd
keer zoveel zijn! Er is dus veel meer materie die we niet zien, dan die we wel zien. Tot
op heden is ook nog niet duidelijk wat die donkere materie is. Eén mogelijkheid is het be-
staan van elementaire deeltjes die we nog niet ontdekt hebben. Theoretisch natuurkundigen
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Figuur 7.2 – Links: een zwaar object als een melkwegstelsel kan als een soort lens werken. Als een
melkwegstelsel precies tussen ons en een verder weg gelegen object in zit, kunnen meerdere afbeel-
dingen gevormd worden van het verre object. Rechts: de eerste “dubbele quasar” die werd ontdekt, in
1979. De twee helderste objecten zijn twee afbeeldingen van dezelfde quasar (Q0957+561). De quasar
is een enorm helder object dat heel ver weg staat, veel verder dan het melkwegstelsel, het zwakkere,
meer uitgespreide object. Bron: Falco et al. (CASTLE), NASA.

zijn met grote deeltjesversnellers druk op zoek naar deze zogenaamde ‘exotische’ deeltjes.
Een andere, meer sterrenkundige, mogelijkheid is de aanwezigheid van een grote hoeveel-
heid compacte objecten die weinig of geen licht uitstralen. Dit zouden zwarte gaten kunnen
zijn, of de restanten van heel oude, gestorven sterren. Er is ook geopperd dat de donkere ma-
terie helemaal niet bestaat, maar dat de zwaartekrachtswetten van Newton en de Algemene
Relativiteitstheorie van Einstein wellicht aangepast moeten worden.

Voor dit proefschrift hebben we onderzoek gedaan naar de meest sterrenkundige optie,
namelijk het bestaan van een grote hoeveelheid donkere, compacte objecten. Omdat over het
algemeen wordt aangenomen dat de donkere materie zich in een soort halo rondom een melk-
wegstelsel bevindt, worden deze objecten Massieve Astrofysische Compacte Halo Objecten
(MACHO’s) genoemd. Ondanks dat de MACHO’s (vrijwel) geen licht uitstralen, kunnen we
ze toch waarnemen door middel van het zogenaamde gravitatielenseffect.

Zwaartekracht als telescoop

Dat lichtstralen afgebogen of gereflecteerd kunnen worden door bijvoorbeeld lenzen en spie-
gels, weet eigenlijk iedereen. Maar heel zware objecten in de ruimte blijken ook lichtstralen
af te buigen door hun zwaartekracht. “Do not Bodies act upon Light at a distance, and by their
action bend its rays?” vroeg Isaac Newton (1642-1727) zich in 1704 in zijn boek “Opticks”
al af. Voor de juiste berekening van dit effect zijn Newtons zwaartekrachtswetten echter
niet voldoende, daarvoor is Einsteins Algemene Relativiteitstheorie nodig. Objecten die door
hun zwaartekracht het pad van lichtstralen meetbaar beı̈nvloeden, worden gravitatielenzen
genoemd.

In 1919 werd dit effect voor het eerst gemeten tijdens een zonsverduistering. Albert
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Figuur 7.3 – De Grote
Magellaanse Wolk is
een zogenaamd dwerg-
melkwegstelsel, vlakbij
de Melkweg. Ondanks
dat het klein is voor een
melkwegstelsel, bevat
het nog altijd honderden
miljoenen sterren. Het is
relatief gemakkelijk om
veel sterren in de Grote
Magellaanse Wolk te
monitoren en zo naar
microlenzen te zoeken.

Einstein (1879-1955) had voorspeld dat de zon zwaar genoeg moest zijn om een lichtstraal
die vlak langs de zon gaat zoveel af te buigen dat het gemeten kon worden. Omdat normaal
gesproken de sterren niet zichtbaar zijn als de zon schijnt, zette Arthur Eddington (1882-
1944) een expeditie op touw om tijdens een zonsverduistering de positie van een ster te
bepalen die vlak naast de zon aan de hemel stond. Inderdaad bleek de ster iets verschoven te
zijn ten opzichte van zijn normale positie!

De zon kan dus als gravitatielens optreden, maar zwaardere gravitatielenzen kunnen veel
spectaculairdere effecten geven. Het heeft echter tot 1979 geduurd voordat de eerste sterke
gravitatielens ontdekt werd. In figuur 7.2 is dit systeem te zien, waarin een melkwegstels
het licht van een achterliggende quasi-ster (quasar) zo vervormt, dat er twee afbeeldingen
van gevormd worden. Tegenwoordig zijn er vele gevallen bekend waar melkwegstelsels en
clusters van melkwegstelsels sterke gravitatielenseffecten veroorzaken. Een belangrijke toe-
passing is het ’wegen’ van de melkwegstelsels en clusters door de sterkte te meten van het
gravitatielenseffect dat ze veroorzaken.

Een speciaal geval van gravitatielenzen wordt gevormd door sterren die een achterliggend
object dubbel afbeelden. Want ondanks dat sterren veel minder zwaar zijn dan melkwegstel-
sels, kunnen ze toch een sterk gravitatielenseffect hebben. De omstandigheden moeten echter
wel heel uitzonderlijk zijn: de ster en het achterliggende object moeten heel precies achter
elkaar liggen en de afstand tussen ons en de ster moet veel groter zijn dan tussen ons en de
zon. Maar omdat een ster veel minder zwaar is dan een melkwegstelsel, is het gravitatie-
lenseffect veel zwakker, waardoor de twee afbeeldingen veel dichter bij elkaar staan dan in
figuur 7.2. De beelden staan zelfs zo dicht bij elkaar dat we ze niet apart kunnen zien, zelfs
niet met de grootste telescopen. Daardoor zien we dus nog steeds maar één beeld, maar wel
één dat helderder is geworden, omdat het licht versterkt wordt. Deze speciale gevallen van
gravitatielenzen worden microlenzen genoemd, omdat een relatief klein object als een ster als
de lens fungeert.
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MACHO’s als microlenzen

Zoals eerder opgemerkt, zou (een deel van) de donkere materie uit compacte, donkere objec-
ten kunnen bestaan. Deze zogenaamde MACHO’s zouden zich dan in halo’s rond melkweg-
stelsels bevinden, maar doordat ze geen of vrijwel geen licht uitstralen niet te zien zijn. Maar
als zo’n MACHO precies voor een verder weg gelegen ster staat, zal hij door zijn zwaarte-
kracht als microlens fungeren en het licht van de ster versterken. In de jaren 80 realiseerden
sterrenkundigen zich dat dankzij dit effect deze anders onzichtbare MACHO’s indirect toch
gedetecteerd zouden kunnen worden.

Alle sterren en andere objecten in het heelal zijn constant in beweging, al is dit meestal
niet te zien door de enorme afstanden. Daarom is het microlenseffect tijdelijk. Als een zwaar
object als een MACHO precies voor een ster staat en het licht van die ster versterkt, duurt dat
niet lang, omdat beide in beweging zijn. Omdat de lichtversterking groter is als de uitlijning
preciezer is, lijkt de helderheid van de verre ster te veranderen. Als de ster en de lens dichter
bij elkaar komen, neemt de helderheid van de ster toe en daarna neemt de helderheid weer af
als ze weer van elkaar af bewegen.

De kans dat we een microlens zien is heel klein, omdat de uitlijning zo ontzettend precies
moet zijn. Om toch een redelijke kans te hebben om het te zien, moeten een heleboel sterren
tegelijk in de gaten gehouden worden. Gelukkig is er een plek aan de hemel, die ideaal
is voor het detecteren van microlenzen veroorzaakt door MACHO’s, namelijk twee kleine
melkwegstelseltjes die in een baan rond de Melkweg draaien. Ze zijn vanaf het zuidelijk
halfrond te zien en lijken wel wat op wolken als ze ’s nachts aan de hemel staan, vandaar
hun namen, de Kleine en Grote Magellaanse Wolk. In figuur 7.3 is de grootste van de twee
te zien. De sterren in de Magellaanse Wolken staan heel dicht bij elkaar aan de hemel en
zijn daarom relatief gemakkelijk tegelijk in de gaten te houden met een telescoop. Bovendien
zitten er tussen ons en de Magellaanse Wolken erg weinig sterren. Als we een microlens zien
in één van de Magellaanse Wolken, is de kans dus groot dat het veroorzaakt wordt door een
MACHO die zich in de halo rond de Melkweg bevindt.

Twee groepen onderzoekers hebben jarenlang de helderheid van miljoenen sterren in de
Magellaanse Wolken gemeten. De oogst bestaat uit een dertigtal microlenzen. Een eendui-
dige conclusie over de hoeveelheid MACHO’s is er helaas nog niet. Eén van de problemen is
dat een microlenseffect ook veroorzaakt kan worden doordat twee sterren in de Magellaanse
Wolken voor elkaar langs bewegen. Als alle waargenomen microlenzen veroorzaakt zijn door
MACHO’s, bestaat ongeveer 20% van de donkere materie in de Melkweg uit kleine, compacte
objecten. Als een deel van de microlenzen eigenlijk sterren in de Magellaanse Wolken zijn,
is het echter minder.

Hoe Andromeda helpt

Voor een definitief antwoord op de vraag of (en zo ja, hoeveel) donkere materie uit MACHO’s
bestaat, zijn de Magellaanse Wolken dus niet genoeg. Gelukkig zijn er meer mogelijkheden.
Het Andromeda spiraalstelsel (figuur 7.1) is het dichtstbijzijnde grote melkwegstelsel en de
sterren in dit stelsel kunnen we ook gebruiken om microlenzen te detecteren. Behalve dat
objecten in de halo van onze eigen Melkweg als microlens kunnen optreden, heeft het An-
dromeda stelsel zelf ook een donkere materie halo waarin zich MACHO’s kunnen bevinden.

Natuurlijk kunnen sterren in het Andromeda stelsel ook als microlens optreden, net als
in de Magellaanse wolken. Maar toch zouden we het duidelijk moeten zien als MACHO’s
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verre kant

dichtbije kant

Figuur 7.4 – De hoek tussen de lood-
lijn op de schijf van het Andromeda
melkwegstelsel en onze gezichtslijn naar
het stelsel is zo’n 80 graden. Hierdoor
kijken we door veel meer halo heen als
we naar de verre kant van de schijf kij-
ken dan als we naar de dichtbije kant kij-
ken. Als de halo echt uit MACHO’s be-
staat, zullen we aan de verre kant veel
meer microlenzen zien.

veel microlenzen veroorzaken. Dit komt doordat we onder een hoek van ongeveer 80 graden
naar de schijf van het Andromeda stelsel kijken. Het volgende argument wordt geı̈llustreerd
in figuur 7.4. Als rond het Andromeda stelsel een halo vol MACHO’s zit, dan is de kans
dat er één precies voor een ster staat veel groter als we naar de verre kant van de schijf
kijken dan als we naar de nabije kant kijken. De hoeveelheid microlenzen veroorzaakt door
sterren is hetzelfde aan beide kanten, maar de MACHO’s zullen aan de verre kant veel meer
microlenzen veroorzaken dan aan de nabije kant. Als de verdeling van microlenzen dus
asymmetrisch is, met veel meer microlenzen aan de verre kant dan aan de nabije kant, dan is
dat dus een teken van de aanwezigheid van donkere materie in de vorm van MACHO’s.

Er is echter een praktisch probleem met het detecteren van microlenzen in Andromeda.
Het mag dan het dichtstbijzijnde grote melkwegstelsel zijn, maar desondanks is het ontzettend
ver weg. Zo doet het licht dat de sterren in Andromeda uitstralen er zo’n 2,5 miljoen jaar over
om ons te bereiken. Door deze grote afstand staan de sterren in Andromeda zo dicht bij elkaar
aan de hemel dat we ze niet afzonderlijk kunnen onderscheiden, en dus ook niet de helderheid
van individuele sterren kunnen meten. Er is echter een methode om in de brei van sterren in
Andromeda sterren te detecteren en te monitoren die van helderheid veranderen.

De methode berust op een heel simpel idee, namelijk het van elkaar aftrekken van twee
foto’s. Aangezien grote telescopen tegenwoordig zijn uitgerust met digitale camera’s is het
vrij eenvoudig om met de computer twee foto’s van elkaar af te trekken. Als de twee foto’s
identiek zijn, blijft er niks over, maar als de foto’s verschillend zijn natuurlijk wel. Om micro-
lenzen te detecteren hebben we daarom jarenlang foto’s gemaakt van dezelfde twee gebieden
in Andromeda. Door van die foto’s steeds eenzelfde referentiefoto af te trekken, houden we
foto’s over die alleen wat ruis bevatten, behalve op plaatsen waar een ster van helderheid is
veranderd ten opzichte van de referentiefoto. Op die plaatsen blijft een zogenaamd residu
over en door de helderheid van zo’n residu te meten, weten we hoeveel de ster in kwestie
van helderheid veranderd is. Door de gemeten helderheid in een grafiek uit te zetten tegen de
tijd, maken we zogenaamde “lichtkrommes”, die we kunnen gebruiken om de grootte van de
helderheidsveranderingen en de manier waarop dit gebeurt gemakkelijk te analyseren. Na-
tuurlijk is deze methode in de praktijk niet zo eenvoudig als het op het eerste gezicht lijkt. De
foto’s zijn namelijk nooit precies hetzelfde, zelfs al zouden alle sterren dat wel zijn. Er zijn
namelijk een heleboel effecten die te maken hebben met de telescoop en de atmosfeer die de
foto’s beı̈nvloeden en waarvoor gecorrigeerd moet worden. Dat de methode toch werkt, is te
zien in figuur 7.5.

Een ander “probleem” is dat vrijwel alle sterren die in helderheid veranderen geen mi-
crolenzen zijn, maar sterren die van zichzelf variabel zijn. Deze sterren worden, niet geheel
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Figuur 7.5 – Links: een heel klein deel van een foto van Andromeda. Alleen de helderste sterren zijn
echt te onderscheiden. Rechts: dezelfde foto als links, nadat de referentiefoto ervan is afgetrokken.
Wat resteert is ruis, met lichte en donkere residuen waar sterren helderder, respectievelijk zwakker zijn
dan in de referentiefoto. Voor heel heldere sterren, zoals de helderste in dit voorbeeld (eigenlijk een
voorgrondster in onze eigen Melkweg) werkt de methode niet goed en blijft troep zitten.

verrassend, variabele sterren genoemd. Deze sterren zijn zelf ook heel interessant en vormen
dus een mooi bijproduct van dit onderzoek. Het maakt het echter wel moeilijk om tussen al
die variabele sterren de microlenzen te vinden. De manier waarop we dat doen berust hoofd-
zakelijk op het feit dat in het geval van microlenzen de ster maar één keer van helderheid
veranderd en bovendien op een heel specifieke manier. Variabele sterren veranderen daaren-
tegen voortdurend van helderheid. In figuur 7.6 laten we twee lichtkrommes zien, één van
een microlens en één van een variabele ster.

Dit proefschrift

Met het onderzoek in dit proefschrift hebben we geprobeerd om microlenzen in het Andro-
meda melkwegstelsel te detecteren om zo te kijken of een aanzienlijke hoeveelheid van de
donkere materie in compacte objecten opgesloten zit. Hoofdstuk 1 is een wetenschappelijke
introductie over donkere materie, gravitatielenzen en het detecteren van microlenzen in An-
dromeda en volgt in grote lijnen de voorgaande pagina’s. In hoofdstuk 2 worden de gebruikte
data beschreven en worden de methodes die gebruikt zijn om deze te analyseren in detail
beschreven.

Hoofdstuk 3 is het resultaat van de analyse van de data die we gedurende twee jaar ver-
zameld hebben met de Isaac Newton Telescoop op La Palma. Deze analyse resulteerde in
de detectie van 14 mogelijke microlenzen. Er waren aanwijzingen dat de microlenzen meer
aan de verre kant van de schijf voorkomen dan aan de nabije kant, wat een teken is dat er
MACHO’s in de halo van Andromeda zitten. Helaas is dit aantal microlenzen vrij klein en
bovendien waren we op het moment dat we dit hoofdstuk als wetenschappelijk artikel pu-
bliceerden nog niet zover dat we een gedetailleerde analyse met modelberekeningen konden
doen, zodat het nog niet mogelijk was om een duidelijke conclusie te trekken. De belang-
rijkste conclusie van hoofdstuk 3 was dan ook dat onze methode in principe werkt en dat we
microlenzen kunnen detecteren, maar dat we meer data moeten gebruiken en onze methode
moeten perfectioneren om duidelijke resultaten te krijgen.



180 Nederlandse Samenvatting

Figuur 7.6 – Twee
“lichtkrommes”: de
helderheid van een
ster uitgezet tegen
de tijd. De bovenste
lichtkromme is van
een variabele ster die
periodiek van helderheid
verandert. De onderste
lichtkromme is van een
microlens, die maar é én
keer piekt en verder
constant blijft.

Zoals eerder opgemerkt zijn er een heleboel sterren die uit zichzelf van helderheid ver-
anderen. In hoofdstuk 4 bestuderen we deze variabele sterren in meer detail. De meeste
variabele sterren worden in een vast ritme helderder en zwakker en de tijd tussen twee opeen-
volgende pieken in helderheid noemen we de “periode” van de variabele ster. Door te kijken
naar de periode, de grootte van de helderheidsveranderingen en de vorm van de lichtkromme
kunnen we variabele sterren classificeren in verschillende soorten. In hoofdstuk 4 laten we
zien dat onze data van meer dan voldoende kwaliteit zijn om de belangrijkste klassen van
variabele sterren te herkennen. We kunnen ook zien waar de variabele sterren zich in Andro-
meda bevinden. Er werd altijd aangenomen dat de hoeveelheid variabele sterren aan de verre
en de nabije kant van de schijf hetzelfde zou zijn. Dit blijkt echter niet zo te zijn: aan de
verre kant zien we meer dan aan de nabije kant. Dit is een groot probleem, want het betekent
dat als we meer microlenzen zien aan de verre kant van de schijf, dit misschien niet wordt
veroorzaakt door MACHO’s, maar doordat er meer sterren zijn aan de verre kant waarvan het
licht versterkt kan worden! Maar deze asymmetrie in de verdeling van de variabele sterren
wordt zeer waarschijnlijk veroorzaakt doordat grote stofwolken in Andromeda het licht van
achterliggende sterren verzwakken, waardoor we ze niet zien. Als we op de juiste manier met
dit effect van het stof rekening kunnen houden, hoeft het geen onoverkomelijk probleem te
zijn.

Het belangrijkste hoofdstuk in dit proefschrift is hoofdstuk 5. Hierin analyseren we de
volledige verzameling waarnemingen die we gedurende vier jaar hebben gedaan met de Isaac
Newton Telescoop. Net als in hoofdstuk 3 resulteerde dit in 14 mogelijke microlenzen, maar
dit is toeval, want het zijn niet allemaal dezelfde. Van de 14 eerder gevonden kandidaten,
bleken er 4 toch variabele sterren te zijn toen we ze met deze grotere data set bestudeerden.
Ook vonden we 4 nieuwe kandidaten. Door kunstmatige microlenzen in de foto’s van Andro-
meda te stoppen en te kijken hoeveel ervan we detecteren met onze analysemethodes, hebben
we bepaald hoe gevoelig onze methode voor het detecteren van microlenzen is. Dit maakte
het mogelijk om onze resultaten te vergelijken met modelvoorspellingen, waarin we onder
andere ook rekening houden met het effect van stof. Van de 14 mogelijke microlenzen zitten
er inderdaad veel meer aan de verre kant dan aan de nabije kant, maar volgens de model-
berekeningen veroorzaakt het stof ook zo’n asymmetrie. Uit onze analyse blijkt dat er geen
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MACHO’s nodig zijn om het aantal door ons gevonden microlenzen te verklaren. Om de
asymmetrie in de verdeling van de microlenzen te verklaren hoeven we waarschijnlijk ook
geen beroep te doen op de aanwezigheid van MACHO’s. Onze conclusie is dus dat we geen
bewijs hebben gevonden voor het bestaan van MACHO’s in de halo van Andromeda.

Tenslotte kijken we in hoofdstuk 6 naar de mogelijkheid om microlenzen te detecteren
in het melkwegstelsel Centaurus A, dat nog veel verder weg staat dan Andromeda. Gebruik
makend van onze foto’s van Andromeda simuleren we hoe deze foto’s eruit zouden zien
als Andromeda net zo ver weg zou staan als Centaurus A, vijf keer zo ver. Onze methode
blijkt nog steeds te werken, maar alleen bijzonder heldere microlenzen zouden te zien zijn.
Onze conclusie is dan ook, dat het alleen de moeite waard is om dit te doen met hele grote
telescopen, of een telescoop in de ruimte, zoals de Hubble ruimtetelescoop.

Conclusies
Dat wetenschappelijk onderzoek meestal meer vragen oplevert dan beantwoordt, is een
cliché. Maar ook in het geval van dit proefschrift zijn er tijdens de duur van het onderzoek
veel nieuwe problemen ontdekt en nieuwe mogelijkheden voor meer onderzoek blootgelegd.
Het probleem van het effect van stof op de waargenomen verdeling van variabele sterren en
ook van microlenzen is een goed voorbeeld. En de variabele sterren zelf vormen weer een
een enorme informatiebron voor verder onderzoek.

Toch kan de centrale vraag van dit proefschrift nu wel degelijk beantwoord worden.
Dankzij dit microlensproject weten we nu dat de bijdrage van donkere, compacte objecten
aan de donkere materie klein is. Onze resultaten laten ruimte voor een kleine hoeveelheid
van deze MACHO’s in Andromeda, maar het is duidelijk dat MACHO’s niet de oplossing
zijn voor het mysterie van de donkere materie. Dit betekent natuurlijk wel dat de vraag wat
de donkere materie dan wél is, nog steeds open is.
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