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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 



CHAPTER 1. STAR-FORMING GALAXIES 5 

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) 



CHAPTER 1. STAR-FORMING GALAXIES 6 

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 


