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Abstrakt 

V prvotních galaxiích probíhala velmi silná tvorba hvězd vedoucí ke vzniku počet­
ných populací rentgenových dvojhvězd. Je možné, že energetické záření těchto 
mladých objektů v raných galaxiích mohlo významně přispět k reionizaci vesmíru. 
Přímé studium těchto vzdálených hvězdotvorných galaxií je však velmi obtížné, 
protože jsou příliš slabými zdroji. Existují ale i lokální galaxie, jejichž vlastnosti se 
raným galaxiím podobají. Jejich studium nám může pomoci objasnit, jak význačný 
byl příspěvek záření související s velmi silnou tvorbou hvězd k zahřátí mezigalak-
tické látky v éře reionizace. Jedná se o kompaktní galaxie s velkou tvorbou hvězd, 
známých jako hráškové galaxie. 

Nedávno byly publikovány výsledky rentgenových pozorování tří hráškových 
galaxií pomocí vesmírného rentgenového dalekohledu XMM-Newton v práci Svo­
boda a kol. (2019). Zde autoři naměřili zvýšenou rentgenovou luminozitu u 
dvou zdrojů, zatímco u třetího zdroje nebyla zaznamenána významná detekce. V 
této práci provádíme re-analýzu všech tří pozorování a analýzu nově získaného 
pozorování třetí nedetekované hráškové galaxie. Ani nové delší pozorování nepři­
neslo prokazatelnou detekci rentgenového záření z této galaxie. Horní limit jejího 
toku záření vychází o více než řád nižší než bylo naměřeno u dvou detekovaných 
hráškových galaxií. To naznačuje, že přebytek rentgenového záření v prvních 
dvou zdrojích může být jedinečný a souviset například s akrecí hmoty na centrální 
černou díru, ke které nedochází v třetí studované galaxii. 



Abstract 

Early galaxies were experiencing very strong star-formation leading to the creation 
of numerous X-ray binary populations. These young objects in the first galaxies 
may have significantly contribute to the reionization of the Universe by their 
energetic emission. However, due to their faintness, the direct study of these distant 
star-forming galaxies is very difficult. Yet, there are also local galaxies whose 
properties are similar to the early galaxies. Their study may help us understand 
how significant was the contribution of the emission associated with strong star-
formation to the heating of the intergalactic medium in the Epoch of reionization. 
These local analogues are compact starburst galaxies known as Green Peas. 

Recently, the results of X-ray observations of three Green Pea galaxies, studied 
by X-ray space observatory XMM-Newton, were published in the work by Svoboda 
et al. (2019). The authors measured increased X-ray luminosity at two studied 
sources, whereas no significant detection was recorded at the third source. In this 
work, we performed a reanalysis of all three archival X-ray observations of Green 
Peas and an analysis of the newly acquired observation of the third, undetected 
Green Pea galaxy. However, even the new longer observation did not provide the 
detection of the X-ray emission from this galaxy. The upper limit of its X-ray 
flux is more than an order lower than that measured in the two detected Green 
Pea galaxies. This suggests, that the X-ray excess in the first two sources may be 
unique and could be related, for example, to the accretion of matter onto a central 
black hole, which does not occur in the third studied galaxy. 
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Introduction 

Reionization of the Universe is an important epoch in the history of the Universe, 
when the neutral matter in the intergalactic medium was heated and ionized by 
energetic photons. However, the source of this energetic radiation is not yet clearly 
determined. Early galaxies with massive ongoing star-formation could significantly 
contribute to the heating of the young Universe as they might have experienced 
leakage of the ultraviolet Lyman-continuum photons from the young massive stars 
and hot gas. These distant galaxies with redshift z > 2 are usually referred to as 
Lyman break galaxies or Lyman a emitters, due to the observational technique 
used for their classification. 

To study these high-redshift galaxies a large observational time would be 
required, yet there would remain an issue with the spatial resolution. To avoid these 
complications, we can focus our study to local analogues to the distant star-forming 
galaxies. So-called Lyman break analogues are galaxies in the local Universe 
(z < 0.2) that have similar properties with the hight-redshift galaxies such as their 
masses, star-formation rates or metallicities. By studying the local analogues to 
early galaxies we can gain insight into the processes that were behind the leakage 
of the ionizing radiation. 

Recently discovered so-called Green Pea galaxies are possibly a subsample 
of the Lyman break analogues. They are compact dwarf galaxies with high star-
forming rates and powerful [O III] A 5007 A optical emission line with large 
equivalent widths responsible for their specific green colour if originated from 
redshift range 0.112 < z < 0.360. In this work we study the X-ray properties of 
three Green Pea galaxies supposedly originating from high-mass X-ray binaries. 
The high energy photons and particles provide radiative and mechanical feedback 
resulting in ionization of the gas surrounding the X-ray sources and therefore 
creating such interstellar medium conditions leading to the escape of Lyman 
continuum photons. We study the X-ray emission from galaxies with possible 
Lyman continuum leakage to find out whether their X-ray luminosities correspond 
to the trends established for other star-forming galaxies, or if additional sources 
such as active galactic nuclei need to be considered. 
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1 Star-forming galaxies 

1.1 Star formation 
Star formation is an important and complex process in the Universe leading to 
ignition of new stars. Many studies are dedicated to the topic of this astrophysical 
process. In this section we briefly summarize the main principles of the formation 
of new stars following the works by Mikulášek et al. (2005) and Ward-Thompson 
etal. (2011). 

A star formation in a galactic context can be described as a conversion of diffuse 
interstellar gas clouds into star clusters. A collision of two clouds of interstellar 
gas is extremely inelastic and dissipative, as the free path between the individual 
gas particles is very short. In such case, the gas is first heated by the collision and 
than cooled by emitting radiation. On the other hand, if two star clusters collide, 
the free path between individual stars is extremely long, their kinetic energy is 
conserved so the collision is non-dissipative and elastic. 

Stars are formed mostly in those regions of interstellar medium, where the gas 
is predominantly molecular, therefore in giant and relatively cold molecular clouds 
with typical temperatures of T ~ 10-40 K, according to observations. These 
clouds are formed mostly by molecular hydrogen H 2 , also by atomic hydrogen H, 
helium He and other elements. A n important part of molecular clouds are also 
dust grains, representing about 1% of the total mass of the interstellar media, as 
the molecular hydrogen forms on their surface. Dust grains also act as a shield 
on the surface of the clouds, absorbing the high energy photons and radiating the 
redundant energy in form of heat away, keeping the central parts of the molecular 
clouds cold. Photons emitted by the grains can have a broad range of wavelengths, 
however, in range about 10— 103 \im dust emission dominates the radiation from 
the interstellar medium. 

If a star is to form in the molecular cloud, it must become gravitationally 
unstable and consequently collapse. Any fluctuations of density in such cloud may 
result in condensation due to its self-gravity. On the other hand, its internal pressure 
based on irregular thermal motion of the molecules forces it to expand back to 

4 
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the same density as the surrounding medium. Whether the random fluctuation 
collapses or not depends upon its size and equivalent minimum initial mass. For 
simplicity, considering a spherical fluctuation formed primarily by hydrogen with 
uniform density p, mass M and temperature T, the self-gravity overcomes internal 
pressure and the fluctuation condenses out if its minimum initial mass is larger 
than the Jeans mass M , 

Here k is the Boltzmann's constant, G is the gravitational constant, / i is the mean 
molecular weight and m H is the hydrogen mass. Resulting from the formula 1.1, 
the stars are formed only in the coolest and densest regions of the molecular clouds 
in the interstellar media. 

1.1.1 High mass stars 
Massive stars with initial mass of about M ; > 11 M& form probably in very dense 
and massive infrared dark clouds (Ward-Thompson et al., 2011). Their dark 
molecular cores are cold, with temperatures of T ~ 10-20 K as the dust grains 
shield the center of the clouds and radiate the heat away. Once the process of 
star-formation begins, the radiation from the contraction of newly forming stars 
heats the molecular cores up to T ~ 100-200 K. When the stars are sufficiently 
hot and luminous they begin to ionise the matter surrounding them. The energetic 
ionising photons normally arise from O-type and B-type stars and as the hydrogen 
is the most abundant element, these regions of photo-ionised gas surrounding the 
recently formed high-mass stars are known as HII regions. 

The lifetime of a newborn star is determined by its initial mass; the more 
massive the star is, the more rapidly it evolves. For example, the main-sequence 
lifetime for a star with initial mass of 11 MQ, eg. time when hydrogen is burning 
in its core is about 107 years. Once the 95% of hydrogen in the core is burned 
out, the core gets denser and warmer and gradually the conditions for heavier 
elements burning up to iron are fulfilled. The star passes through the Red Giant 
Branch and consecutive the Asymptotic Giant Branch in the Hertzsprung-Russell 
diagram. When the core is made of iron, it collapses into neutron star if its mass 
is higher than 1.44 MQ, the Chandrasekhar limit, or black hole, if its heavier than 
about 3 M 0 . 

(1.1) 
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1.2 Starburst galaxies 
Starburst galaxies display excess of star-formation activity in localized regions, 
typically in and around the centre of the galaxy where stars and star clusters are 
being produced in very large numbers. The burst of star-formation is driven by high 
rate of infall of gas towards these regions, triggered possibly by galaxy interactions 
as galaxy collisions or mergers (Ward-Thompson et al., 2011; Schneider, 2015). 
These galaxies usually show excess emission at higher energies such as ultraviolet 
(UV) and soft X-ray radiation, as this emission is typical for very young high-mass 
stars with short evolutionary time scales. Some starbursts can also be extremely 
luminous in the far-infrared part of electromagnetic spectrum due to the dust 
emission. The dust absorbs the energetic U V radiation produced by young massive 
stars and re-emits this energy in the form of thermal radiation in far-infrared. These 
objects with highly obscured star-forming regions are presented as Luminous 
infrared galaxies and may be ones of the most energetic nearby star-forming 
galaxies (Lehmer et al., 2010). Another significant subsample of the star-forming 
galaxies are Ultra-luminous compact X-ray sources studied by the Chandra X-ray 
observatory. We discuss the origin of X-ray photons in such galaxies in section 1.4. 

To understand how many stars are being produced within a galaxy, a star-
formation rate (SFR) is defined as a total mass of stars given in solar masses, formed 
per year. For star-forming galaxies typical values of SFR are ~ 10-300 M 0 / y r 
(Schneider, 2015). 

1.2.1 Similarity with high-redshift galaxies 
Local star-forming galaxies with high SFR are often dusty with only a few percent 
of the U V emission escaping (Basu-Zych; Lehmer; Bret, et al., 2013). How­
ever, we are interested in the rare dust-poor starbursts with possible U V radiation 
leakage into the intergalactic media. The main motivation in study of local dust-
poor starbursts is their similarity to high-redshift star-forming galaxies that could 
significantly contribute to the heating and reionization of the early Universe. 

Interstellar and intergalactic medium absorbs ultraviolet radiation at 912 A, so-
called Lyman edge, as this wavelength corresponds to the ionization energy of the 
most abundant element, hydrogen in its ground state (Schneider, 2015). Observing 
a distant galaxy emitting photons of Lyman continuum that is not experiencing 
much reddening by dust shows a break in observed spectrum at this wavelength, as 
photons with wavelength of 912 A and shorter are absorbed by neutral hydrogen. 
This method called the Lyman break technique is very efficient when searching 
for high-redshift (z > 2.5) actively star-forming galaxies. Many studies exploring 
such objects have found that these galaxies, often called Lyman break galaxies, 
have very high star-formation rates, are dust-poor and metal-deficient (Basu-Zych; 
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Lehmer; Bret, et al., 2013), but their direct observation is impractical due to large 
exposure times that would be required. A n alternative method in exploring the 
possible source of ionizing radiation in the early Universe is to study so-called 
Lyman break analogues, a group of local galaxies (z < 0.3) that strongly resemble 
the high-redshift Lyman break galaxies (Heckman et al., 2005; Hoopes et al., 2007; 
Overzier et al., 2008; Basu-Zych; Goncalves, et al., 2009). 

Lyman break analogues are galaxies selected to match the far-UV properties 
with distant Lyman break galaxies (Basu-Zych; Lehmer; Bret, et al., 2013). They 
are compact, starburst galaxies with low gas-phase metallicities and little dust 
attenuation (Basu-Zych; Lehmer; Bret, et al., 2013; Basu-Zych; Lehmer; Fragos, 
et al., 2016). Kunth et al. (2000) suggested, that objects called the Blue compact 
dwarfs, later studied by Brorby; Kaaret; Prestwich (2014), may be analogues 
to early galaxies. Study of a large sample of star-forming luminous compact 
galaxies by Izotov et al. ( ) claims that newly discovered so-called Green Peas 
(Cardamone et al., 2009) are together with Blue compact dwarf galaxies a subset of 
luminous compact emission-line galaxies at different redshifts, therefore possibly 
many of these objects may be found to be Lyman break analogues. Discovery of 
Green Peas and their properties are discussed is section 1.3. 

1.3 Green Peas 

Green Pea galaxies were originally discovered by the Galaxy Zoo 1 project, where 
more than 200 000 volunteers classified optical images from the Sloan Digital 
Sky Survey (York et al., 2000, hereafter SDSS) main galaxy sample. The SDSS 
provides photometry of millions of objects from a quarter of the sky in filters u, g, r 
and i. In gri composite colour images, Green Peas appeared as unresolved greenish 
point-like sources (see Figure 1.1) with galaxy-type spectral features. Their colour 
is driven by a very powerful [O III] A 5007 A optical emission line with large 
equivalent widths, that is redshifted into the SDSS r band of these gri composite 
images, which is represented by green colour. 

Approximately 100 Green Peas identified by the Galaxy Zoo volunteers, 
taken from the SDSS Data Release 7 spectroscopic sample, were compared to 
a sample of 10 000 galaxies and 9 500 quasi-stellar objects by Cardamone et al. 
(2009). The comparison sample was selected to match the Green Pea redshifts in 
range 0.112 < z < 0.360. Using colour selection criteria Cardamone et al. (2009) 
obtained a sample of 251 Green Peas with extreme [O III] equivalent width taken 
from all SDSS spectroscopic galaxies. Spectral analysis limited the sample to 
those objects with a signal to noise ratio larger than 3 in the continuum near the 

https://www.zooniverse.org/projects/zookeeper/galaxy-zoo 

https://www.zooniverse.org/projects/zookeeper/galaxy-zoo
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Figure 1.1: Three examples of Green Pea galaxies (three images from left) from gri 
composite colour 50 x 50 arcsec2 SDSS images. The green colour represented by r 
filter is clearly dominated. Due to their compact morphology and green appearance 
Green Peas are easily distinguishable from the classical elliptical galaxy shown in 
the last image to the right. A l l objects shown in this figure are at z ~ 0.2. Image 
adapted from Cardamone et al. (2009). 

Ha and Hfi regions and in each of the emission lines Ha, Hfi, [O III] A 5007 A and 
[Nil] A 6583 A. 

To separate the purely star-forming objects from active galactic nuclei (AGN) 
a classical emission line diagnostic devised by Baldwin et al. (1981, hereafter BPT) 
was applied. A theoretical line of maximum starburst contribution, calculated by 
Kewley et al. (2001, labelled KewOl in Fig. 1.2) separates star forming galaxies 
from A G N . Empirical shift of this line by Kauffmann et al. (2003, labelled Kauf03 
in Fig. 1.2) separates purely star-forming objects from composite galaxies. BPT 
diagram compares ratio of forbidden emission lines, which are excited mainly 
by A G N , to nearby Baimer lines (Basu-Zych; Lehmer; Hornschemeier, et al., 
2012). By comparison of ratios [OIII] A 5007 A/Hp to [Nil] A 6583 A/Ha with 
model lines of Kewley et al. (2001) and Kauffmann et al. (2003) the remaining 
103 narrow-line objects were classified. The majority of the sample turn out to 
be star-forming (80 objects) with 10 Seyfert 2 galaxies and 13 transition objects 
lying between the lines KewOl and Kauf03. The purely star-forming objects turn 
out to be low-mass galaxies (Af» ~ 108 5 - 1 0 1 0 MQ) with the highest specific star-
formation rates (sSFR = SFR/A/*) seen in the local universe (up to ~ 10~8 yr _ 1 ) 
and are similar in size, mass, luminosity, and metallicity to luminous Blue compact 
dwarf galaxies and therefore to the high-redshift luminous Lyman break galaxies 
and Lyman a emitters. 

The range of redshifts initially set to 0.112 < z < 0.360 by Cardamone et al. 
(2009) was extended to 0.02 < z < 0.63 by Izotov et al. (2011) who selected 
luminous compact emission-line galaxies from Data Release 7 of the SDSS on the 
basis of both their spectroscopic and photometric properties, obtaining a sample 
of 803 star forming galaxies. They claim that Green Peas are a subsample of 
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Figure 1.2: BPT diagram for emission-line galaxy classification showing studied 
Green Peas in comparison with galaxy samples studied in other works. Three 
Green Peas studied in work by Svoboda et al. (2019) were classified as purely 
star-forming objects, yet it can be seen that GP2 and GP3 are located closely to the 
both lines Kauf03 and KewOl. Adapted from Svoboda et al. (2019). 

luminous compact galaxies in a determined redshift range, as the colour of an 
emission-line galaxy on the gri SDSS composite images changes with its redshift. 

In this work we study three Green Pea galaxies (hereafter GPs) selected by 
Svoboda et al. (2019) from the parent sample of 80 star-forming galaxies studied 
by Cardamone et al. (2009). Selected were those objects with the highest star-
formation rate among the GPs that were classified as purely star-forming using 
BPT diagram. The observation in X-rays was performed by XMM-Newton satellite 
that looked at final sample of three targets with expected highest X-ray flux, based 
on the estimates from the star-formation rate. 

The BPT diagnostic diagram shown in Figure 1.2 displays mainly Green Peas 
galaxies studied by Cardamone et al. (2009) and Izotov et al. (2011) in comparison 
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with the SDSS galaxies. There are also displayed Lyman break analogues (LBAs) 
studied by Brorby; Kaaret; Prestwich; Mirabel (2016) and Brorby; Kaaret (2017). 
The three green star symbols in BPT diagram show position of three Green Peas 
studied by Svoboda et al. (2019) and hence in this work. 

1.4 X-ray emission from star-forming galaxies 
The high energy photons such as X-rays are emitted only by very hot and energetic 
processes in the Universe. Active galactic nuclei are ones of the most luminous 
X-ray sources, powered by accretion onto compact supermassive black holes. 
However, in normal galaxies, ergo galaxies without an A G N , there are other sources 
that can contribute to the X-ray emission, such as X-ray binaries, supernovae and 
their remnants, hot gas from starburst-driven winds and outflows, or even so-called 
ultra-luminous X-ray sources, whose nature is still unknown (Basu-Zych; Lehmer; 
Hornschemeier, et al., 2012). The main contributors to the X-ray flux in normal 
galaxies are above mentioned X-ray binaries, consisting of a compact remnant such 
as neutron star or a stellar-mass black hole and a star companion. In star-forming 
galaxies, the X-ray output is dominated by those binaries, formed by a massive 
O-type or B-type star accreting onto a compact object, known as high mass X-ray 
binaries (HMXBs). As these objects are short-lived, their number is expected to 
scale with SFR (Basu-Zych; Lehmer; Hornschemeier, et al., 2012). On the other 
hand, the low mass X-ray binaries (LMXBs) trace older stellar population due to 
their longer evolutionary time scales, so they are expected to dominate the X-ray 
emission once the young stars are extinct (Basu-Zych; Lehmer; Hornschemeier, et 
al., 2012). Additionally, hot gas in the state of outflows, driven by the supernovae 
and winds from massive stars may contribute significantly to the soft X-rays 
(E ~ 0.2-2 keV) of normal star-forming galaxy (Mineo et al., 2012). 

1.4.1 High mass X-ray binaries 
High mass X-ray binaries are the main contributor to the hard X-rays (E > 2 keV) 
of star-forming galaxies (Basu-Zych; Lehmer; Hornschemeier, et al., 2012). The 
X-rays are produced in a compact region around the star remnant, the neutron star 
or a stellar-mass black hole, once the mass transfer begins. Overflow via the inner 
Lagrangian point occurs if the massive star, called the donor, fills in its Roche 
lobe and the matter out of external layers of the star falls onto the compact object 
called the accretor. As the matter carries within most of the angular momentum, 
the matter does not fall directly onto the accretor, but it forms an accretion disc in 
the plane of the orbit (Mikulášek et al., 2005). There is another scenario of matter 
transfer when the donor does not full in the Roche lobe, but when the accreted 
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matter origins from the stellar winds of the companion star. 
Due to friction in the accretion disc the angular momentum is transferred 

towards the outer parts of the disc allowing the particles to approach the compact 
star remnant in spiral trajectories, until their trajectories become unstable and they 
fall directly onto the accretor star. During this process a large amount of energy 
is released, heating the inner parts of the accretion disc to temperatures up to 
millions of Kelvins and making the inner part of the disc an powerful X-ray source 
(Mikulášek et al., 2005). 

1.4.2 Dependence on metallicity 
The high-mass X-ray binary populations in early star-forming galaxies could play 
an important role in the reionization of the Universe (Power et al., 2013; Mirabel, I. 
F. et al., 2011; Jeon et al., 2014; Knevitt et al., 2014). This idea is based on fact, 
that the high-mass X-ray binary populations are much more numerous and possibly 
more luminous in low-metallicity environments. The metallicity dependence of the 
X-ray luminosity of these objects was studied by Douna et al. (2015) on a sample 
of resolved HMXBs in local galaxies with the high specific star-formation rates and 
known metallicities and X-ray luminosities. Relation between X-ray luminosity, 
SFR and metallicity in Lyman break analogues was also studied by Brorby; Kaaret; 
Prestwich; Mirabel (2016). 

These studies proved that H M X B populations are indeed enhanced in low-
metallicity galaxies. The H M X B populations were found to be ~ 10 times larger in 
low-metallicity (12 + log(0/H) < 8) galaxies, per unit SFR, than in solar metallicity 
galaxies (Douna et al., 2015). This result is in agreement with the work by Basu-
Zych; Lehmer; Hornschemeier, et al. (2012) and Basu-Zych; Lehmer; Bret, et al. 
(2013), who studied how the relation between X-ray luminosity and SFR evolves 
with redshift. The discovery of a mild evolution of the X-ray luminosity per SFR 
(Lx/SFR increases with redshift) was interpreted as to be driven by the metallicity 
evolution. At higher redshift, the metallicities are lower and the contribution of 
H M X B s to X-ray luminosity is higher for a given SFR (Basu-Zych; Lehmer; 
Hornschemeier, et al., 2012). 

There are several arguments suggested to explain the increased ratio of LX/SFR 
with decreasing metallicity. Low metallicity massive stars have weaker stellar 
winds, therefore they loose less mass during their evolution and are more massive 
on average when they reach core-collapse phase. More massive and numerous black 
hole companions are produced and since black hole HMXBs can be more luminous 
than neutron star HMXBs, this results in a more luminous binary population. Wind 
mass loss also leads to angular momentum loss, leading to an orbit expansion of 
the binary. Due to weaker wind loss in low-metallicity environments the orbits are 
tighter on average. This results in more systems that will encounter Roche-lobe 
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Figure 1.3: Metallicity dependent relation between X-ray luminosity and SFR by 
Brorby; Kaaret; Prestwich; Mirabel (2016). Figure adapted from Svoboda et al. 
(2019) shows enhanced X-ray luminosity for two Green Pea galaxies labelled GP1 
and GP2 and an upper limit of X-ray luminosity for Green Pea galaxy labelled 
GP3. 
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overflow transfer instead of wind accretion and as the Roche-lobe overflow can 
drive much higher accretion rates, the H M X B population are expected to be more 
luminous (Basu-Zych; Lehmer; Bret, et al., 2013; Basu-Zych; Lehmer; Fragos, 
etal.,2016). 

Figure 1.3 shows relation between the X-ray luminosity and SFR dependent 
on the metallicity by Brorby; Kaaret; Prestwich; Mirabel (2016). The diagram 
shows also the position of three Green Peas studied by Svoboda et al. (2019). 
The authors found an excess of X-ray flux of ~ 10 4 2 erg/s from galaxies labelled 
Green Pea 1 (GP1) and Green Pea 2 (GP2), but the third studied object labelled 
Green Pea 3 (GP3) was not detected. They constrained only the upper limit of 
its X-ray luminosity to 1.3 x 10 4 1 erg/s. This significant difference between the 
observed galaxies is one of the main motivation for their further study, as the 
physical properties of all three galaxies are very similar (see Fig. 1.2 where GP2 
and GP3 locations in BPT diagram are very similar). 

The methodology of our work is described in Chapter 2: the X-ray space obser­
vatory and its scientific instruments are described in section 2.1. The methodology 
of data reduction is described in section 2.2 and the spectral analysis using XSPEC 
spectral fitting software with model description can be found in section 2.3. The 
results of our work are given in Chapter 3, where in section 3.1 we present results 
of reanalysis of the archival observations of Green Pea galaxies and in section 3.2 
we present the results from new GP3 observation analysis. We discuss the results 
in Chapter 4: the different binning approaches are discussed in section 4.1, the 
dependence on selected background is discussed in section 4.2 and the difference 
between the studied galaxies is discussed in section 4.3 including possible origin 
of the enhanced X-ray emission from GP1 and GP2 in subsection 4.3.1. 



2 Methodology 

2.1 XMM-Newton observatory 
The European Space Agency's X-ray multi-mirror mission was launched by Ariane 
504 on December 10th 1999'. It is still in operation, the end of the mission was 
extended until 31st of December 2022. It is a high throughput X-ray spectroscopy 
mission with great capability to detect X-rays due to its sensitive detectors. The 
mission name was modified to current XMM-Newton later after its launch in honour 
of Sir Isaac Newton, who is traditionally regarded as the founder of spectroscopy. 

The spacecraft consists of several main sections. The 6.80 meters long black 
telescope tube is made of carbon fibre and is composed of two halves: the upper 
and lower tubes containing three X-ray telescopes. The schematic of the spacecraft 
is shown in Figure 2.1. 

The mirror support platform within the service module located at the forward 
broader end of the spacecraft carries the three X-ray mirror modules, the optical 
monitor and the two star-trackers. There are also two deployable solar arrays with 
span of 16 meters and the telescope sun shield attached to the the service module. 

There are three scientific instruments on board of the spacecraft. The focal 
plane assembly carries two reflection grating spectrometer (RGS) together with two 
readout cameras and three European photon imaging cameras (EPIC) at the prime 
focus of each of the spacecraft's three telescopes. There are two EPIC detectors 
employing metal oxide semi-conductor (MOS) charge-coupled devices (CCDs) 
while the third one uses a new type of CCD (PN) built by the Max Planck Institute 
of Extraterrestrial Physics in Garching and the Astronomical Institute in Tubingen, 
both in Germany. Each EPIC-MOS detector consists of an array of 7 CCDs which 
are made up of a matrix of 600 x 600 pixels, and EPIC-PN detector consists of an 
array of 12 CCDs made up of a matrix of 64 x 600 pixels. 

Two of the three mirror modules are equipped with reflection grating spectrom­
eter (RGS) array dispersing about 40 per cent of incoming light. With two RGS 
readout detectors located in secondary focus they form part of the RGS component, 

'https://sci.esa.int/web/xmm-newton 
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Figure 2.1: XMM-Newton schematic adapted from ESA web page". 

'https://sci.esa.int/web/xmm-newton/-/47056-spacecraft 

https://sci.esa.int/web/xmm-newton/-/47056-spacecraft


CHAPTER! METHODOLOGY 16 

making XMM-Newton the very first X-ray telescope to carry such device operating 
in X-rays. 

XMM-Newton is the first X-ray space observatory equipped with very sensitive 
optical and ultraviolet telescope that gives the mission a multi-wavelength capacity. 
Optical monitor, the third scientific instrument on board the observatory, can 
simultaneously observe the same regions as the X-ray telescopes by being co-
aligned with them. It is a 30 cm aperture Ritchey-Chretien telescope with focal 
length of 3.8 meters, equipped with two CCDs with spectral range of 170 to 650 
nanometre. 

2.2 Data reduction 
The raw data produced by XMM-Newton consists of Observation Data Files (ODF) 
containing raw event science files from all of the scientific instruments on board 
the spacecraft and the data products generated by the Pipeline Processing System 
(PPS) at the XMM-Newton Science Operations Centre. The access to both sets of 
ODF and PPS is provided by XMM-Newton Science Archive. In order to perform 
the analysis of the ODF data the set of so called Current Calibration Files (CCF) is 
necessary and is available for download at the XMM-Newton web server1. Both 
ODFs and CCFs are compliant with the Flexible Image Transport standard (FITS). 

For data reduction we used the Science Analysis System (Gabriel et al., 2004, 
hereafter SAS) following the SAS data analysis threads 3 . To process specific ODF 
files, first we need to generate a Calibration index file (CIF) that points SAS to 
correct set of CCFs according to a given observation and analysis date. There are 
three variables that need to be defined while working in SAS: SASjCCFPATH, 
SAS_CCF and SAS_ODF. Once we have specified the SAS_CCFPATH, which is 
a path leading to where our CCF files are saved, we used command c i f b u i l d 
to create a CIF file. The path leading to new CIF file was defined in SAS_CCF 
variable. To set the third variable we executed command odfingest which takes 
information from all ODF components and produces a file summarizing all the 
observational information. The path to this new file was set as the SASjODF 
variable. 

We proceeded with data processing in SAS by generating the calibrated and 
concatenated EPIC event lists with emproc task for MOS and epproc for P N 
detectors. Event lists can be directly used to generate light curve, images or 
spectra. We continued with filtering the event lists of time intervals with high 
background activity. The outcome was a Good time interval (GTI) file containing 
the definition of GTI for a given observation. After the high energy light curve 

2https://www.cosmos.esa.int/web/xmm-newton/current-calibration-files  
3https://www.cosmos.esa.int/web/xmm-newton/sas-threads 

https://www.cosmos.esa.int/web/xmm-newton/current-calibration-files
https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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(E > 10 keV for MOS detectors and 10 < E < 12 keV for PN detector) was produced 
by evselect task, we determined the low and steady background intervals with 
threshold measured in counts per second. The corresponding GTI file was created 
by task gtigen where the good reference value of the threshold was set to 0.35 
counts per second for MOS and 0.4 counts per second for P N instrument as 
recommended in Smith et al. (2016). For the new observation of GP3 taken in 
2019, these values were slightly modified as described in section 3.2. With GTI 
file the EPIC event lists were easily filtered once again using evselect task. 

Filtered EPIC event lists were used to produce scientific products. We focused 
on production of images and extraction of MOS and P N spectra from point-like 
source. Once the image was produced using evselect task, we extracted the 
source spectrum from the coordinates where our Green Peas are located (see 
Table 3.2). For GP1 the radius of extraction region was reduced to 24 arcsec due 
to proximity of another source to avoid contamination of the output spectrum 
(Svoboda et al., 2019). The source spectra of GP2 and GP3 were extracted from 
extraction regions with radius of 30 arcsec. The X-ray background spectra were 
measured in nearby source-free circular regions on the same chip of each detector. 
We used the same background aperture radius as for the source aperture, 30 
arcsec. The details of extraction regions are in Appendix A. For P N detector, 
the background spectrum extraction region is laying at similar distance from the 
readout node as the source region, as the instrumental noise rises with the distance 
(Smith et al., 2016). Finally we created the redistribution matrix using rmfgen task 
and the ancillary file with arfgen task. To simplify the process of data reduction 
we wrote a bash script which can be found in Appendix B. 

For futher spectral analysis, we combined the MOS and P N spectra to sin­
gle EPIC combined spectrum using task epicspeccombine. The output is the 
combined source spectrum and background spectrum, together with redistribution 
matrix. The epicspeccombine command does not produce an ancillary file, as 
the informations about effective areas for each detector are saved in newly produced 
response file. The reduced data were further analysed using XSPEC 4 spectral fitting 
software version 12.10 (K. A. Arnaud, 1996). 

2.3 X-ray spectral analysis 

2.3.1 C-statistic 
We perform the fitting of the model to our data with assumption of Poisson distri­
bution, therefore using C-statistic. The Gaussian distribution ergo the^ 2 statistic 
is not recommended for our data, as there are limited numbers of counts per bin 

4https://heasarc.gsfc.nasa.gov/docs/xanadu/xspec/manual/manual.html 
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in our spectra. There are two operations performed by XSPEC requiring statistics: 
a parameter estimation for a given model that provides the best fit to the data and 
estimation of the uncertainties of the parameter. To find the parameter providing 
the best fit, the maximum likelihood is used. For Poisson distributed data the 
likelihood L, given by Cash (1979) is 

N 

L=Y\(tm{)s^-tmIS{\. (2.1) 
1=1 

The maximum likelihood-based statistics (C-statistic) C is 

N 

C = 2j^(tnii) - S{ ln(?m;) + ln(S ;!), (2.2) 
i=i 

where S; are the observed counts, t is the exposure time and m; are the predicted 
count rates based on the current model and instrumental response. The formula 2.2 
can be overwritten using Stirling's formula for the final term as 

N 
C = 2j^(tmi) -Si + Si (ln(Si) - ln^m;)). (2.3) 

i=i 
The uncertainties of the fitted parameter further in Chapter 3 are determined using 
command error estimating 90% confidence ranges for the non-fixed parameter 
with delta fit statistic of 2.706. 

2.3.2 Spectral model 
An X-ray spectrum of a star-forming galaxy dominated by HMXBs is expected to 
have a shape as a power law with possible additional thermal components due to a 
hot gas (Mineo et al., 2012). As the observed Green Pea galaxies are unresolved 
and relatively weak sources, we use a simple power law model for the spectral 
fitting of all our spectra. The power law model named zpowerlw in XSPEC, 

Mpl(E) = K[E(l + z)]~a (2.4) 

computes the redshifted spectrum, where redshift z is a fixed parameter, a is a 
dimensionless photon index of the power law and K is a normalization factor 
measured in photons per keV/cm 2/s at 1 keV. 

As the observed targets are extragalactic objects, we correct the intrinsic power 
law by an X-ray absorption by the interstellar medium (ISM) of our Galaxy. To 
do so, we use the Tubingen-Boulder ISM absorption model (Wilms et al., 2000) 
MTB(E), shown in expression 2.5, which calculates the cross section for X-ray 
absorption by the gas, gains and molecules in the ISM of our Galaxy. 
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MTB(E) = exp [-crlSM(E)NH] (2.5) 

In our case, we take into account only hydrogen abundances, using command nh in 
XSPEC to calculate average value of the equivalent hydrogen column, corresponding 
to sky coordinates where the source is located. Parameter Nu refers to the total 
hydrogen column density, therefore to hydrogen in molecular, neutral or ionized 
form. The parameter cr I S M is energy dependent photoionization cross section of the 
ISM and can be obtained as sum of the cross sections for X-ray absorption due to 
the gas-phase ISM, the grain-phase ISM, and the molecules in the ISM. 

Our power-law model multiplied by Tubingen-Boulder ISM model is called by 
command tbabs*zpowerlw and calculated by the following formula 

M(E) = K[E(l + z)Ya exp [-crlSM(E)NH]. (2.6) 



3 Results 

3.1 Reanalysis of archival X-ray observations of Green 
Peas 

A l l of three selected Green Peas were observed in spring 2013 by all three EPIC 
cameras operating in Full Frame mode with the thin filter during all of the obser­
vations. The XMM-Newton observational details are reported in Table 3.1, where 
the values of net exposures are after the subtraction of intervals affected by high 
background flares. 

Table 3.1: Details of archival XMM-Newton observations of Green Peas 

Observation Net exposure 
Source Observation ID Date time [ks] 

SDSSI074936.7+333716 (GP1) 0690470101 2013 Mar 25 35^9 
SDSSI082247.6+224144 (GP2) 0690470201 2013 Apr 6 31.5 
SDSSI133928.3+151642(GP3) 0690470401 2013 Ian 19 27.1 

The basic properties of observed Green Peas are in Table 3.2, where the values of 
SFR for each galaxy are based on Ha measurements from Cardamone et al. (2009), 
masses are taken from work by Brinchmann et al. (2004) and metallicities were 
provided by Svoboda et al. (2019). 

The X-ray images for all three sources are shown in Figures 3.1, 3.2 and 
3.3 respectively, in energy ranges 0.2-0.5 keV, 0.5-2.0 keV and 2.0-8.0 keV, 
respectively. These science exposure images are combined from all three detectors, 
EPIC MOS and PN, and are vignetting-corrected and background-subtracted. To 
generate them, we followed SAS threads "How to Generate Vignetting-Corrected 
Background-Subtracted Images"1. The detection of GP1 and GP2 can be clearly 
seen in the images, however GP3 remained undetected. 

'https://www.cosmos.esa.int/web/xmm-newton/sas-thread-images 
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Table 3.2: Properties of Green Peas 

Source R.A. Dec. Redshift SFR logM* log[0/H] + 12 
(2000) (2000) [ M p y r 1 ] [MQ]  

GP1 117.403215 33.621219 0.2733 5 0 9̂ 8 83 
GP2 125.698590 22.695578 0.2162 37.4 9.6 8.1 
GP3 204.867933 15.278369 0.1920 18.8 9.3 8.1 

8.04e-07 2.76e-06 4.71e-06 6.65e-06 8.60e-06 1.42e-06 6.22e-06 1.10e-05 1.58e-05 2.06e-05 -1.17e-07 4.74e-06 9.60e-06 1.44e-05 1.93e-05 

(a) 0.2 to 0.5 keV (b) 0.5 to 2.0 keV (c) 2.0 to 8.0 keV 

Figure 3.1: X-ray images of GP1 in three different energy bands. The EPIC 
combined images from all of the three detectors are vignetting-corrected and 
background-subtracted. In SAOIMAGE DS9 visualization software we used ZSCALE 
function to display the images. The solid circle denotes the extraction region of the 
X-ray source spectrum for GP1 with the radius 24 arcsec. The dashed circles are 
extraction regions for the background spectra for two M O S and one P N detector 
also with the radius of 24 arcsec. The intensity is denoted by the color, the width of 
each sub-figure is 4.53". The coordinates of extraction regions are in Appendix A. 
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Figure 3.2: X-ray images of GP2 in three different energy bands. The extraction 
region of the X-ray source spectrum denoted by the solid circle and background 
spectra for three detectors denoted by dashed circles have radius 30 arcsec. The 
width of each sub-figure is 5.45". 

Figure 3.3: X-ray images of undetected GP3 in three different energy bands with 
denoted 30 arcsec extraction regions. The width of each sub-figure is 5.45". 
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3.1.1 Spectral analysis 
For the spectral fitting, we used C-statisctic; our model is described in section 2.3.2. 
The spectral fit was performed in a wide energy range 0 .3 -10 keV. Parameter 
values are in the Table 3.3. The column density of hydrogen 7VH was obtained 
using nh command in XSPEC calculating the weighted value of Nu for determined 
coordinates. This parameter was fixed by freeze command. The value of the 
photon index of the power law a was taken from Svoboda et al. (2019) for all of 
the three galaxies and frozen as well. The redshift z was also taken from the work 
by Svoboda et al. (2019) and by default fixed, so we fitted only the last parameter, 
which is the normalization factor K. In order to load the spectra processed by 
SAS to XSPEC, we used specgroup tool 2 to specify the background spectrum 
and response matrix in the header of the source spectrum file. In specgroup 
we defined only the parameter withoversampling=yes with oversample=3 in 
order not to oversample the intrinsic energy resolution by a factor larger than 3. 

Table 3.3: Modelled spectrum of Green Peas 

Source Column density of H Photon Index Normalization factor 
[102 0 cm"2] [IP"6 phot./keV/cm2/s] 

GP1 4.73 3.2 2 -54!^{ 

GP2 4.27 2.0 2 .77 + °^ 

The values of obtained normalization factor are in case of GP1 and GP2 consistent 
within the statistical uncertainties with results provided by Svoboda et al. (2019). 
The corresponding unabsorbed X-ray flux and luminosity are in Table 3.4. The flux 
was obtained using command f l u x with specifying the energy range corrected by 
redshift by formula 

p _ ^emitted , ~ -.> 
^observed — ~Z • v- '•• ' • / 

1 + z 
The X-ray luminosity was obtained using command lumin specifying the observed 
energy range and redshift for correction. The statistical uncertainties of flux and 
luminosity correspond to variation of the normalization factor. A l l measurements 
of X-ray flux are expressed in unit of ergs per cm 2 per second and X-ray luminosity 
is expressed in ergs per second. One erg is equal to 10~7 Joules, therefore 1 erg/s = 
10~7 W, solar luminosity in ergs per second is 1L Q = 3.826 x 10 3 3 ergs/s. 

2https://xmm-tools.cosmos.esa.int/external/sas/current/doc/specgroup 

https://xmm-tools.cosmos.esa.int/external/sas/current/doc/specgroup
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Table 3.4: Measured X-ray flux and luminosity of Green Peas 

Source Net count rate X-ray Flux X-ray Luminosity 
[10"3cts/s] [ K T ^ e r g s c m - V 1 ] [1042erg/s] 

0.3 - 10 keV 0.5 - 8.0 keV 0.5 - 8.0 keV 

GP1 3.55 + 0.85 4.63!j;*> l-^-ofi 

GP2 5.48 + 0.81 8 - 3 1 _ i : 6 5 L 1 5 -a23 

The modelled spectra are shown in Figure 3.4. In order to plot the observed spectra 
we binned the data of both GP1 and GP2 with minimum signal to noise equal to 1. 



Figure 3.4: Modelled spectra of GP1 and GP2 
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Using the same methodology of the data preparation for GP3 as for GP1 and GP2 
data sets, we obtained following results. The value of the column density obtained 
by command nh for GP3 is Nu = 1-97 x 10 2 0 cm - 2 and the photon index taken 
from Svoboda et al. (2019) is a = 2.0. The obtained normalization factor and the 
corresponding X-ray flux and X-ray luminosity are 

K = (4.02!^) x 10"6 photons/keV/cm2/s, 

Fx =(l2.56! 2^ 2) x 10"1 5 erg/cm2/s, 

L x = (1.33!^) x l 0 4 2 erg/s. 

As the obtained X-ray luminosity for undetected GP3 galaxy is higher than the 
output for detected GP1 and GP2 galaxies, it seems not to be reasonable and rises 
suspicion. To obtain this result we used different method than authors of the work 
by Svoboda et al. (2019), who obtained only the upper limit of X-ray luminosity 
for GP3 fitting raw unbinned data. To be able to compare our output with their 
result of 1.3 x l O 4 1 erg/s we modified the grouping process in specgroup: We did 
not define the withoversampling option, so the output product is raw unbinned 
spectrum with allowed oversampling. From the spectral fitting of raw data we also 
could estimate only the upper limit of the normalization factor, while the lower 
limit was pegged to 0. The obtained upper limit of the normalization factor and the 
corresponding maximum measured X-ray flux and luminosity are 

K < 2.66 x 10"7photons/keV/cm2/s, 

Fx <8.33x 10 _ 1 6erg/cm 2/s, 

Lx < 8.83 x 10 4 0 erg/s. 

This value is lower than the result provided by Svoboda et al. (2019) and the 
difference might be explained by usage of different background extraction region. 
How can different background extraction region affect the results we discuss in 
section 4.2. Different grouping and binning procedures are described in section 3.2 
and the discussion of whether binning methods might lead to artificial detections is 
in the section 4.1. 
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3.2 Analysis of new observation of GP3 
The net exposure time of previous observation of GP3 turned out to be insufficient 
for the detection of the source due to the subtraction of intervals affected by high 
background flares. The upper limit of the 0.5 - 8.0 keV luminosity of the galaxy 
was set to 1.3xl0 4 1 erg/s by Svoboda et al. (2019). The new observation taken 
in January of 2019 should supply sufficient data to put tighter constrains on the 
upper limit of GP3s X-ray luminosity in case it is not detected. Table 3.5 shows 
observational details of the new observation. 

Table 3.5: Details of new XMM-Newton observation 

Source Observation ID Observation Date Net exposure time" Tksl 
GP3 0825100101 2019 Jan 12 49X) 

"For combined source spectrum from all three detectors. 

The data provided by more than 87 kiloseconds of observation were reduced the 
same way as we describe in section 2.2, except for the GTI specification. Due 
to elevated count rate of the background in the middle of the observation, we 
determined the low and steady background intervals manually for MOS cameras 
by defining regions of good exposure time. Figures 3.5 and 3.6 show the count rate 
curves for MOS detectors with noticeable peak in the middle of the observation, that 
would fall under the threshold of 0.35 counts per second if filtered automatically. 
The Figure 3.7 shows count rate curve for P N detector, more sensitive in high 
energies than MOS instruments. Here the peak is much higher than the threshold of 
0.4 counts per second, however, we modified the threshold to 0.5 counts per second 
so the low and steady background regions would fall under entirely. After the 
correction of the light curves from intervals affected by high background flares we 
obtained over 50 kiloseconds of useful exposure from MOS detectors and nearly 
40 kiloseconds of exposure from PN detector. 

The source spectra were extracted from circular extraction regions with radius 
of 30 arcsec. For each detector we extracted two background spectra using circular 
aperture with radius of 30 arcsec from source-free regions on the same chip of the 
detector, as the source is located. However, the galaxy was not recognized visually 
at any of the three produced images corresponding to the three EPIC detectors. 
Detection of GP3 was also refuted by edetect_chain task, a SAS tool performing 
source detection. In neither of all three EPIC produced scientific images the galaxy 
was detected. Redistribution and ancillary files were created using rmfgen and 
arfgen tasks. For further spectral analysis we combined the source spectra from 
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Figure 3.5: M O S l count rate curve for GP3 new observation. 

MOS2 Coun t Ra te Curve 

0.3 

0.7 

0 6 

0.0 , , , , , ^ 
5.8 6.0 6.2 6.4 6.6 

T ime[JD] +2.45849e6 

Figure 3.6: MOS2 count rate curve 
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Figure 3.7: PN count rate curve 

all detectors into single one spectrum with corresponding response files using 
epicspeccombine tool. We applied this method twice using both background 
spectra obtaining two data sets with different X-ray backgrounds. When applying 
the combining tool to response matrix and effective area file, the output is single 
response matrix, no ancillary file is generated for the merged spectrum. Similar 
approach was applied on the scientific images using SAS tool eimagecombine 
producing combined images for energy ranges 0.2 - 0.5 keV, 0.5 - 2.0 keV and 
2.0 - 8.0 keV, respectively. These images are shown in Figures 3.8 for background 
number 1 and 3.9 for background number 2. Visually the galaxy could not be 
recognised on these images, yet there is an indication of a source on the edge of 
the solid aperture circle. This fluctuation was not detected on any of the single 
images from the detectors. However, the center of the fluctuation is probably 
located between 15 and 30 arcsec from the GP3 coordinates, which corresponds 
to about 60 to 120 kpc at the GP3's redshift. As Green Peas are very compact 
galaxies with diameter usually not larger than 5 kpc (Cardamone et al., 2009), the 
fluctuation is more probably a source on a cosmic background and Green Pea 3 
remains undetected. 

The combined data of all three detectors produced by epicspeccombine 
task can be directly loaded to XSPEC for spectral analysis, where we focused on 
specifying the upper limit of the galaxy X-ray luminosity, as it was not detected on 
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Figure 3.8: X-ray images of GP3 new observation in three different energy bands. 
Solid circle denotes extraction region of the source spectrum and dashed circles 
denote extraction regions of background for all three detectors. The radius of all of 
the extraction regions is 30 arcsec and the width of each sub-figure is 5.45". 
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Figure 3.9: The same images as in Figure 3.8 but for different background extrac­
tion regions. These are denoted by dashed circles for each detector. 
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the images. We decided to fit the raw unbinned spectrum as well as binned one and 
compare the results. There are several tools available in SAS allowing grouping 
of channels in the spectrum along with preparing the data for analysis in XSPEC. 
Those tasks used in this work for binning our spectra are listed below. 

grppha The grppha3 is an interactive command driven task allowing the user 
to define or redefine the header of source spectrum file. Subsequent grppha 
commands allow grouping of channels in a spectrum. In our work we used 
this tool primarily to define the background spectrum and response matrix 
in header of the source spectrum in order to be able to load raw spectrum 
to X S P E C With objective of comparing different binning tools we also used 
grppha for binning of the source spectrum to minimum 1 count per each bin 
using command min counts 1 in the grppha environment. 

specgroup The SAS tool specgroup allows a flexible grouping of channels 
in a spectrum extending the functionality of grppha tool by providing 
more options of binning the spectrum. In this work we use specgroup 
to bin the source spectrum to minimum 1 count per each bin not allowing 
oversampling by factor larger than 3. If the oversample parameter is not 
set, the output spectrum corresponds to output file created by grppha with 
the same minimum counts per bin. 

f tgrouppha This tool provides several ways to group the channels in a spectrum. 
In this work we used the following two group-types. 

bmin Bins the source spectrum so that there is minimum number of counts 
in each bin in the background spectrum. The groupscale parameter 
defines the minimum number of counts per bin; in this work we use the 
groupscale parameter equal to 1 count per bin. 

opt The binning is based on optimal binning scheme by Kaastra, J. S. et al. 
(2016). 

The spectral fitting was performed in energy range 0 .3-10 keV. The only fitted 
parameter was the normalization factor, the rest of the parameters of the model 
were fixed. The redshift of GP3 is in Table 3.2, the column density of hydrogen 
was obtained by command nh in XSPEC, its value is 7VH = 1-97 x 10 2 0 cm - 2 , and 
the value of the photon index of the power law taken from Svoboda et al. (2019) 
is a = 2.0. The result for fitted parameter with corresponding unabsorbed X-ray 
flux and X-ray luminosity measurements are in Table 3.6 for the background 1 
and in Table 3.7 for the background 2. The values of flux and luminosity are 

3https://heasarc.gsfc.nasa.gov/ftools/caldb/help/grppha.txt 

https://heasarc.gsfc.nasa.gov/ftools/caldb/help/grppha.txt
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calculated for the 0.5 - 8.0 keV band in the rest frame of the galaxy, derived from 
the observed flux in 0.42 - 6.71 keV band. The last columns in Tables 3.6 and 3.7 
show C-statistics fit goodness and number of degrees of freedom. 

From the Tables 3.6 and 3.7 it can be seen, that there is a significant difference 
between raw unbinned data and the binned ones. From modelling the unbinned 
spectrum grouped by grppha tool we could constrain only the upper limit of 
the normalization factor and therefore only the upper limit of observed X-ray 
luminosity. The results from modelling the binned spectra, where the oversampling 
acts also like a binning, predict X-ray luminosity to be as high as for detected 
source and are comparable with the X-ray luminosities obtained for GP1 and GP2 
galaxies. As the GP3 is not clearly detected in the images and since it is the nearest 
object from the three studied GPs, we rely more on the analysis of the raw data. 



Table 3.6: Results for modelling the spectrum of GP3 using background no. 1 

Grouping tool Net count rate Normalization factor X-ray Flux X-ray Luminosity C-statistic & 
[10"3cts/s] [10"6 phot./keV/cm2/s] [10"15 ergs cm" 2 s"1] [104 1 erg/s] " Degrees of 

0.3 - 1 0 keV 0.5 - 8.0 keV 0.5 - 8.0 keV freedom 

GRPPHA 
no binning 

SPECGROUP 
oversample=3 

no binning 

SPECGROUP 
oversample=3 
min cts/bin = 1 

GRPPHA 
group min=l 

FTGROUPPHA 
grouptype=bmin 

FTGROUPPHA 
grouptype=opt 

3.11+0.85 

3.21 + 0.84 

3.13 + 0.84 

3.15 + 0.85 

3.11+0.85 

3.19 + 0.81 

<0.14 

i iq+0.54 

1.22 + 0.53 

i A A+0.51 
1 -0.50 

1 0 1 + 0 5 5 

1 3 6 + a 5 4 

^ -0.53 

<0.43 

A +1.60 
^ • J i - 1 . 5 5 

3.14+1.70 

A 95+1.68 
^•^-1 . 6 7 

<0.46 

o go+1.78 
J - 7 -1.76 

4 0 6 + L 7 6 

^ • u u - 1 . 7 5 

4.78!1;S 

o 0 0 + I.8I 
-'•-'-'-1.80 

4 5 0 + L 7 8 

^ • J U - 1 . 7 6 

1146.29/1938 

258/190 

176/155 

557/565 

523/486 

60/56 



Table 3.7: Results for modelling the spectrum of GP3 using background no. 2 

Grouping tool Net count rate Normalization factor X-ray Flux X-ray Luminosity C-statistic & 
[10"3cts/s] [10-6phot./keV/cm2/s] [1(T15 ergs cm" 2 s"1] [1041 erg/s] Degrees of 

0 .3 -10keV 0.5-8 .0keV 0.5-8 .0keV freedom 

GRPPHA 
no binning 

SPECGROUP 
oversample=3 

no binning 

SPECGROUP 
oversample=3 
min cts/bin= 1 

GRPPHA 
group min=l 

FTGROUPPHA 
grouptype=bmin 

FTGROUPPHA 
grouptype=opt 

2.16 + 0.86 

2.12 ±0.85 

2.16 + 0.85 

2.24 ± 0.86 

2.16 + 0.86 

2.10 + 0.83 

< 0.11 

0.92 ± 0.53 

0.96 + 0.53 

1.15+0.55 

0 61 + 0 - 5 6 

u , u -0.57 

0 96 + 0 5 5 

u - 7 -0.54 

<0.34 

2.87 ± 1.67 

3.02+1.65 

3.62+1.72 

1 9 0 + 1 7 5 

1 , 7 -1.79 

3 0 0 + 1 7 1 

-'•""-1.70 

<0.36 

3 0 4 + L 7 7 

3.20+ 1.75 

3.94+ 1.82 

2.01 ± 1.90 

t 1 s+1 .81 

1186/1938 

171/190 

136/168 

751/799 

690/718 

62/69 



4 Discussion 

Our results from spectral analysis of data obtained for GP1 and GP2 are consistent 
with the results provided by Svoboda et al. (2019). For GP1 the measured unab-
sorbed X-ray Luminosity in this work (1.09+g3,2) X 10 4 2 erg/s is consistent within 
the statistical uncertainty with the value of (1.2 + 0.4) x 10 4 2 erg/s obtained by 
Svoboda et al. (2019). For GP2 our result (l.l5+°- 2 4) x 1 q 4 2 e r g / s i s also consistent 

to the value (l.2+g2) x 10 4 2 erg/s provided by Svoboda et al. (2019). Moreover, 
Svoboda et al. (2019) modelled raw data grouped by grppha tool with no binning, 
in this work a specgroup tool with oversample parameter set to 3 was applied. 
The consistency of the results obtained by using different tools thus increases the 
credibility of obtained values for X-ray luminosities, although it must be mentioned 
that GP1 and GP2 both were detected easily. The possible explanations of the 
X-ray excess are discussed in section 4.3.1. 

The analysis of archival observation of GP3 executed in this work provides 
slightly different results than those provided by Svoboda et al. (2019). In their work 
the authors obtained only the upper limit for X-ray luminosity of 1.3 x 104 1 erg/s 
for GP3 modelling raw unbinned data grouped by grppha tool. Using the same 
approach we obtained upper limit for X-ray luminosity of 8.83 x 10 4 0 ergs/s. This 
variance may have resulted from usage of different background spectra; the effect of 
different background we discuss in section 4.2. However, the results from analysis 
of binned data with oversample parameter equal to 3 differ significantly. For GP3 
we obtained X-ray luminosity corresponding to best fit for modelled spectrum of 
(1.33^29) x e r g s / s which is higher than X-ray luminosity obtained for easily 
detected galaxies GP1 and GP2. This result arouses suspicion about suitability of 
used method in process of obtaining the upper limit of luminosity for undetected 
source. This topic is discussed further in section 4.1. 

The results of data analysis from the new observation of GP3 shows difference 
between the outputs obtained by fitting the raw unbinned data and the binned one. 
Using two different background extraction regions we obtained similar upper limits 
of 4.6 x 10 4 0 erg/s and 3.6 x 10 4 0 erg/s from raw data spectral fitting. A l l the binning 
tools we used provide about an order higher result for the X-ray luminosity of GP3. 
Discussion about different methods of data preparation is in the section 4.1. 

35 
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4.1 Different binning approaches 
Our spectral analysis described in Chapter 3 shows that results provided by different 
binning approaches may vary significantly. Disagreement between diverse methods 
appears if we try to set the upper limit of X-ray luminosity for the third, undetected 
Green Pea 3 galaxy. The main difference is between the results from spectral fitting 
of raw and binned data. 

The results originating from different methodology are inconsistent. There is 
a significant difference between the upper limits obtained from raw data and the 
results of the binning methods that behave as if there was a source detection. The 
binning tools provide results more than an order higher as compared to the unbinned 
data spectral analysis. Also the comparison of the obtained X-ray luminosity for 
undetected GP3 with X-ray luminosities obtained for detected GP1 and GP2 
galaxies, using specgroup tool with oversample=3 arouses suspicion. Using 
this tool, for GP3 we obtained value of X-ray luminosity higher than for two 
detected galaxies, but since the GP3 was not detected in the scientific images, this 
result seems not to be reasonable. 

This shows, that the upper limit for undetected source may be very sensitive 
to the methodology of binning. As all of the binning tools seem to be fitting a 
spectrum of a detected source and provide much higher outputs, this methodology 
may also lead to an artificial detection. There is only a little difference between 
the individual binning tools, as the result they provide are corresponding with 
themselves. However, there is opinion, held by our consultant Peter Boorman, that 
C-statistic works flawless if there are no zero bins in the background spectrum. This 
is achieved by applying the f tgrouppha groupstyle=bmin binning tool to the 
data. From Tables 3.6 and 3.7 can be seen, that this specific binning tool provides 
results lower than other binning tools for both extracted backgrounds. However 
in case of background number 1 the luminosity uncertainty does not include the 
value of upper limit obtained from raw data. In case of background number 2 the 
upper limit is included in the luminosity uncertainty of this particular binning tool, 
but the results still predict a source detection. The reason, why different methods 
of data preparation provide such variant results is an objective of our future work. 

4.2 Dependence on the background extraction region 
For new Green Pea 3 observation, we decided to provide results for several different 
backgrounds to see, how much is the output of spectral fitting affected by them. In 
both cases of the new GP3 observation we selected background extraction regions 
with radius of 30" in a source-free circular area not far from the source extraction 
region. For MOS detectors, we managed to select two distinct regions without an 
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overlap. In principle, the background extraction region for PN detector should be 
located in similar distance from the readout node as the source extraction region 
(Smith et al., 2016), however as the chip has shape of a narrow strip with the 
shorter edge being adjacent with the readout node, our extraction regions partially 
overlap. From Tables 3.6 and 3.7 it can be seen, that the values are corresponding 
within the statistical uncertainties and for the upper limits the difference is small. 
We can conclude, that the results of spectral analysis are in the case of different 
background usage with the same radius congruent if their intensity is similar. 

In addition, to be able to directly compare our results for X-ray luminosity of 
GP3 galaxy from the archival observation with the result provided in the work by 
Svoboda et al. (2019), we used the same background extraction region together 
with the same method of preparing the data for spectra fitting. Their background 
extraction regions have bigger radius, specifically 120 arcsec for MOS detectors 
and 60 arcsec for P N detector (for more details see Table 3 in Appendix A). 
Using the same background coordinates and radii and fitting raw unbinned data 
grouped by grppha tool we obtained the following values of the upper limits for 
the normalization factor and corresponding X-ray flux and luminosity 

K < 8.80 x 10"7 photons/keV/cm2/s, 

Fx < 2.75 x 10 - 1 5 erg/cm2/s, 

L x < 2.92 x 104 1 erg/s. 

Even if the value of X-ray luminosity is higher than 1.3 x 104 1 erg/s as in the work 
of Svoboda et al. (2019), there can be also seen the increase of the luminosity 
comparing to our previous result 8.83 x 10 4 0 erg/s using low-intensity but smaller 
background region. Using specgroup tool with oversmaple=3 we obtained very 
similar results 

K < 1.16 x 10 - 6 photons/keV/cm2/s, 

Fx < 3.63 x 10"1 5 erg/cm2/s, 

Lx < 3.85 x 104 1 erg/s. 

From these results it can be seen, that larger background regions are much more 
robust and the differences between the outputs from raw and binned data are 
significantly reduced. However, deeper analysis of different binning methods and 
different background extraction regions and their dependency on the upper limits 
of undetected source is an objective of our future work. 
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4.3 Difference between studied Green Pea galaxies 
Figure 1.3 shows the studied Green Peas in metallicity-dependent L X - S F R plane 
by Brorby; Kaaret; Prestwich; Mirabel (2016). The position of Green Peas results 
from analysis in the work by Svoboda et al. (2019), who discovered the X-ray 
excess in galaxies GP1 and GP2. Despite similar physical properties of the three 
studied Green Pea galaxies, taking into account that both GP2 and GP3 are in 
the Figure 1.2 located almost in the same position, in terms of absolute numbers 
there is big difference in their X-ray emission. The first two galaxies show an 
enhanced X-ray emission, however, the third galaxy remained undetected. Our 
analysis revealed, that the third Green Pea galaxy was undetected not due to the 
shrank net exposure time caused by subtraction of the intervals affected by the 
high background flares, but due to its physical nature. Here we provide a several 
possible explanations of the enhanced X-ray emission in two detected galaxies. 

4.3.1 Origin of enhanced X-ray emission in GP1 and GP2 

Low mass X-Ray binaries 

The X-ray emission of star-forming galaxies is proportional to number of relatively 
short-lived HMXBs, hence it is proportional to the SFR as follows 

£o.5-8.0kev[erg s"1] * 4 x 10 3 9 SFR [ M 0 yr" 1]. (4.1) 

On the other hand, contribution of older L M X B populations is proportional to the 
stellar mass as 

^LMXB,0.5-8.0kev[ergS _ 1] * 10 3 9 x X ^ * M , (4.2) 

obtained by Gilfanov; Merloni (2014). Therefore if the SFR of a galaxy is higher 
than 1 A / Q y r _ 1 (Gilfanov; Grimm, et al., 2004), the contribution of L M X B s 
to total X-ray emission is not significant. As our sample of Green Peas has 
SFR > 10 M©yr _ 1 , the contribution of L M X B s is truly insignificant. 

Ultra-luminous and Hyper-luminous X-ray sources 

The origin of unexplained X-ray emission could be attributed to so-called ultra-
luminous X-ray sources (ULXs), a point-like sources and non-nuclear objects 
found in external galaxies with X-ray luminosities of 10 3 9 < Lx < 10 4 1 erg/s 
(Bachetti et al., 2014). The majority of U L X s are probably an X-ray binaries 
hosting stellar-mass compact object with accretion near or above the Eddington 
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limit (Kaaret et al., 2017). However, a presence of at least 10 such objects would 
be required to explain an excess of almost 10 4 2 erg/s, measured from GP1 and GP2. 

Additionally, there are non-nuclear X-ray sources even brighter than U L X s , 
with luminosities Lx > 104 1 erg/s named hyper-luminous X-ray sources (Barrows 
et al., 2019, HLXs) . The origin of such luminous X-ray emission from these 
objects could be explained by accretion onto more massive black holes. Therefore 
HLXs are candidates for so-called intermediate black holes (IMBH) with masses 
about 102 < MQ < 105 and may prove the existence of these objects (Kaaret 
et al., 2017; Barrows et al., 2019). Such powerful X-ray sources might explain 
the measured excess in GP1 and GP2, but we can only speculate about individual 
X-ray sources characteristics in our sample of studied galaxies due to lack of spatial 
resolution. 

Possible AGN contribution 

Another explanation of enhanced X-ray emission would be the presence of an AGN. 
In the Lx-SFR-metallicity plane (see Figure 1.3) based on study by Brorby; Kaaret; 
Prestwich; Mirabel (2010 the GP1 and GP2 galaxies are located in a region, where 
an AGNs could be expected. Even thought our Green Peas are in the BTP diagram 
(see Figure 1.2) located in a pure star-forming region, especially GP2 lies near 
the line separating starbursts from AGNs. This may raise the questions about a 
possible A G N contribution, but to prove or contradict this theory a multi-spectral 
observations in infrared and radio bands would be required. 



Summary 

In this work we analysed the archival observations of the three Green Peas galaxies 
observed by the space X-ray observatory XMM-Newton and also a new observation 
of previously undetected third Green Pea galaxy. Our results showed increased 
X-ray emission from two detected GP galaxies and confirmed the results provided 
by Svoboda etal. (2019). 

From our analysis of the new observation of GP3 galaxy we found out, that the 
galaxy was not detected not due to the insufficient observational time, but due to 
its physical nature. We also learned, that the upper limit of its X-ray luminosity 
is sensitive to the methodology of preparation of the data for the spectral fitting 
and the binning methods might lead to artificial detection. The choice of the 
background extraction region, especially its radius, is also a factor on which the 
final results are dependent. Nevertheless we specified the upper limit of GP3's 
X-ray luminosity and found out, that it is more than an order lower than the X-ray 
luminosities of the two detected GP galaxies. 

The difference between these three objects could be explained by the presence 
of so-called hyper-luminous X-ray sources, which are candidates for unconfirmed 
intermediate black holes or multiple ultra-luminous X-ray sources, probably an 
X-ray binaries with accretion near or above the Eddington limit in the first two 
galaxies. Another explanation would be an accretion of matter onto a central black 
hole in Green Pea 1 and Green Pea 2 galaxies, which does not occur in the third 
studied Green Pea galaxy. 
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Appendix 

A Details of the extraction regions 
The source and extraction regions used in this work during the data reduction are 
shown in the Table 1 for 2019 observation of all three Green Peas and in Table 2 
for 2019 observation of GP3. Additional background regions discussed in section 
4.2 are in Table 3. 

Table 1: Extraction regions for 2013 observation 

Source Detector Source 
extraction region 

Background 
extraction region 

GP1 MOS1 117° 24'11.574",+33° 37'16.388" 117° 25'02.000",+33° 36'40.213" 

MOS2 " 117° 25'07.430",+33° 36'43.830" 

PN " 117° 25'17.261",+33° 37'01.876" 

GP2 MOS1 125° 41'54.924",+22° 41'44.081" 125° 42'48.164",+22° 41'13.941" 

MOS2 " 125° 40' 59.466", +22° 41' 34.772" 

PN " 125° 40'50.218",+22° 41'59.578" 

GP3 MOS1 204° 52'4.558",+15° 16'42.128" 204° 48'23.828",+15° 17'43.605" 

MOS2 " 204° 52'51.506",+15° 19'42.888" 

PN " 204° 54'04.938",+15° 16'23.096" 
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Table 2: Extraction regions for GP3 2019 observation 

Detector Source Background 
extraction region extraction region  

MOS1 204° 52'04.558",+15° 16' 42.128" 204° 53'39.803",+15° 16'04.359" 

204° 51' 03.759", +15° 15' 14.428" 

MOS2 204° 52'04.558",+15° 16'42.128" 204° 54'02.328",+15° 14'31.878" 

204° 53' 31.939", +15° 15' 30.558" 

PN 204° 52'04.558",+15° 16'42.128" 204° 53' 14.721",+15° 16' 15.483" 

204° 53' 06.688", +15° 16'44.070" 

Table 3: Additional background extraction regions 

Source and 
observation year 

Detector Background 
extraction region 

Radius 
arcsec 

GP3 2013 MOS 204° 53'41.910",+15° 14' 29.700" 120 

PN 204° 53' 41.910", +15° 16' 48.430" 60 

GP3 2019 MOS1 204° 53'59.198",+15° 13'52.042" 80 

MOS2 204° 53'33.402",+15° 14' 32.655" 80 

PN 204° 53' 14.787",+15° 17' 34.854" 50 
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B Bash skript for data analysis 
There is an example of bash skript used for the data analysis. The following skript 
is written for data reduction of data originating from MOS1 detector for GP1 
archival observation. 

evselect table=2434_0690470101_EM0Sl_S001_ImagingEvts.ds 
withrateset=Y rateset=MOSlrates.ds maketimecolumn=Y 
timebinsize=100 makeratecolumn=Y 
expression^#XMMEA_EM && (PI>10000) && (PATTERN==0)1 

tabgtigen table=MOSlrates.ds expression'RATE<=0. 35 1 

gtiset=MOSlgti.ds 
evselect table=2434J9690470101_EM0Sl_S001_ImagingEvts.ds 

withfilteredset=Y filteredset=MOSlclean.ds destruct=Y 
keepfilteroutput=T expression='#XMMEA_EM && 
gti(MOSlgti.ds,TIME) && (PI>150)' 

evselect table=MOSlclean.ds imagebinriing=binSize 
imageset=MOSlimage.ds withimageset=yes xcolumn=X 
ycolumn=Y ximagebinsize=80 yimagebinsize=8Q 

evselect table=MOSlclean.ds withspectrumset=yes 
spectrumset=MOSlsource_spectrum.ds energycolumn=PI 
spectralbinsize=5 withspecranges=yes specchannelmin=Q 
specchannelmax=11999 expression='#XMMEA_EM && 
(PATTERN<=12) && ((X,Y) IN circle(26555.13,27912.801,480))' 

evselect table=MOSlclean.ds withspectrumset=yes 
spectrumset=MOSlbg_spectrum.ds energycolumn=PI 
spectralbinsize=5 withspecranges=yes specchannelmin=0 
specchannelmax=11999 expression='#XMMEA_EM && 
(PATTERN<=12) && ((X,Y) IN circle(25715.301,27189.256,480))' 

backscale spectrumset=MOSlsource_spectrum.ds 
badpixlocation=MOSlclean.ds 

backscale spectrumset=MOSlbg_spectrum.ds 
badpixlocation=MOSlclean.ds 

rmfgen spectrumset=MOSlsource_spectrum.ds rmfset=M0Sl.rmf 
arfgen spectrumset=MOSlsource_spectrum.ds arfset=M0Sl.arf 

withrmfset=yes rmfset=M0Sl.rmf 
badpixlocation=MOSlclean.ds detmaptype=psf 


