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Abstract

In the course of this thesis X-ray data of the galaxy Centaurus A (Cen A, NGC 5128) taken
by the Chandra X-ray Observatory were analyzed.

After some general information about Centaurus A, the Chandra X-ray Observatory, and
possible sources, the process and results of the analysis shall be presented.

Using the data of all available ACIS Chandra observations taken between December 10th,
1999 and April 24th, 2019, 418 X-ray point sources could be detected. For 396 sources
counts were extracted and hardness ratios calculated. The X-ray source list was then
cross-correlated against optical, infrared, and radio catalogs. The resulting magnitudes,
hardness ratios, and counts were plotted and allowed some conclusions as to the nature
of the sources in the eld of Cen A. Five foreground stars could be identi ed, as well
as a number of foreground star candidates. Background sources were found as well, as
were radio sources, two of which qualify as supernova remnant (SNR) candidates. Lastly,
theoretical isochrones for stars in our Milky Way and in Cen A were plotted into an
optical color-magnitude diagram. Between the isochrones and the data a correlation could
be observed.

Further analysis of the temporal variability and spectra remains to be conducted and will
be carried out in the future.



Table of Contents

Table of Contents

List of Figures

1.

2.

4.

Introduction

Centaurus A, the Chandra X-ray Observatory, and X-ray Sources

2.1, Centaurus A . . . . . e

2.2. The Chandra X-ray Observatory . . . . . . . . . . . .. ... ... ....

2.3. X-ray SOUICES . . . . o o v i e e e e e
2.3.1. Foreground Stars . . . . . . ...
2.3.2. Background Sources (Galaxies and Active Galactic Nuclei) . . . . .
2.3.3. Supernova Remnants . . . . . . ... ...
2.34. X-ray Binaries. . . . . . .. e

Analysis of Chandra Data and Results

3.1. Reprocessing of Data and Region Sorting . . . . . ... .. ... ......

3.2. Hardness Ratiosand Counts . . . . . ... .. ... ... .. ........

3.3. Cross-matching with Catalogs at Other Wavelengths . . . . .. ... ...

3.4. Interpreting the Diagrams . . . . . . . . . . . . ... ...
34.1. Foreground Stars . . . . . . . . ...
3.4.2. Background Sources . . . .. ...
34.3. SNRS. . . . . . e
3.4.4. Hardness Ratio Diagrams . . . . . . . .. .. ... ...
3.45. OtherPlots . ... ... ... . ... .

3.5. Isochrones . . . . . . L

Conclusion and Outlook

Acknowledgments

Bibliography

A. Appendix

A.l. Observation IDs of the Analyzed Data . . . ... .. ... .........
A2, Plots . . . . e

O 0000 ~NUTWwWw



List of Figures

1.1.

2.1.

2.2.
2.3.
2.4.
2.5.

3.1.
3.2.

3.3.
3.4.
3.5.
3.6.
3.7.
3.8.
3.9.
3.10.
3.11.
3.12.

Al
A2.
A3.
Ad.
A.5.
A.6.
AT.
A.8.

Transmission of electromagnetic light through earth’s atmosphere per wave-
length; the solid line indicates the altitude where half of the radiation is
absorbed . . . . .. 2

Di erent wavelength images of Cen A taken with Chandra, the VLA, and

the VLT, as well as a compositeimage . . . .. ... .. ... ....... 3
Schematic of Chandra collecting light . . . . .. ... ... ......... 5
Schematic of Chandra’s mirrors . . . . . . . . . ... ... ... ... 6
Schematic of Chandra’s ACISarray . . . . . ... .. ... ... ...... 7
Artist’s conception of LMXBsand HMXBs . . . . . ... .. ... .. ... 10
Broadband image of destreaked and stacked Chandradata . ... ... .. 12
RGB image of destreaked and stacked Chandra data (bands in accordance

with Table 3.1) . . . . . . . . 13
X-ray source regionsin Cen A . . . . . .. 14
l0g(Cx=Fopt) @against HR2 . . . . . . . . .. .. ... o 17
Color-magnitude diagram of Skymapper magnitudes . . . . . . . .. .. .. 18
Color-color diagram of allWISE magnitudes . . . . . ... .. ... .... 19
HR;-HR, diagram . . . . . . . . . . ... 20
HRy-HRs diagram . . . . . . . . . . . .. 20
CHR;-CHR, diagram . . . . . . . . . . . . 21
CHR,-CHRz diagram . . . . . . . . . e e e 21
2mass color-magnitude diagrams . . . . . . . .. ... oL 23
USNO-B color-magnitude diagram with isochrones . . . . ... ... ... 25
log(counts)/HR2 diagram . . . . . . . . . .. ... 32
2mass/allWISE color-color diagram . . . . . . . ... .. ... ... .... 33
allWISE color-magnitude diagram . . . . . . . .. . ... ... ... .... 33
2mass color-magnitude diagram . . . . . . .. ..o 34
USNO-B color-color diagram . . . . . . . .. ... ... ... ........ 34
Skymapper color-color diagram . . . . . ... ... .. . 35
USNO-B/2mass color-color diagram . . . . . . . ... ... ... ...... 35
USNO-B/2mass color-magnitude diagram. . . . . . . . ... ... ... .. 36



1. Introduction

Compared to the age of astronomy as a whole, X-ray astronomy is still a fairly young
discipline. Observing anything at all at X-ray wavelengths used to be a distant dream, as
astronomical observations used to be strictly limited to optical light and optical light alone.

The reason for this lies in the nature of earth’s atmosphere. Figure 1.1 illustrates the trans-
mission of light of di erent wavelengths through earth’s atmosphere. It becomes clear that
the fact that our eyes are attuned to visible light is no coincidence. Visible light occupies a
very narrow region on the spectrum of electromagnetic radiation, where light is able to pass
through earth’s atmosphere almost unhindered. Most higher energetic radiation, however,
is absorbed. In our daily life this is quite fortunate, as prolonged exposure to X-rays or

-rays would be exceedingly detrimental to our health. For observations of X-ray sources,
however, this means that the detection will have to occur at very high altitudes (Seward
and Charles, 2010).

As can be seen in Figure 1.1, the observations of quite highly energetic X-rays might still
be possible with a balloon, for X-rays of a lower energy, however, a rocket or, even better,
a satellite is needed. This proved quite the challenge for the astronomers and engineers of
the 1950s and 1960s, who had the task of inventing detectors, not only small enough to
put on rockets and satellites, but also robust and self-su cient enough to withstand the
harsh conditions of space and continue functioning over a long period of time without any
maintenance (Seward and Charles, 2010).

These ventures were not always successful, a rocket launch in October 1961, for instance,
worked very well, only for the team to discover afterwards that the doors in front of the de-
tector would not open. In its successor, however, this weakness was eliminated and it went
on to observe the rst X-ray source aside from the sun, Sco-X1 (Seward and Charles, 2010).

Since then a lot of progress has been made. Several X-ray satellites, e.g. Uhuru, helped
identify a great number of X-ray sources, until the rst all-sky survey was conducted with
ROSAT in the 1990s (Seward and Charles, 2010).

The resolution of the instrumentation increased over time. In 1989 the Einstein Satellite
was able to detect individual X-ray sources in nearby galaxies for the rst time due to its
- at the time - unprecedented resolution (Fabbiano, 2006).

The Chandra X-ray Observatory, that was launched in 1999 and the data of which will be
analyzed in the course of this thesis, has a higher resolution still, enabling us to conduct
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source population studies in other, more distant galaxies (Garmire et al., 2003).

Such a population study - although of a galaxy not too far from us - will also be the subject
of this thesis. Using Chandra data taken over the course of almost 20 years, the nature of
the sources in the galaxy Centaurus A will be examined.

Figure 1.1.: Transmission of electromagnetic light through earth's atmosphere per wave-
length; the solid line indicates the altitude where half of the radiation is absorbed (Seward
and Charles, 2010)



2. Centaurus A, the Chandra X-ray
Observatory, and X-ray Sources

Before the analysis of Chandra data is presented, some general information on Cen A, the
Chandra X-ray Observatory, and X-ray sources, that will be studied, will be given in this
chapter.

2.1. Centaurus A

Figure 2.1.: Di erent wavelength images of Cen A taken with Chandra, the VLA, and the
VLT, as well as a composite image (HEASARC, 2012)

Centaurus A (Cen A), also known as NGC 5128, is our nearest X-ray and radio-emitting
active galaxy. Due to its close proximity to us it is a great target to study these mechanisms
in detail. It emits a lot of interesting features across the electromagnetic spectrum, as can
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be seen in Figure 2.1. It has been classi ed as a Fanaro {Riley type | galaxy according
to the classi cation system devised by Fanaro and Riley (1974) (McKinley et al., 2018).
This refers to the brightest radio emission regions of Cen A being located at the center
instead of being extended across the galaxy (Fanaro and Riley, 1974).

The mass of the supermassive black hole at the center of Cen A has been measured to
Mgy = 4:5(+1:7, 1.0) 10M and Mgy =(5:530) 10'M using H, kinematics and
stellar kinematics respectively (Neumayer, 2010). Cen A is also in agreement with the
Mgy relation between the masses of supermassive black holes and the velocity disper-
sions of their host galaxy's bulges (Merritt and Ferrarese, 2001).

Cen A is located in the southern hemisphere (RA = 13 25 27.6, Dec = -43 01 08.8, cour-
tesy of the SIMBAD database http://simbad.u-strasbg.fr/simbad/ ) in the Centaurus
constellation. Using ve independent methods, the median of its distance to us could be
determined to be 3.8 Mpc by Harris et al. (2010).

The rst one to take note of Cen A's interesting structure was Herschel in the 19th century.

It once again became an object of interest for its radio activity at the dawn of radio astron-
omy in the 1950s (Israel, 1998). The radio source Cen A, along with several others, was
found by Bolton (1948) and discovered to coincide with the galaxy NGC 5128 by Bolton
et al. (1949).

In recent years the big radio lobes of Cen A (as can be seen in Figure 2.1) have been
studied in great detail in order to nd out more about AGN activity and its in uence on

the galaxy, the star formation within it, and the surrounding medium. A few interesting
discoveries have been made, the uniformity of the outer lobes, for instance, implies the
existence of not only a continuous energy supply from the AGN but also some in situ
excitation mechanism. The southern radio lobe seems to be slightly disconnected from the
center of the galaxy. As the southern lobe seems to be still continuously supplied with
energy, this leads to the theory that there is simply not enough H | gas in this area to
show any radio emission (McKinley et al., 2018).

In the optical, as can be seen in Figure 2.1, the image is dominated by a dust lane - ap-
proximately perpendicular to the radio lobes. This peculiar shape - an elliptical galaxy,
split in two by a dust lane of spiral shape - has given rise to the theory that Cen A is the
result of a galaxy merger between two such galaxies (Seward and Charles, 2010).

As a source of X-ray radiation Cen A was rst detected by Bowyer et al. (1970). Its shape
in the X-ray is not entirely unlike its appearance at radio wavelengths, as can be seen in
Figure 2.1, as the X-ray jets align with the radio lobes and thus provide more insight into
the workings of the AGN. The southern jet is, again, fainter than its northern counterpart
(Seward and Charles, 2010), similar to what can be observed at mid-range distances at
radio wavelengths.

The active galactic nucleus of Cen A is bright in the X-ray (as can be seen in Figure 2.1),
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however, AGN e ects are not the only aspect of this galaxy that can be studied at X-ray
wavelengths. Cen A is one of our nearest neighboring galaxies, near enough that it can be
resolved into individual stars, so its stellar population can be studied. Voss and Gilfanov
(2006) found 272 X-ray point sources, approximately half of which are thought to be low
mass X-ray binaries (LMXBs). Woodley et al. (2008) detected 353 X-ray point sources
and found that a signi cant portion of the LMXB population occurs within globular clus-
ters. In the course of this thesis, too, such a population study of Cen A will be undertaken.

In any case, Cen A, being a fascinating object at a quite short distance, is a great oppor-
tunity to study the characteristics of a galaxy on a large scale, be it the e ects of its active
center or its population.

2.2. The Chandra X-ray Observatory

The Chandra X-ray Observatory - initially called Advanced X-ray Astrophysics Facility
(AXAF) - was launched on July 23, 1999 (Brissenden, 2001). The Chandra satellite is
large, it possesses a wing span of 19.5m, a length (with open sun-shade door) of 11.8m,
and a weight of 4800 kg (Brissenden, 2001).

Figure 2.2 shows the process of Chandra collecting X-rays. It can be seen that an array
of mirrors focuses the X-rays onto an instrument in the back. In Figure 2.3 these mirrors
can be seen in more detail and it becomes clear that the mirror array is almost parallel to
the infalling X-rays. This is due to the fact that X-rays will only re ect at small grazing
angles (Schwartz, 2011).

Figure 2.2.: Schematic of Chandra collecting light (Chandra X-Ray Observatory, 2009c)
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Figure 2.3.: Schematic of Chandra's mirrors (Chandra X-Ray Observatory, 2009c)

Each mirror possesses two components, a parabolic and a hyperbolic mirror, re ecting the
light twice, before it can reach the CCD array. A parabolic mirror will re ect light that is
parallel to its axis towards its focal point. However, slight divergences in the incident angle
of the light will simply cause a linear increase in the size of the image but still contribute
to the on-axis target. So any X-Ray source in Chandra’'s eld of view would contribute,
which is not an e ect that is wanted here. This is why a second, hyperbolic mirror is
needed (Schwartz, 2011).

This mirror con guration, comprised of a parabolic and a hyperbolic mirror, is called a
Wolter | Type mirror and is used in many X-Ray telescopes. It ensures that angular dis-
tance to the on-axis target will translate linearly into distance on the focal plane. The
e ective area of the mirror con guration depends on the grazing angles (25" to 55" for
Chandra), so several mirrors are used in a nested con guration to increase the e ective
area (Schwartz, 2011).

The X-ray photons can now be focused on either the Advanced CCD Imaging Spectrom-
eter (ACIS) or the High Resolution Camera (HRC). As to their respective spectroscopy

arrays, the former is optimized for high energy X-rays, the latter for lower energy X-rays

(Brissenden, 2001). Their imaging arrays di er in term of resolution. The ACIS has a

higher energy resolution, while the HRC has a larger eld of view (Chandra X-Ray Ob-

servatory, 2009a,b). In the course of this thesis only ACIS data were used. ACIS data
span an energy range from 0.5 to 7keV (Chandra X-Ray Observatory, 2019). Chandra
also contains two movable gratings, the High Energy Transmission Grating (HETG) and

the Low Energy Transmission Grating (LETG), that can be used to produce a spectrum

on one of the spectroscopic detectors (Brissenden, 2001).
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Figure 2.4.. Schematic of Chandra's ACIS array (Garmire et al., 2003)

The setup of the ACIS array can be seen in Figure 2.4. It consists of a 2 array for
imaging, dubbed ACIS-I, and a 1 6 spectroscopic array, dubbed ACIS-S. Each CCD is of
1024 1024 format with 24 m pixel size (Brissenden, 2001).

The amount of data produced by this setup is quite high, so certain operations, for example
the elimination of cosmic ray events, are conducted on board, before the data are sent to
the ground station (Garmire et al., 2003).

The high angular resolution of the ACIS arrays, which is better than 0.5 arc seconds on-
axis, makes the study of individual extragalactic X-ray sources possible (Garmire et al.,
2003).

2.3. X-ray Sources

The ultimate goal of this analysis is to nd and study the X-ray sources in Centaurus
A. Foreground and background sources will be eliminated and other objects, e.g. X-ray
binaries and supernova remnants, will be identi ed.
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In the following, a short overview over the objects that will be encountered in the analysis
of X-ray data will be given. After a description as to the nature of the object, | will brie y
outline how this particular object can be identi ed in the later analysis.

2.3.1. Foreground Stars

Foreground stars are objects that do not belong to Centaurus A at all. Instead, these stars
are part of the Milky Way and just happen to be in the same eld of view as Centaurus A.
As such, these are sources we will be looking to identify and then eliminate from further
analysis.

Foreground stars can be identi ed through their high magnitudes in the soft X-ray bands,
compared to harder bands. Their optical and infrared counterparts are very bright, the
ux of their optical counterparts is higher than their X-ray ux (Maccacaro et al., 1988;
Saeedi et al., 2019).

2.3.2. Background Sources (Galaxies and Active Galactic Nuclei)

Background sources are, so to speak, the opposite of the foreground stars described in
section 2.3.1. They are galaxies and active galactic nuclei (AGNs) that happen to be in
the background of Centaurus A, but still contribute X-ray ux. They, too, are sources we
will try to eliminate from further analysis.

Background sources can be found by looking at their counterparts in the infrared (Salvato
et al., 2018). Especially sources with a radio counterpart may be AGN candidates (Pietsch,
2008).

2.3.3. Supernova Remnants

Supernova remnants (SNRs) are the remnants of stars that have blown up in a supernova
explosion. Generally, the most common types of supernovae are type la and type Il super-
novae.

Type la supernovae are thought to occur in white dwarfs, which are the evolutionary end-
points of stars of approximately solar mass. A supernova occurs in an initially stable white
dwarf if its mass exceeds the Chandrasekhar limit of 1M due to it accreting mass from
another source, e.g. a binary partner. Once that happens, the electron degeneracy pressure
is not strong enough to stop the white dwarf from collapsing further. Its core tempera-
ture rises, fusing oxygen and carbon, which causes an explosive wave, that rips the white
dwarf apart. The shape of the resulting lightcurves is quite distinct, which even makes the
determination of the distance of supernovae of this type possible. A well known type la
supernova is Tycho's supernova (Seward and Charles, 2010).
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Type Il supernovae, on the other hand, occur at the end of the lives of stars with a much
higher mass (more than approximately 10 solar masses). Once the hydrogen in their core
has been depleted, the star contracts, which raises the temperature of the stellar core,
allowing the fusion process to continue, producing ever heavier elements until it comes
to a standstill at iron, the endpoint of the fusion process. At this point, the iron core

is surrounded by layers of lighter elements, produced by the ongoing fusion in the outer
layers of the star. The iron core is kept stable by electron degeneracy pressure, but as
the pressure and the temperature grow, the iron of the core starts to decompose, rst into
lighter elements, then into protons and electrons, which nally combine to form neutrons.
As electrons start to disappear, the core will collapse in a matter of seconds, causing a
major shockwave, that catapults the outer layers of the star far into space. Left of the core
is now only a neutron star (even heavier stars may even evolve into a black hole). A well
known type Il supernova is SN1987A (Seward and Charles, 2010).

Several mechanisms can produce X-rays in supernova remnants, many of which stem from
the early stages of the remnant or the supernova explosion itself. An emerging neutron
star at the center of the remnant can also contribute to the X-ray ux. Most of the X-ray
emission of older SNRs is caused by the heating of the ejected outer layers of the star, as
they collide with other material (Seward and Charles, 2010).

SNRs can be identi ed by their soft X-ray ux, combined with the fact that they possess

a radio counterpart. The radio emission, which is non-thermal in nature, is caused by
the compression of magnetic elds in the collisionless shock of the supernova (Seward and
Charles, 2010).

The individual spectrum also plays a big role in the identi cation of an SNR. The spectral
analysis could not be performed in the scope of this thesis, but will be carried out at a
future date.

2.3.4. X-ray Binaries

X-ray Binaries (XRBs) are binary stars, that can be observed at X-ray wavelengths. The
binary system consists of a regular star and a compact object, which can be a neutron star
or a black hole. A binary system with a white dwarf as the compact object, meanwhile, is
called a cataclysmic variable. The basic mechanism of the binary system does actually not
vary too much for di erent compact objects. The energy, that is released in the form of
X-ray radiation, is generated through gravitation, as mass from the star is accreted onto
the compact object (Seward and Charles, 2010).

There are two basic forms of X-ray binaries, one distinguishes between High Mass X-ray
binaries (HMXBs) and Low Mass X-ray binaries (LMXBSs), referring to the mass of the
regular star in the system. An artist's conception of their di erent con gurations can be
seen in Figure 2.5 (Seward and Charles, 2010).
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The star in an HMXB will be very massive and bright, possessing powerful stellar winds.
Through these stellar winds mass is accreted onto the compact object. This process can
be seen in Figure 2.5. At optical wavelengths only the star will be detectable (Seward and
Charles, 2010).

LMXBs, on the other hand, contain a star of a quite low mass, that does not possess strong
stellar winds. The star lIs its Roche lobe (the surface of equal gravity) and transfers mass
onto the compact object through the inner Lagrangian point. For the system to be stable,
the star's mass needs to be lower than the compact object's mass. For an average neutron
star binary, for instance, this would mean that the mass of the star needs to be smaller than
about 1.4M (the average mass of a neutron star). The optical counterparts of LMXBs
are consequently very hard and sometimes impossible to detect (Seward and Charles, 2010).

Figure 2.5.: Artist's conception of LMXBs and HMXBs (Seward and Charles, 2010)

X-Ray binaries can be identi ed through their variability (Pietsch, 2008). As the variability

was not analyzed in the course of this thesis, the identifcation of X-ray binaries was not
possible. However, as foreground and background sources were found, the remaining, as
of yet unidenti ed sources should include the X-ray binaries of Cen A. Further analysis of
these sources and their variabilities will be conducted in the future.
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3. Analysis of Chandra Data and Results

The data analyzed in the course of this bachelor's thesis consist of all ACIS (Advanced
CCD Imaging Spectrometer) observations taken with Chandra between December 10th,
1999 and April 24th, 2019. The full list of observation IDs can be found in the Appendix
(A.1, p. 32).

3.1. Reprocessing of Data and Region Sorting

The data were reprocessed using the Chandra CIAO reprocessing script. This process en-
sures that the calibration of the data is up to date and as accurate as possible.

A destreaking of the data as well as the source detection and extraction of the X-ray point
source regions was carried out by Tathagata Saha and Alex Markowitz from the Nicolaus
Copernicus Astronomical Center in Warsaw. A broadband and an RGB image of the de-
streaked and stacked data can be seen in Figure 3.1 and Figure 3.2 respectively.
Afterwards they were manually checked for authenticity of the detected sources. A few ini-
tially overlooked sources were also added manually. For this process the data were analyzed
using the program SAOImageDS9 in the ACIS Source Detection Energy Bands (Table 3.1).

Name Energy Range [keV]

soft 05-12
medium 1.2-2.0
hard 20-70

Table 3.1.: ACIS Source Detection Energy Bands (Chandra X-Ray Observatory, 2019)

All detected X-ray sources can be seen in Figure 3.3. The colors of the regions in Figure
3.3 indicate the ags denoted in Table 3.2. All sources that are part of the jet were not
further analyzed in the course of this thesis.

region color meaning

blue valid X-ray source

red something the program mistakenly agged as a source

white valid X-ray source that the program missed and | added manually
yellow part of the jet

Table 3.2.: Meaning of region colors in Figure 3.3

11






	Table of Contents
	List of Figures
	Introduction
	Centaurus A, the Chandra X-ray Observatory, and X-ray Sources
	Centaurus A
	The Chandra X-ray Observatory
	X-ray Sources
	Foreground Stars
	Background Sources (Galaxies and Active Galactic Nuclei)
	Supernova Remnants
	X-ray Binaries


	Analysis of Chandra Data and Results
	Reprocessing of Data and Region Sorting
	Hardness Ratios and Counts
	Cross-matching with Catalogs at Other Wavelengths
	Interpreting the Diagrams
	Foreground Stars
	Background Sources
	SNRs
	Hardness Ratio Diagrams
	Other Plots

	Isochrones

	Conclusion and Outlook
	Acknowledgments
	Bibliography
	Appendix
	Observation IDs of the Analyzed Data
	Plots


