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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: 	 � � � � �# �10 �2 � �, � � �� � � ��� �� � � �� 3 (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 �4� this gives values in the order of '6587:9 , 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

� � �	� � '65���� � 	 . 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�# � $ %(' $ )�%$*)�' (6.9)

- , � ( � '65 9�� 2 ���� 3 ��! � 2 $ % ''65#"%$ # 3&��! � 2 ���
'65(5#" ��* � 3 7 � (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 	 - & � ��'45(9�� � 	�*%
 � . 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 	 � '65 7 9 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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