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Studijńı program: Astronomie a astrofyzika
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Abstrakt: Tato diplomová práce se zabývá hvězdotvornými trpaslič́ımi galax-
iemi se zvýšenou rentgenovou luminositou na základě odhad̊u vyplývaj́ıćıch z
hvězdotvorby. Byl vytvořen vzorek trpaslič́ıch galaxíı, které byly pozorované
teleskopem SDSS v optickém světle a zároveň i observatoř́ı ESA XMM-Newton v
rentgenovém oboru. Porovnali jsme r̊uzné metody pro predikci rentgenové lumi-
nosity z hvězdotvorby a porovnali ji s pozorovanými hodnotami. Zkoumali jsme,
zda přebytek rentgenového zářeńı souviśı s nějakými fyzikálńımi vlastnostmi stu-
dovaných galaxíı, jako je hvězdná populace, metalicita nebo specifická rychlost
tvorby hvězd, nebo jestli může být připsán aktivńımu galaktickému jádru. Zpra-
covali jsme také prvńı rentgenová pozorováńı 7 galaxíı Blueberry, což jsou analogy
galaxíı s vysokým rudým posuvem. Zjistili jsme, že jejich rentgenová luminosita
je nižš́ı, než se očekávalo, pouze 1 zdroj má přebytek rentgenového zářeńı, 1 zdroj
byl detekován a u zbytku bylo možné pouze určit horńı limity meřeńı. Disku-
tujeme možné zdroje naměřeného přebytku rentgenového zářeńı ve vzorku tr-
paslič́ıch galaxíı, stejně jako d̊usledky nedostatečné luminosity galaxíı Blueberry,
zejména pro raný vesmı́r.
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1. Introduction

1.1 Star forming dwarf galaxies

In the early universe z ≲ 6, the highly star-forming dwarf galaxies (SFDGs) were
both the first galaxies to form and the most typical galaxy type (see the review
by e.g., Zaroubi, 2013; Orlitová, 2020). In the cosmic reionisation period, the
light from these primordial stars and galaxies is thought to have been the main
cause of the reionisation of the intergalactic medium. The exact sources of the
ionising radiation in these galaxies have been recently intensively debated, the
two main candidates being the purely star-forming galaxies (see the review by
e.g., Robertson et al., 2010, and quasars (see Section 1.3). The question of the
main source of the ionisation radiation is vital for the understanding of the galaxy
formation and evolution, and remains open.

As the rising star-formation in galaxies seems to have played a role in the
ionising of even the densest regions during the cosmic reionisation (Loeb, 2006),
the distant metal-poor star-forming dwarf galaxies are especially of interest. With
the use of the new James Webb Space Telescope (JWST)1, direct studies of these
high redshift galaxies (namely the Epoch of Reionisation galaxies, z ∼ 7 − 8.5)
became possible (see the recent studies by Schaerer et al. (2022) and Rhoads et al.
(2023)). However, more detailed studies, e.g., regarding the galaxy properties,
have to be done on local analogues of the distant galaxies. Namely, the Green
Pea galaxies see Section 1.1.3) seem to be very good local analogues (Schaerer
et al., 2022; Rhoads et al., 2023).

The study of these high redshift primordial galaxies is challenging due to ob-
servational limitations, thus local analogues are being researched instead. Dwarf
galaxies are common in the local universe, although not as common as in the
early universe, and most of the dwarfs undergo quiescent star-formation (Brinch-
mann et al., 2004; Lee et al., 2009), in contrast with the starbursts of the first
galaxies (the rate at which new stars emerge increases with redshift; Cram et al.,
1998). Hence, the study of local analogues has some limitations, including the
high gas content of the distant dwarfs galaxies compared to the local galaxies
(Schneider, 2015). Nonetheless, the local dwarf galaxies are similar to the high

1https://webb.nasa.gov
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redshift ones in terms of compactness and having mostly sub-solar metallicities
(12 + log(O/H) < 8.69; Allende Prieto et al. 2001).

1.1.1 Star-formation

The space between the stars is filled with the interstellar medium (ISM) and it is
where new stars emerge from. The gaseous ISM contains the molecular clouds,
which the large clouds of gas and dust, where the star-formation predominantly
occurs (Ward-Thompson and Whitworth, 2011), the largest of which are known as
the giant molecular clouds (GMCs). The process of star-formation is essentially
the collapse of these clouds under their own gravity.

The dense clouds are cold (T ∼ 10 K) and largely composed of molecular gas
hydrogen H2, helium He, and small amounts of atomic HI and other elements.
The gas clouds move and collide in the ISM, the resulting collisions are extremely
dissipative and inelastic, and since the free path between collisions is very short,
the energy of the clouds is radiated away as thermal energy (see e.g., Ward-
Thompson and Whitworth, 2011). With the collapse of a molecular cloud a star
cluster emerges, and although they can also collide with other star clusters, the
collisions are non-dissipative and elastic, i.e. the chance of a star colliding with
another and dissipating is close to zero. The collapse is traditionally studied as
the equilibrium of gravity, which drives the collapse, and thermal pressure, which
causes the cloud to disperse. Observational studies have shown, that magnetic
and rotational effects have to be considered as well (see e.g., Schulz, 2005; Ward-
Thompson and Whitworth, 2011).

star-formation is vital for the study of galaxies, as the different stages in
galaxy evolution can have different star-formation activity. The youngest galax-
ies usually undergo a period of intensive star-formation, i.e. a starburst, and
as the system become older the quiescent periods occur. The star-formation is
commonly described by the star-formation rate (SFR), i.e. the rate at which new
stars arise, and is usually given in solar masses per year (M⊙ yr−1). Since for a
lower mass galaxy a given star-formation rate is more influential than for a more
massive one, the specific star-formation rate (sSFR), which is the star-formation
rate per unit mass (sSFR = SFR/M∗), was constructed and is readily used (e.g.,
Guzmán et al., 1997; Brinchmann and Ellis, 2000; Basu-Zych et al., 2013a). In
the massive galaxies, a large SFR can arise purely from the large number of gas
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clouds. The sSFR is proportional to ratio of the current star-formation to the
averaged over the past (Kennicutt, 1998) and the inverse corresponds to the time
it would take the galaxy to form for the constant and current SFR (Schneider,
2015).

1.1.2 Metallicity

Metals are present ubiquitously in all galaxies, they are synthesised in stars and
as the stars come to their final stages, they shed their outer gaseous envelopes and
in turn enrich the interstellar and in some cases the intergalactic medium. The
latter occurs when the most massive stars explode as supernovae. In astrophysics,
the fraction of elements heavier than hydrogen or helium is commonly called
metallicity, which characterises the abundance of heavy elements in a given star
or galaxy.

Metallicity is crucial for understanding the physical properties of galaxies and
galaxy evolution, since its presence in the hot gas around galaxies determines
the ability of the gas to cool and hence the star-formation can be enhanced or
subdued. Another proposed way the metals in galaxies can influence the galaxy
is through the galactic winds driven by stellar feedback (see a review by e.g.
Zhang, 2018), which heats the diffuse ISM gas and thus subdue star-formation
(e.g., Aguirre et al., 2001, 2008). The galactic outflows especially affect the diffuse
dwarf galaxies and thus there are observed trends of lower-mass low-metallicty
dwarf galaxies having a relatively high mass-to-light ratio, in comparison with
massive galaxies (Dekel and Silk, 1986).

The metallicity effects on primordial galaxies have to be considered, as the
early enrichment of metals is thought to be the main reason the Population III
stars transitioned to the Population II type and with that the star-formation
processes became less efficient (Loeb, 2006). The Population III stars were the
first metal-free stars that started to form at z ≤ 30 (see Carr et al., 1984).

Metal abundances in star-forming galaxies are estimated using the emission
lines. The usual metallicity indicator used for galaxies is the gas-phase oxygen
abundance 12 + log(O/H), as in the ISM the oxygen has very strong optical
lines and is the most abundant. The term metallicity is used as identical to the
gas-phase oxygen abundance hereafter.
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Both the luminosity-metallicity and mass-metallicity have been extensively
studied (see e.g. Lequeux et al., 1979; Tremonti et al., 2004). The relation
between mass and metallicity was examined for star-forming galaxies for the
stellar masses M∗ determined by the method by Kauffmann et al. (2003c), which
is appropriate since it uses spectral stellar age indicators and fraction of new
stars from starbursts. The relation determined by Tremonti et al. (2004) is in
agreement with other studies probing the mass-metallicity relationship (see e.g.
Baldry et al., 2008; Davé et al., 2017) and is as follows

12 + log(O/H) = −1.492 + 1.847(logM∗)

= −0.08026(logM∗)2,
(1.1)

and it works in the stellar mass range of 8.5 < logM∗ < 11.5.

1.1.3 Green Peas and Blueberries

Green Peas

Surprisingly bright X-ray sources have been recently found in compact highly
star-forming galaxies called ’Green Peas’ by Svoboda et al. (2019). Green peas
(GPs) were discovered through the Galaxy Zoo project (Cardamone et al., 2009)
and their name was coined after their characteristic bright green appearance in
the optical, originating from their bright [O III] λ5007 emission line, which is
shifted to green due to their redshift of z ∼ 0.2. The sample was extended to
a broader redshift range (z=0.122−−0.3600, Izotov et al., 2016) and they have
been found to leak the ionising flux (the Lyman continuum escape; Izotov et al.
2016, 2018).

Green Peas are fairly low-mass (∼109 M⊙) and highly star-forming (∼10 M⊙

yr−1) galaxies, their metallicities are in general sub-solar (12 + log(O/H) < 8.69;
Allende Prieto et al. 2001). They produce very strong Lyα emission lines (Jaskot
and Oey, 2014; Henry et al., 2015; Orlitová et al., 2018) and strong optical and
UV emission lines (see also Section 1.2.1). These properties make them excellent
analogues to the distant galaxies (Schaerer et al., 2016, 2022; Rhoads et al., 2023),
as they have significantly higher specific star-formation rates (sSFRs) than the
typical local galaxy populations. The recent studies by Schaerer et al. (2022);
Rhoads et al. (2023) have also found, that the Epoch of Reionisation galaxies
are strong line emitters with metallicites in the range of log(O/H) +12 ∼ 6.9-8,
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meaning the distant galaxies could have both extremely low metal content or
seemingly standard, when compared to the local dwarf galaxy group.

Svoboda et al. (2019) observed three Green Pea galaxies, with the use of the
XMM-Newton satellite and found two of them to have enhanced X-ray emission.
They concluded that due to the high X-ray luminosities (∼ 1042) it is not probable
that the enhanced luminosity emerges from a higher number of high mass X-
ray binaries (∼ 3000 needed; see Section 1.2.3) or ultra-luminous X-ray sources
(ULXs), and thus they could possibly to host an AGN.

Blueberries

The Blueberry galaxies (BBs) are the very local z ≲ 0.1 and more extreme ana-
logues of the Green Pea galaxies. They have been recently studied by Yang et al.
(2017) and McKinney et al. (2019); Jaskot et al. (2019). Both samples have been
selected from the Sloan Digital Sky Survey (SDSS)2 (see Section 2.1.2), Yang
et al. (2017) used the same photometric colour criteria as was used for the Green
Peas, only for more local redshifts (z ≲ 0.05), and named their selection ’Blue-
berries’, since their bright [O III] λ5007 emission line is shifted to blue/purple
colour. McKinney et al. (2019) and Jaskot et al. (2019) focused on the sources
with the highest ionisation, i.e. the highest [O III]/[O II] optical line ratios, which
mean higher Hα equivalent widths and high Lyα production.

Blueberries are star-forming galaxies with no AGN signatures present in their
optical and UV observations (see Section 1.3.1 for the optical/UV diagnostics).
Their star-formation rates (SFR ∼ 0.11 − 7.0 M⊙ yr−1) are a bit lower than for
the GPs (∼ 10 M⊙ yr−1; see above), nevertheless since their stellar masses and
metallicites are on the low end of the spectrum (M∗ ∼ 106.6 − 108.6 M⊙ and log
[O/H] + 12 ∼ 7.2 − 8.1), their specific SFRs are higher (log(sSFR) ∼ −7.5 to
−8).

2Details at:https://www.sdss.org
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1.2 Spectral properties of star-forming galaxies

1.2.1 Optical/UV emission

The star-formation activity is mapped by the optical and UV emission, and as
SFR indicators in this range mostly probe the direct stellar light, they are espe-
cially useful for the high redshift dust-poor galaxies (see e.g. Wilkins et al., 2011;
Walter et al., 2012). The detailed review of these methods can be found in e.g.
Kennicutt and Evans (2012) and Calzetti (2013)and references therein.

The youngest galaxy populations are dominated by the massive stars and most
of the radiation is produced in the far-ultraviolet (FUV) band. A significant
fraction is emitted at the Lyman continuum wavelengths (λ < 912 Å), which
ionises hydrogen atoms, and as a consequence the Lyman break appears in the
FUV spectra. The Lyman break is a sharp drop of the emission, which is the
result of the radiation being absorbed in the interstellar medium (ISM), and it is
frequently used to determine the galaxy redshift Orlitová (2020). Furthermore,
this radiation can potentially escape and ionise the IGM, thus it is one of the
processes that might be responsible for the cosmic reionisation. Both FUV and
UV can be excellent traces of the SFR of a galaxy, especially since these features
can be observed at high redshifts.

The UV absorption lines, which form in the ISM, can show if a particu-
lar galaxy has been undergoing its starburst phase, i.e. time of intensive star-
formation activity. The absorption lines are essential for studying stellar feedback,
enrichment of ISM and IGM, and galaxy evolution as they probe the galaxy out-
flows (Heckman et al., 2011; Chisholm et al., 2015), which are ubiquitous at high
redshifts (Shapley et al., 2003). The Lyman continuum escape, observed by e.g.
(Chisholm et al., 2017; Gazagnes et al., 2018), is traced by the enhanced flux in
the UV absorption lines (Savage and Sembach, 1991).

The Lyman-alpha (Lyα) line of hydrogen in UV, at λ = 1215.6 Å, is com-
monly produced in the ionised gas around massive stars or even AGNs, through
the recombination processes. The Lyα line is very sensitive to scattering on neu-
tral hydrogen atoms and thus the optical line is usually thick and not as easily
observed, nevertheless it stays detectable up to high redshifts (z ∼ 10) and it is
also usable for the intergalactic gas clouds Ouchi et al. (2009, 2010). It is mostly
present as a bright line in low-mass and low-metallicity starburst dwarf galaxies,
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and this thus can help us probe the epoch of reionisation (for details on the sig-
nificance of Lyα emitters on the epoch of reionisation see the review by Dijkstra,
2014).

The most widely used indicators of SFR remain the bright optical emission
lines, originating from the ionised interstellar gas in starburst galaxies. Specifi-
cally, the Hα luminosity, for which the relation to SFR was derived by Kennicutt
(1998) as

SFRK98 = 7.9 × 10−42 LHα, (1.2)

where the SFR is in M⊙ yr−1 and the Hα luminosity in erg s−1. This equation
was calibrated by Murphy et al. (2011) and is as follows

SFRM11 = 5.37 × 10−42 LHα, (1.3)

where the SFR is again in M⊙ yr−1 and LHα in erg s−1. In combination with
the forbidden lines, emerging from the hot ISM in starburst galaxies, allow for
classification of galaxies to purely star-forming and galaxies containing an active
galactic nucleus (for details see Section 1.3.1. In addition, the optical lines in low-
mass and low-luminosity star-forming galaxies can help examine the primordial
helium abundance Kunth and Östlin (2000).

1.2.2 Radio emission

Radio sources are present in most galaxies, including the compact dwarf galax-
ies, where star-formation processes are still ongoing (Dressel, 1988; Wrobel and
Heeschen, 1988). The radio emission of galaxies is reviewed by e.g., Condon
(1992) and references therein.

If a galaxy does not harbour extreme sources of radio emission, e.g. some
type of active galactic nuclei, the dominant radio emission mechanisms are ther-
mal, synchrotron or the free-free emission (bremsstrahlung) from HII regions.
At frequencies above 200 GHz the thermal radiation dominates, i.e. the dust
re-radiation of light from the stars governs the radio radiation. The free-free
emission, which can be related to the ionising photon rate emerging from the star-
formation activity, is most prominent between frequencies of 30-200 GHz. Below
∼ 30 GHz the synchrotron radiation, that originates from the ultra-relativistic
electrons (i.e. electrons with energies E > mec

2), dominates the radio spectra.
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The supernovae remnants from massive stars (M∗ > 8 M⊙), which ionise the
HII regions, are regarded to be the reason for the accelerated relativistic electrons,
which causes the synchrotron emission. The lifetimes of these massive stars are
typically short (tlifetime < 3 × 107 yr), and as the massive galaxies are the reason
for most of current radio emission, the radio observations probe the very recent
star-formation activity. Nevertheless, since the bremsstrahlung cannot be isolated
from the synchrotron radiation completely, another constraint has to be used to
properly model star-formation in galaxies.

The optically thin synchrotron emission at the frequency of 1.4 GHz is very
tightly correlated (the FIR-radio correlation) to the far infrared radiation (de
Jong et al., 1985; Helou et al., 1985), therefore the radio continuum emission can
be used as a tracer of star-formation on a wide range of redshifts. Despite the
exact mechanism of the (seemingly unrelated) physical processes of the FIR-radio
correlation not being clear (Yun et al., 2001), the correlation has been observed
and constrained empirically (see e.g. van der Kruit, 1971; Rickard and Harvey,
1984.

Taking the correlation into consideration, Yun et al. (2001) focused on the
study of FIR selected galaxies and the derivation of both the radio and FIR
luminosity functions. Their sample showed excellent linear correlation between
the radio and FIR luminosities (see their Figure 5), and hence they could derive
the SFR directly from the observed radio luminosity. The Yun et al. (2001)
relation can be assumed in inverse, and the expected 1.4 GHz radio emission
from star-formation processes is as follows

LYun,W
1.4 GHz = (5.9 ± 1.8)−1 × 1022 SFR, (1.4)

where the 1.4 GHz radio luminosity (L1.4 GHz) is in W Hz−1 and SFR in M⊙ yr−1.
This relation can be rewritten for the L1.4 GHz to be given in erg s−1 Hz−1 as

LYun01
1.4 GHz = 1.69 × 1028 SFR. (1.5)

Murphy et al. (2011) calibrated the star-formation diagnostics using the 33
GHz free-free emission. The calibration of the radio luminosity was again based
on the FIR–radio correlation and the updated relation is

LMurphy11
1.4 GHz = 1.57 × 1028 SFR, (1.6)
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where again L1.4 GHz is in erg s−1 Hz−1 and the SFR in M⊙ yr−1. The relation
agrees very well with the original Yun et al. (2001) relation, the calibration was
therefore minimal.

The FIR-radio correlation and in turn the relations describing how the 1.4
GHz radio luminosity traces the star-formation rate have been derived for mostly
massive star-forming galaxies. Filho et al. (2019) probed the low-mass, low-
luminosity, and low-metallicity regime of these correlations. Their relation can
be rewritten for L1.4 GHz given in erg s−1 Hz−1 as

LFilho19
1.4 GHz = 4.51 × 1028 SFR1.11, (1.7)

where the SFR is in M⊙ yr−1. The relation was adopted from their (Filho et al.,
2019) Table 1, and it is especially useful for studying the metal-poor dwarf galax-
ies.

1.2.3 X-ray emission

Star-forming dwarf galaxies, as their higher mass counterparts, emit X-ray ra-
diation predominantly from their X-ray binary populations (see e.g., Ott et al.,
2005; Lemons et al., 2015; Lehmer et al., 2019). X-ray binaries (XRBs) are binary
systems characterised as having a compact remnant, commonly a neutron star
or a stellar mass black hole. As the matter is falling from the donor star to the
compact object, an accretion disk is created. The matter is heated in accretion
disk and the X-rays are produced. The X-ray binaries are very luminous X-ray
sources and they have been one of the first X-ray sources to be observed outside
of the solar system. Based on the mass of the companion star, two types of X-ray
binaries are recognised - high mass X-ray binaries (HMXBs) and low-mass X-ray
binaries (LMXBs).

The high mass X-ray binaries consist of a companion star, which is usually
an O or B type star with M∗ > 3M⊙ (Fragos et al., 2013), and the compact
object, which captures the infalling stellar wind driven by radiation pressure
from the donor star. The potential energy of the stellar wind turns into the
X-ray radiation. In star-forming galaxies, the harder X-ray flux is primarily
provided by the HMXBs. As HMXBs are highly star-forming, very young and
short-lived systems (Fragos et al., 2013), their X-ray emission seems to scale with
their star-formation rate (Lehmer et al., 2010, 2016; Mineo et al., 2014).
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The low mass X-ray binaries tend to have much softer X-ray spectra than
HMXBs Tanaka, 1997, as they tend to form after the highest star-forming activity
passes and their higher mass counterparts disappear. They usually consist of the
donor star filling its Roche-Lobe and thus transferring material to an accretion
disk, which rotates around the compact object and in turn emits the X-rays. The
X-ray luminosity of LMXBs scales with the stellar mass of the galaxy (Lehmer
et al., 2010).

The total X-ray luminosity of galaxies is quantified as the combined contri-
bution from the high and low mass XRBs (Colbert et al., 2004). If the aforemen-
tioned specific star-formation rate (SFR/M∗) is used, galaxies where HMXBs
dominate have larger sSFRs and in contrast, galaxies with LMXB domination,
will have smaller sSFRs (see Lehmer et al., 2010, especially their Figure 5).

As the young star-forming galaxies are mostly HMXB dominated, the X-ray
luminosity can be used as a tracer of SFR (Ranalli et al., 2003; Mineo et al.,
2012a, 2014). Mineo et al. (2014) studied a sample of unresolved local sources
with high sSFRs and they have found an empirical relation between the SFR of
a galaxy and its X-ray luminosity (Mineo et al., 2014)

L0.5−8keV
HMXB = (4.0 ± 0.4) × 1039 SFR, (1.8)

where the X-ray luminosity LX is the in 0.5-8 keV band and given in units of
erg s−1, the SFR is in M⊙ yr−1.

As extensively discussed, the metal-poor star-forming galaxies were possibly
crucial for the cosmic reionisation (see e.g., Jeon et al., 2014; Knevitt et al.,
2014; Schaerer et al., 2022), hence it is critical to study them while considering
their metallicity and redshift. Basu-Zych et al. (2013a,b) focused their research
on two samples of Lyman-break analogues (LBAs), which are galaxies chosen
to have comparable high far-ultraviolet (FUV) fluxes as their higher redshift
companions, i.e. Lyman-break galaxies. The LBAs are extensively researched
(Basu-Zych et al., 2013b, 2016; Brorby et al., 2016) compact starburst galaxies
with sub-solar metallicities (12 + log(O/H) < 8.69, Allende Prieto et al. 2001). It
was discovered (Basu-Zych et al., 2013a,b) that the metallicity changes in high
mass X-ray binaries drive the redshift evolution of LX/SFR (see Figure 7 in
Basu-Zych et al., 2013b).

Similarly, both Douna et al. (2015) and Brorby et al. (2016) investigated the
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metallicity contributions to the X-ray luminosity in HMXBs. Douna et al. (2015)
used a sample with high sSFRs to ensure HMXB domination and concluded,
that in metal-poor galaxies (i.e. 12 + log(O/H) < 8) the high mass XRBs are
about ten times greater than in solar-metallicity galaxies. The LBAs studied by
Brorby et al. (2016) also showed the X-ray luminosity of star-forming galaxies
inversely correlating with the gas phase metallicity and they have constructed
the LX-SFR-metallicity plane as

log(LX) = log(SFR) + b log((O/H))/(O/H⊙)) + c, (1.9)

where LX is the X-ray luminosity in 0.5-8 keV band and b = −0.59 ± 0.13,
c = 39.49 ± 0.09, the SFR is given in M⊙ yr−1.

There have been numerous empirical (Fornasini et al., 2020; Lehmer et al.,
2021) and theoretical (Fragos et al., 2013) studies about the possible direct
contribution of metallicity to the LX-SFR plane. For lower metallicities (i.e.
12+log(O/H) < 8.2), the theoretical prediction of Fragos et al. (2013) agrees well
with the empirical relation by Lehmer et al. (2021), the LX/SFR-metallicity slope
is slightly steeper for the sample of Brorby et al. (2016), to which the Fornasini
et al. (2020) relation is a steeper counterpart. For higher metallicities the Fragos
et al. (2013) is an outlier among agreeing relations by Fornasini et al. (2020) and
Brorby et al. (2016).

Both the works by (Lehmer et al., 2010) and (Lehmer et al., 2016) take
the LMXB population and its dependence on stellar mass M∗ into account, the
(Lehmer et al., 2016) relation also considers the redshift evolution of the relation
as

L2−10 keV
XRB = α0(1 + z)γ M∗ + β0(1 + z)δ SFR, (1.10)

where log10(α0) = 29.04 ± 0.17, γ = 3.78 ± 0.82, log10(β0) = 39.38 ± 0.03 and
δ = 0.99 ± 0.26 for 0.5 − 2 keV and log10(α0) = 29.37 ± 0.15 , γ = 2.03 ± 0.60,
log10(β0) = 39.28 ± 0.03 and δ = 1.31 ± 0.13 for 2 − 10 keV.

The total X-ray emission from a star-forming galaxy is not composed only
of the emission from XRBs, but also from hot ionised gas, supernovae and their
potential remnants and possibly other sources of radiation, which the galaxy
may contain. Those include the stochastic and unexplained ultra-luminous X-ray
sources (ULXs) (see e.g., Kaaret et al., 2017), active galactic nuclei (AGNs), which
are driven by accretion onto supermassive black holes, and the highly pursued
intermediate-mass black holes (IMBHs).

13



Mineo et al. (2012b) considered the heating of the ionised gas by the galactic
winds (see review by Zhang, 2018), and found a signification contribution (≈
30%) to the 0.5-2 keV X-ray luminosity. The X-ray emission from hot ionised gas
also scales with star-formation rate as

L0.5−2 keV
gas ≈ (8.3 ± 0.1) × 1038 SFR. (1.11)

1.3 Active galactic nuclei in dwarf galaxies

Besides star-forming galaxies, the quasars are the second main candidate to have
helped reionise the universe during the Epoch of Reionisation (see e.g., Meiksin
and Madau, 1993; Barkana and Loeb, 2001). Quasi-stellar objects (QSOs), known
mainly as quasars (Chiu, 1964), are highly luminous objects, that have been
first discovered in the radio spectrum and identified as the cores of high redshift
galaxies by their Balmer hydrogen lines (Schmidt, 1963). Quasars are in the class
of active galactic nuclei (AGNs), specifically at the high end of the luminosity
spectrum. They are powered, as any other AGN, by the gas accretion onto
supermassive black holes (SMBHs) (see e.g., Hoyle and Fowler, 1963; Salpeter,
1964). They are very effective at ionisation of hydrogen, and thus the study of
AGNs is crucial in the context of the Epoch of Reionisation.

The exact contribution of AGNs to the reionisation depends largely on the
fraction of radiation, that escapes into the intergalactic medium (i.e. the UV
escape fraction; Zaroubi, 2013; Wise, 2019), and remains an open question. Mul-
tiple works have shown that the AGN contribution could be rather minor (Onoue
et al., 2017; Parsa et al., 2018), but there is a similar number of work stating
otherwise (Mitra et al., 2018; Grazian et al., 2018; Finkelstein et al., 2019). The
contribution of AGNs seems to be higher for galaxies at higher redshifts (z > 8;
Dayal et al., 2020).

There are numerous studies focusing on the possible AGN presence in local
analogues of the distant star-forming dwarf galaxies. Most relevant study being
the X-ray observations of three of the best local analogues, the Green Pea galaxies,
in two of which an enhanced X-ray luminosity points to possible AGN activity
(Svoboda et al., 2019). The very local star-forming dwarf galaxy sample has also
been shown to possibly host a significant number of AGNs, due to their enhanced
X-ray emission (Birchall et al., 2020). The possibility of dwarf galaxies hosting
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AGNs have also been studied by Baldassare et al. (2017) (see also Reines (2022)).
Another interesting probe for AGNs in dwarf galaxies is the presence of radio jets,
Mezcua et al. (2019) found a presence of powerful AGN jets, which can influence
galaxy star-formation process due to stellar feedback, in a sample of dwarf galaxies
stretching to z ∼ 3. If the galaxies hosting an AGN are indeed commonly found
in the primordial starburst dwarf galaxies, our view on the history of the cosmic
reionisation would have to change.

1.3.1 AGN diagnostics

It is sometimes challenging to find galaxies that host an AGN, since we focus on
separating the observed radiation from the ’standard’, i.e. the emission related to
stars, their formation and evolution (see Section 1.1). Specifically, we probe for
AGNs in galaxies, where unexpected emission occurs. Even unexpected emission
can still arise from star-forming and evolution processes (e.g. starbursts) and
thus the interpretation is not always straightforward.

Moreover, there are also observational limits on the identification of the object
powered by the accretion onto a supermassive black hole. Namely, an optically
thick torus, which is believed to be made of gas and dust, encompasses and thus
obscures the central black hole region (see the unified model in e.g. Antonucci,
1993; Urry and Padovani, 1995). The orientation of a given AGN therefore plays a
significant role in the observability and hence identification of the system. There
are two distinct types of AGNs, based on the presence of emission spectral lines
emerging from the broad line region and thus according to their orientation to-
wards the observer. Type 1 AGN are showing broad and narrow lines, therefore
they are oriented face-on and our view of the central and broad line region is
unobscured. Conversely, the type 2 AGN only show the presence of narrow lines,
hence they are oriented edge-on, the accretion disk and the broad line region are
then blocked.

To ensure, that a given candidate is certainly an AGN the multi-wavelength
analysis can be used. Moreover, as mentioned above, there is a great variety
in AGN sources and to identify and obtain information about all different types
of AGNs, i.e. to have complete AGN samples, various indicators are required.
Therefore, a few chosen AGN diagnostic tools, ranging from radio to X-rays, are
described below (see the AGN diagnostics review by Mushotzky, 2004 and the
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multi-wavelength studies by e.g. Hickox et al., 2009; LaMassa et al., 2010).

Optical lines

Optical emission lines are characteristic of star-forming galaxies (see Section 1.2.1)
and combined with the forbidden lines they are used in the nebular line diagnos-
tics, namely in the classification of the AGNs, star-forming galaxies and compos-
ites. The classification is possible due to the relative emission line strengths being
determined by the ionising spectrum and gas properties. The forbidden lines are
especially bright in starburst galaxies due to the ongoing star-formation, which
heats the ISM.

The widely used diagnostic is the so called Baldwin-Phillips-Terlevich diagram
(BPT diagram) by Baldwin, Phillips, and Terlevich (1981). The first forbidden
line used is the oxygen [O III] λ5007, sensitive to temperature and thus brightest
in the metal-poor and high-excitation regions (e.g. in AGNs), the next commonly
used line is the nitrogen [N II] λ6583 line, which is necessary to discern between
an AGN and low-metallicity starburst. In extreme starburst the situation might
not be as clear, as some highly star-forming galaxies could produce as strong
emission lines as those present in AGNs (Kewley et al., 2013; Orlitová, 2020), in
contrast there are also low-luminosity AGNs, in which the star-formation activity
overpowers the emission and hence the BPT cannot classify such galaxy properly
(Moran et al., 2002).

The original BPT diagram can be modified to use different forbidden lines.
Two commonly used AGN diagnostic diagrams were constructed by Veilleux and
Osterbrock (1987), where the [S II] λ6717,6731/Hα and [O I] λ6300/Hα are used
in lieu of [N II] λ6583 line. Below, the demarcation lines for the classifications are
presented (summarised in Kewley et al., 2006). The original BPT demarcation
line by Kewley et al. (2001) is considered a lower limit on AGNs, the galaxies
lying below this line are star-forming, but might also contain an AGN, the galaxies
above are certain AGNs. The Kauffmann et al. (2003a) demarcation line separates
the composite objects and the purely star-forming galaxies. The demarcation lines
of Kauffmann et al. (2003a) and Kewley et al. (2001) and are as follows

log([OIII]/Hβ) = 0.61/(log([NII]/Hα) − 0.05) + 1.30,

log([OIII]/Hβ) = 0.61/(log([NII]/Hα) − 0.47) + 1.19.
(1.12)

The demarcation lines between AGNs and star-forming galaxies for the [S II] and
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[O I] based diagrams by Veilleux and Osterbrock (1987) are described as

log([OIII]/Hβ) = 0.72/(log([SII]/Hα) − 0.32) + 1.30,

log([OIII]/Hβ) = 0.73/(log([OII]/Hα) + 0.59) + 1.33.
(1.13)

The different BPT diagrams (Baldwin, Phillips, and Terlevich, 1981; Veilleux and
Osterbrock, 1987) are shown on Figure 1.1.

Figure 1.1: Left: an example of the BPT diagram ([N II]/Hα versus [O III]/Hβ,
Baldwin, Phillips, and Terlevich, 1981), the dashed black curve is the demarcation
line by Kewley et al. (2001) and the solid red curve is the revised classification
line by Kauffmann et al. (2003a). Middle: an example of the [S II]/Hα versus [O
III]/Hβ diagram with demarcation line by Veilleux and Osterbrock (1987). Right:
an example of the [O I]/Hα versus [O III]/Hβ diagram with the demarcation line
by Veilleux and Osterbrock (1987). Figure adopted from Kewley et al. (2006).

Radio

Radio observations were the earliest method to identify AGNs, and since almost
all extremely radio luminous sources, the radio-loud sources, are AGNs, it is an
excellent technique to find them Mushotzky (2004). The radio luminosities of
AGNs range over orders of magnitudes, the lowest being the radio-quiet sources.
At lower radio luminosities the radio emission can be overpowered by the radiation
from the star-formation activity.

Nevertheless, the radio surveys are very useful to observe and identify possible
or certain AGNs, even if the number of radio-loud AGNs is only about 10% (White
et al., 2000). Specifically, the added information about the source morphology is
valuable, as an example the jet-like structures often mean that a given object is
indeed an AGN even if the luminosity is not high. The radio jets can help detect
an AGN without optical AGN features (see e.g. Mezcua et al., 2019).
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The vast majority (∼ 60%) of radio selected AGNs are not identified in the
optical, namely they do not show strong emission lines of any width that would
point to AGN activity (Sadler et al., 2002; Ivezić et al., 2002; Mushotzky, 2004).
As a result of the infrared and radio correlation for star-forming galaxies (see Sec-
tion 1.2.2), the AGNs candidates can be detected using the expected luminosities,
i.e. low FIR-radio ratio meaning an excess of radio to far infrared radiation (Yun
et al., 2001). It is important to note, that even galaxies with the star-forming
FIR-radio correlation can host AGNs, and conversely galaxies with low FIR-
radio ratio can be purely star-forming (Miller and Owen, 2001). Radio surveys
can therefore identify AGNs, that would not be detected otherwise, however a
high contamination from purely star-forming galaxies is possible.

Infrared

The infrared (IR) radiation mostly originates as the emission from the heated dust
grains in the the dusty environment surrounding the black hole core region. The
IR colours are used to detect possible AGN candidates, as it has been shown for
AGNs in general to have different equivalent widths of the IR lines, i.e. the 60 µm
/ 25 µm colours, in comparison to star-forming galaxies (de Grijp, Lub, and Miley,
1987). However, since observations of X-ray selected (Kuraszkiewicz et al., 2003)
and optically selected (Haas et al., 2003) AGNs in infrared show considerable
variations in the IR colours, the diagnostic can thus not be certain way to detect
an AGN and there is a possibility of a large number of falsely detected AGNs
(Mushotzky, 2004). As an example, the radio-loud Seyfert galaxies only have a
subtle difference of the IR colours to star-forming galaxies (Kuraszkiewicz et al.,
2003).

The mid-IR (3-10 µm) colour diagnostics are, however, used frequently to
detect possible AGN candidates. Especially, since objects with a given bolometric
luminosity have similar mid-IR luminosities, the other spectral properties can be
rather variable, namely the optical/UV, radio or X-ray luminosities (see Andreani
et al., 2003 for use in colour-colour diagrams). The most commonly used mid-IR
survey is the Wide-field Infrared Survey Explorer (WISE; Wright et al., 2010).
It has been demonstrated, that when the WISE colours are used, it is possible to
classify the sources as AGNs, star-forming galaxies or stars (Stern et al., 2012;
Assef et al., 2013), or even identify obscured AGNs (Mateos et al., 2013).
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The mid-IR can be subjected to contamination by emission from hot dust
(Buchanan et al., 2006), or possible torus emission anisotropy (Pier and Krolik,
1992,Buchanan et al., 2006). In contrast with the optical [O III] emission line, the
IR is less affected by dust obscuration, therefore another benefit is the possible
observation of AGNs obscured by large gas and dust regions. Namely the [O IV]
25.89µm line is used for AGN obscured by opaque torus (see e.g., Rigby et al.,
2009, and even for AGNs hidden in starburst activity.

X-ray

The X-rays in AGNs arise due to the Compton scattering of UV photons in the
energetic plasma, that is present around the accretion disk. The X-ray emission
that emerges from this process is harder and more luminous than X-ray radiation
from star-forming processes. Hence, the most widely approved X-ray diagnostic
is the X-ray luminosity threshold of ∼ 1042 erg s−1 (Mushotzky, 2004).

Numerous studies have shown, that this criteria cannot be the sole one, as
it can only identify very luminous AGNs, however the low-luminosity regime
of AGNs remains undetected by this criteria alone (see e.g., Fornasini et al.,
2018; Mezcua and Domı́nguez Sánchez, 2020; Yan et al., 2023). Furthermore, in
contrast to the X-ray luminous AGNs, which usually show broad optical emission
lines, the low-luminosity AGNs are usually not identified in the optical (Steffen
et al., 2003). Therefore, the possibility of a presence of weak AGNs has to be
taken into account, especially for starburst galaxies. As a prime example of a
well studied low-luminosity AGN is the Seyfert 2 galaxy NGC 4395 (Lin et al.,
2012; Malizia et al., 2012; Kammoun et al., 2019), which has been found to be an
AGN even if the X-ray luminosity does not reach the aforementioned threshold
(of ∼ 1042 erg s−1).

The X-ray excess relative to empirical relations for the X-ray emission from
star-forming galaxies can be used for AGN detections. Such relations (see Section
1.2.3) include the emission from HMXBs (Mineo et al., 2012a, 2014), with possible
metallicity effects included (Brorby et al., 2016), and with the LMXB populations
and redshift taken into account (Lehmer et al., 2010, 2016). The hot ionised gas
sometimes needs to be included in the relations (Mineo et al., 2012b). The X-ray
excess criterion has been constructed by e.g. Birchall et al. (2020) for the sample
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of local star-forming galaxies and is as follows

LX−obs

LXRB + Lgas
≥ 3, (1.14)

where the observed luminosity LX−obs has to be 3 times bigger than the predicted
luminosities, the LXRB from X-ray binaries and the Lgas from hot gas (see 1.2.3,
specifically the equations 1.10 and 1.11).
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2. Methods

In this Section, the instruments and surveys, that were utilised, are briefly de-
scribed (2.1). Next, the construction of the dwarf and Blueberry galaxy sample
is presented in detail (2.2 and 2.3), along with the X-ray data reduction for the
Blueberry galaxy sample (2.4.1.

2.1 Instruments and catalogues

2.1.1 XMM-Newton

Earth’s atmosphere absorbs most of X-ray radiation, therefore if studies of celes-
tial objects that emit X-rays are to be conducted, a telescope or detector operat-
ing in space is needed. The European Space Agency’s (ESA) X-ray Multi-Mirror
Mission1 (now called XMM-Newton) is an X-ray satellite, which has launched on
December 10th 1999 by an Ariane 504 from the Guiana Space Centre (also called
Europe’s Spaceport) in French Guiana, where the launch pad for Ariane 5 launch
vehicles is situated.

Since its launch, the XMM-Newton observatory has been exploring the X-
ray universe by three high-throughput X-ray telescopes with large collecting area
along with simultaneous observations in visible and ultraviolet light with its op-
tical monitor. The mission is providing key data to various astronomical topics
and as a result numerous discoveries have been made.

The XMM-Newton allows for simultaneous operation of six coaligned instru-
ments - three X-ray imaging detectors comprising the European Photon Imaging
Camera (EPIC), two X-ray Reflection Grating Spectrometres (RGS) and the Op-
tical Monitor (OM), which allows for observation in UV and visible spectrum. The
spacecraft2 (for schematic view see Figure 2.1) consits of four main components
as described by Jansen et al. (2001):

The Focal Plane Assembly, consisting of the Focal Plane Platform, the two
RGS readout cameras and the three EPIC imaging cameras. The RGS and
EPIC Charge Coupled Device (CCD) components are cooled by radiators via

1https://www.cosmos.esa.int/web/xmm-newton
2Details available from: https://www.cosmos.esa.int/web/xmm-newton/technical-details-

spacecraft
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Figure 2.1: Schematic view of the XMM-Newton spacecraft, the external struc-
tures not displayed for clarity4

cold fingers.

The 6.80 m long carbon fibre Telescope Tube composed of the lower and upper
tubes, in the latter the outgassing doors and baffle are located.

The Mirror Support Platform, where the three Mirror Assemblies, the Optical
Monitor and the two Star Trackers and the are located. Each Mirror assembly
(for schematic view see Figure 2.2) consists of Mirror Assembly Door, which
protects the X-ray optics, Entrance, Exit and X-ray Baffles, the latter blocking
X-ray stray-light outside of field view, Mirror Module containing the X-ray optics,
Electron Deflector, which prevents low energy electrons to be reflected on the
mirrors, and the Reflection Grating Assembly, which diverts about half of the
X-ray light to the RGS detectors (Jansen et al., 2001).

The Mirror Module is a telescope with a focal length of 7.5 metres, each
4Adapted from: https://www.cosmos.esa.int/web/xmm-newton/technical-details-spacecraft
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Figure 2.2: Schematic view of the XMM-Newton telescope assembly5

consists of 58 gold-coated nested mirror shells.

The Service Module, the fourth component, consists of the spacecraft subsys-
tems, two solar-array wings and the Telescope Sun Shield.

The EPIC instrument consists of three CCD cameras, one PN and two Metal
Oxide Semi-conductor CCD arrays (called MOS cameras, namely MOS1 and
MOS2)6. The PN camera is located in the focus of its telescope and uses pn
CCD chip. The MOS cameras are installed behind the telescopes with the RGS,
where half the X-ray light is deflected towards the RGS by the gratings, and
therefore only about 44% of the original incoming X-ray radiation reaches the
MOS cameras.

All of the EPIC CCDs operate in photon counting mode and the cameras are
very sensitive in the energy range of 0.15 to 15 keV with spectral resolution of
E/∆E ∼ 20-50 and angular resolution of 6 arcsec FWHM. The field of view of
EPIC instruments is 30 arcmin.

5Adapted from: https://www.cosmos.esa.int/web/xmm-newton/technical-details-mirrors
6Details available at: https://www.cosmos.esa.int/web/xmm-newton/technical-details-epic
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2.1.2 The SDSS survey and MPA-JHU

The Sloan Digital Sky Survey (SDSS)7 is a multi-spectral imaging and spectro-
scopic survey, and since its launch in 2000, it produced the largest and most
detailed view across over a third of the night sky, including 3D maps. The ob-
servations of millions of stars, galaxies and quasars are conducted by the Sloan
Foundation Telescope, which is a a 2.5-m f/5 modified Ritchey-Chrétien telescope
(for technical details see Gunn et al., 2006), situated at Apache Point Observa-
tory in south east New Mexico. Its goal is to advance our understanding of the
evolution and large-scale structures of the universe, which are both pivotal for
answering the fundamental questions about its origins.

The SDSS uses cooled imaging camera in its telescope, which is made from
30 CCDs arranged into five rows. Each of the five rows of CCD cameras re-
ceive light through a different optical filter (the ugriz filters), which allow for the
determination of the colour of an observed object.

The second element in the SDSS telescope is a spectrograph, a light dispersion
device, that measures the intensity of light emitted at different wavelengths. The
SDSS produces spectra measured from blue (3800 Å) to near infrared (9200Å),
and these can afterwards be used to analyse composition, distance and age of a
given object.

For the SDSS Data Release 7 and 8 (DR7 and DR8, Aihara et al., 2011)8, a
value added catalogue for galaxies, MPA-JHU9(Kauffmann et al., 2003a; Brinch-
mann and Ellis, 2000), was established. It is based on emission line analysis
and the name MPA-JHU was designed after the institutions where the particu-
lar techniques were developed (i.e., Max Planck Institute for Astrophysics and
the Johns Hopkins University). The MPA-JHU catalogue therefore contains not
only the raw data, but also the derived galaxy properties, such as stellar masses,
star-formation rates and metallicites.

In the MPA-JHU, the stellar mass (M∗) estimations were estimated using
Bayesian methodology not identical to but based on the work by Kauffmann
et al. (2003b). As the galaxy spectra are measured through a 3” aperture, and
therefore do not represent the whole galaxy, their model is based solely on the

7Details at:https://www.sdss.org
8https://www.sdss4.org/dr17/spectro/galaxy mpajhu/
9https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/
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ugriz galaxy photometry (and not e.g., Hδ). The models used were generated ac-
cording to Bruzual and Charlot (2003) and a Kroupa (2001) initial mass function
was assumed. The star-formation rates (SFRs) were computed mostly accord-
ing to the work by Brinchmann et al. (2004), for AGNs and galaxies with weak
emission lines, only photometry was used. The metallicites (or nebular oxygen
abundances) were obtained using the Bayesian methodology, which was outlined
in Tremonti et al. (2004) and Brinchmann et al. (2004). This quantity was es-
timated only for star-forming objects and used the emission lines of [O II] 3727,
Hβ, [O III] 5007, [N II] 6548, 6584 and [S II] 6717, 6731.

2.1.3 The VLA FIRST Survey

The Faint Images of the Radio Sky at Twenty-cm (FIRST)10 survey (Helfand
et al., 2015) was a project that provided astronomers with the radio data of over
10,000 square degrees of the North and South Galactic Caps, both of which have
been covered by the Sloan Digital Sky Survey (for more details see 2.1.2), the
overlap of the detected radio to the optical soucres is about 30%. The radio data
were measured in between years 1993 and 2011 by the NRAO Very Large Array
(VLA)11 at the frequency of 1.4 GHz.

The data measured by the VLA in its B-configuration were processed (edited,
self-calibrated, mapped and cleaned) by an automated mapping pipeline, and
which, using co-added images, produced image maps with 1.8” pixels, a typical
rms (local noise estimate at the source position) of 0.15 mJy and a resolution of
5.4” FWHM. The source detection threshold is at 1 mJy and about 40% of the
detected sources have resolved structures (2-30”).

The FIRST source catalogue12, which now includes about one miliion sources,
was generated from these image maps, and it includes the 1.4 GHz peak and
integrated flux densities, as well as source sizes, which are the result of two-
dimenional Gaussian fitting.

10Details at: http://sundog.stsci.edu/index.html
11Details at: http://www.vla.nrao.edu
12Available from: http://sundog.stsci.edu/first/catalogs/readme.html
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2.2 Dwarf galaxy sample selection

A sample of dwarf galaxies detected both in the SDSS and XMM-Newton was
recently created and studied by Birchall et al. (2020). They constructed their
sample by cross-matching the dwarf galaxies (i.e., galaxies with M∗ ≤ 3×109 M⊙)
from the MPA-JHU catalogue with the X-ray catalogue 3XMM-DR7 catalogue
by Rosen et al. (2016). After further filtering and investigation of these galaxies
(for details see Birchall et al., 2020), they have obtained the 86 dwarf galaxy
sample.

Using this sample, Birchall et al. (2020) considered the predictions for X-ray
luminosity from both X-ray binaries (see equation 1.10; Lehmer et al., 2016) and
the contribution from hot gas (studied by Mineo et al. 2012b, see equation 1.11),
and found that 76 of their galaxies show excess in X-ray luminosity. Next, to
isolate AGNs in their sample, they have used an AGN criterion relying on X-ray
excess, specifically the equation 1.14 (see Section 1.3.1), and obtained 61 AGN
candidates.

They have found that 85% of their AGN candidates is not detected by the
BPT diagnostic, suggesting that the optical selection methods might miss AGNs
in dwarf galaxies, since their star-formation activity overpowers, and thus hides,
the possible optical signatures of an AGN. They have investigated the AGN frac-
tion in regards to host galaxy mass and redshift, and found that the probability
of a galaxy to host an AGN increases with the stellar mass after an X-ray lumi-
nosity threshold of LX > 1039 erg s−1. However, they have not found evidence
of evolution in the AGN fraction for the dwarf galaxies, as was the case in the
work of Mezcua et al. (2018). Birchall et al. (2020) also considered the possible
contamination of ULXs. They concluded, that their sample does not contain a
significant number of ULXs contaminating the X-ray luminosities and that their
sample is more likely to contain a significant number of AGNs.

Birchall et al. (2020) have not included metallicity in their X-ray luminosity
calculations. The question of metallicity in the Birchall et al. (2020) AGN candi-
date sample was probed by Adamcová (2021), but they have found the metallicity
contribution to be rather a small correction to the LX-SFR relations. It is partly
because the Lehmer et al. (2016) relation used for the X-ray excess criterion
does indirectly depend on metallicity, through the mass-metallicity relation by
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Tremonti et al. (2004) (see Section 1.1.2). And in addition, the metallicities of
the Birchall et al. (2020) sample were fairly close to the solar value.

In this work, we focus on the study of the dwarf galaxies with an X-ray
luminosity excess, and we use different methods to probe, whether the X-ray
luminosities are standard or peculiar, i.e. enhanced. We use several methods to
estimate the predicted X-ray luminosities, which are then used as a comparison
for our sample to examine, whether there is an enhanced luminosity. Therefore,
we then study a possible relation of the enhanced X-ray luminosity to the galaxy
properties, such as the metallicity, SFR and sSFR, or even radio luminosity, all
of which could help us understand, whether the star-formation processes in dwarf
galaxies are responsible for the enhanced X-ray luminosity, or if another source,
such as an AGN, which is independent on these quantities, plays a role.

By adopting the 4XMM-DR12 catalogue, instead of the original 3XMM-DR7,
we increase the number of sources by 25%. First, using TOPCAT13 by Taylor
(2005), the MPA-JHU catalogue was cross-matched with the X-ray data from the
4XMM-DR12. The sky match was done using a 10” search radius around every
X-ray source, and it yielded 7241 sources, which is more than double the sources
matched using the 3XMM-DR7 by Birchall et al. (2020).

Only the dwarf galaxies with M∗ ≤ 3 × 109 M⊙ were selected and 474 X-ray
detected dwarf galaxies were returned, based on the same stellar mass criteria as
Birchall et al. (2020) used. The MPA-JHU based on SDSS DR8 used a reliability
flag for their photometry used for the galaxy properties estimations. Only the
sources with the reliable photometry were selected and 298 dwarf galaxies were
obtained. Three sources with high redshift errors were removed from our sample,
and as our sample consists mainly of very local galaxies, the sources with redshift
errors higher than 10−3 were removed. Another 16 sources were removed for
not having a constrained SFR in the MPA-JHU. The 4XMM catalogue includes
sources down to the maximum likelihood (ML) value of 6, which is only a ∼ 3σ

detection (since L = −ln(P )). Thus, for a clean sample, the minimum ML of
12, ∼4.5 σ detection, was applied and 222 sources were left. The possibility of
a spurious detection also needs to be taken into account, hence only the sources
with SUM FLAG ≤ 2 were kept (for details regarding the maximum likelihood and
spurious detection flags see the documentation for 4XMM-DR1214). This yielded

13Available at: https://www.star.bris.ac.uk/ mbt/topcat/
14Available at: http://xmmssc.irap.omp.eu/Catalogue/4XMM-DR12/4XMM DR12.html
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209 sources.

Visual assessment of the 209 sources was made using both the SIMBAD As-
tronomical Database15 and the NED Extragalactic Database16. A significant
number of sources were filtered out due to them either having another source
nearby, especially at the higher separations as the X-ray signals were often closer
to another source than our dwarf galaxy, or being a part of a larger galaxy.
The MPA-JHU categorised some smaller sections of larger galaxies as individual
sources, therefore those had to be removed from our sample. A clean sample of
183 sources was kept and it constitutes our filtered dwarf galaxy sample, and it
is indeed more than two times bigger than the original sample of Birchall et al.
(2020). It must be noted, that the source filtering was not done equivalently to
Birchall et al. (2020), specifically we have filtered the less robust X-ray detections
(ML<6), but at the same time we have not used their position-corrected source
separation criteria, see their work for more details. Our enhanced dwarf galaxy
sample is summarised in the Attachments in Table A.1.

To derive the X-flux in the galaxy rest frame, the sum of particular bands
(i.e. band 2: 0.5-1 keV, 3: 1-2 keV, 4:2-4.5 keV and 5: 4.5-12 keV) measured
by XMM-Newton was used to obtain the flux F in the 2-12 keV and 0.5-12 keV
energy band. The X-ray luminosity in both the 2-12 keV and 0.5-12 keV band,
LX [2−12keV] and LX [0.5−12keV], were then constrained as

L = 4πD2
LF, (2.1)

for each of the sources, using the aforementioned fluxes F and the luminosity dis-
tance D2

L derived from the cosmological redshift z by using the astropy17 package
(Astropy Collaboration et al., 2013, 2018, 2022). As the sources are very local
(the mean redshift being < z >= 0.025) and there would not be a significant dif-
ference, no rest frame correction was applied. Similarly, we have not accounted
for absorption, as the luminosities would not be significantly affected.

Throughout this work, the ΛCDM model is assumed: Hubble constant H0 =
(67.4 ± 0.5) km s−1 Mpc−1 and matter density parameter Ωm = 0.315 (Planck
Collaboration et al., 2020).

The gas phase metallicity of a given galaxy were provided by the MPA-JHU
15Available at: http://simbad.cds.unistra.fr/simbad/
16Available at: http://ned.ipac.caltech.edu
17https://www.astropy.org/index.html
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catalogue only for 135 sources. Thus, another method to derive the metallicity
was adopted. As shown by Adamcová (2021), the metallicity estimate by Pettini
and Pagel (2004) is sufficient for this kind of analysis. Pettini and Pagel (2004)
introduced metallicity estimates using the [OIII], [NII], Hα and Hβ lines. Ac-
cording to Pettini and Pagel (2004), the metallicity can be estimated using the
quantity O3N2 = log(([OIII] λ5007/Hβ)/([NII] λ6584/Hα)) as

12 + log(O/H) = 8.73 − 0.32 × O3N2, (2.2)

for −1 < O3N2 < 1.9. These estimates provides us with another 39 sources on
top of the 135, thus our sub-sample, with gas phase metallicity included, contains
174 galaxies.

Our dwarf galaxy sample is summarised with its properties in Attachments
in Table A.2.

2.3 Blueberry galaxy sample selection

Our second dwarf galaxy sample, containing the Blueberry galaxies, targets star-
forming galaxies with extremely high sSFRs, i.e. galaxies, which occupy param-
eter space not probed before (for details about the Blueberry galaxies see 1.1.3).

Our Blueberry galaxy sample, for which we recently acquired new X-ray data,
consists of the first Blueberries observed in X-rays. The sample was proposed and
accepted for observations at the XMM-Newton observatory (PI J. Svoboda, Pro-
posal ID: 088445). The Blueberry galaxies were selected from two parent samples,
that chose them as Grean Pea analogues from the SDSS catalogue: 1) Yang et al.
(2017), 2) McKinney et al. (2019) and Jaskot et al. (2019). As a shorthand,
the label ”Blueberries” (BBs) is adopted to both of these samples. Yang et al.
(2017), focused on finding the very local analogues of Green Pea galaxies, which
they named ”Blueberries”, and thus they focused on the same selection criteria
as for the Green Peas (bright [O III] λ5007 emission line, compactness, low-mass
and high star-formation activity), only for lower redshifts (i.e., z ≤ 0.05). The
samples of Jaskot et al. (2019) and McKinney et al. (2019) were selected accord-
ing to the highest [O III]/[O II] line ratio, which means the galaxies with the
highest ionisation, those similar to LyC leakers, were selected.

Therefore, the parent sample for the Blueberry galaxy sample selection con-
sisted of 53 star-forming galaxies, in which 40 were found by (Yang et al., 2017)
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and 13 were selected by Jaskot et al. (2019). Using this, eight galaxies with the
highest expected X-ray flux from their HMXB population and metallicity, i.e.
according to the Brorby et al. (2016) relation (see equation 1.9) were selected.
The galaxies with the highest expected X-ray flux were chosen, since they had
the shortest required exposure times and therefore were the most feasible to be
observed with the XMM-Newton satellite. As a result of this selection criteria,
mostly the galaxies with the highest SFRs and lowest redshifts were selected.
Their SFRs, and in turn sSFRs, are higher than in most other local galaxy sam-
ples, including our first dwarf galaxy sample.

In Table 2.1, the sample of 8 Blueberry galaxies, that were proposed, is listed
according to the predicted X-ray flux with their physical properties, determined
from the optical spectroscopy.

Table 2.1: Proposed Blueberry galaxy sample
Source RA DEC z SFR log(O/H)+12

(J2000) (J2000) (M⊙/yr)
1 SDSS J173501.25+570308.8a 263.75512 57.05235 0.0472 9.74 8.11
2 SDSS J150934.17+373146.1b 227.39239 37.52948 0.03259 1.61 7.87
3 SDSS J024052.19-082827.4a 40.21748 -08.47430 0.0822 7.0 7.91
4 SDSS J085115.65+584055.0a 132.81521 58.68195 0.0919 6.4 7.87
5 SDSS J014653.30+031922.3b 26.72211 3.32288 0.04672 1.16 7.62
6 SDSS J122611.89+041536.0a 186.54955 04.26002 0.0942 5.29 8.0
7 SDSS J155624.47+480645.7b 239.10198 48.11272 0.05024 1.08 7.83
8 SDSS J082540.44+184617.2b 126.41854 18.77145 0.03792 0.50 7.79

Parent sample: a Jaskot et al. (2019), b Yang et al. (2017)

As seen in Table 2.1, the sources lie in the redshift range z = 0.03 − 0.09,
their SFRs ∼ 0.5 − 10 M⊙ yr−1 (based on Hα measurements from Yang et al.
(2017) and Jaskot et al. (2019)), their stellar masses M∗ ∼ 107.2 − 108.6 M⊙ and
their metallicities log [O/H] + 12 ∼ 7.6 − 8.1 (measured using the prescription
of Pettini and Pagel (2004)).

2.4 X-ray data reduction and analysis methods

2.4.1 Data reduction

The Science Analysis System software (SAS, Gabriel et al., 2004) version 20.0.0
was used for the reduction of the raw data produced by XMM-Newton, known as
the Observation Data Files (ODFs), containing all the files necessary for further
scientific analysis. To properly reduce the data from a given observation to obtain
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scientific products the latest Current Calibration File (CCF) is needed (Jansen
et al., 2001). These files give the best currently known calibration for the ODFs,
the calibrated data-sets can therefore be obtained. To point SAS to the correct
CCFs for the given observation a Calibration index file (CIF) has to be generated
as a first step in SAS analysis, which is done by the command cifbuild. At last,
the summary file has to be produced using the the command odfingest.

The SAS analysis threads18 were further followed for subsequent data pro-
cessing. First the calibrated and concatenated EPIC event lists, along with the
reconstructed attitude file and file containing bad pixels, were generated using
the tasks epproc and emproc for MOS and PN detectors respectively.

Before the event files can be used to generate images, spectra or light curves,
the lists have to be filtered to be clean of intervals of high particle background
(i.e. soft proton flares). Using the evselect tool light curves of high energy (10
< E < 12 keV for PN and E > 10 keV) single pattern events were generated for
each observation.

The Good Intervals Time (GTI) file was produced by the task tabgtigen.
The GTI determines the time intervals with low and steady light curve (i.e. quiet
time periods) using a chosen count rate value (counts/second) for the EPIC cam-
eras. For the PN camera the standard recommended count rate threshold of 0.4
cts/s was used, similarly for the MOS camera the threshold of 0.35 cts/s was
used. These selection criteria are assumed to be correct for sources with insignif-
icant intensity contribution at energies above E > 10 keV. Using the evselect

command once more, the event lists were filtered, thus the clean EPIC event files
were generated and could be further used to produce scientific products.

Next, the SAS source detection script edetect chain was utilised to find de-
tections from all the filtered EPIC event lists simultaneously. For the detections,
the PN and MOS spectra of a point-like source were individually extracted by
the evselect tool, where source and background regions were user defined. For
a given observation, both the the source and background regions were defined
identically for all three EPIC event files. The source regions were measured using
the source coordinates and a standard source region size of 30 arcsec, which is
more than sufficient since the point spread function has a FWMH of 6”, and thus
the diffusion of the signal should not go beyond the standard source region size.

18Available at: https://www.cosmos.esa.int/web/xmm-newton/sas-threads
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The X-ray background was extracted in nearby source free regions and accord-
ing to the recommendation provided in the XMM-Newton Calibration Technical
Note XMM-SOC-CAL-TN-0018 (Smith, M. and Guainazzi, M., 2022). Thus,
to ensure similar low-energy instrumental noise in both source and background
regions for the PN detector, the background regions were selected on the same
CCD chip and with a comparable distance from the readout node as the source
region. For the MOS detectors the only limitation for the background selection
is the usage of the same chip, and therefore the background regions can be larger
than for PN detectors. Additionally, to avoid out-of-time (OOT) events from the
source, the background regions cannot overlap with the source regions (i.e. the
background regions cannot contain the same columns as those passing through
the source region).

For the spectral analysis, we combined PN and MOS spectra for each source.
To allow for the combination of spectra, a source+background spectrum had
to be generated, for each EPIC exposure, in the standard energy range using a
common bin size of 5 eV, only patters less than 4 for PN and 12 for MOS detectors
were considered. The standard energy range for the PN and MOS detectors is
0-20479 eV and 0-11999 eV respectively. Afterwards, the redistribution matrices
and ancillary files were created for the previously extracted spectra using the
tasks rmfgen and arfgen.

Finally, the epicspeccombine tool was used to combine the spectra into single
EPIC combined spectrum for each detected source. The combined un-binned
spectra could then be further analysed using the XSPEC spectral fitting software
version 12.12 (Arnaud, 1996).

Additionally, the EPIC vignetting-corrected background-subtracted images
for different energy bands (in our case 0.2–0.5 keV, 0.5-1 keV, 1–2 keV, 2–10
keV) were created for all observed sources. Tasks epproc withoutoftime=yes,
eimageget and eimagecombine were used for the generation of such images.
For each energy band, an imagine of the exposure, scaled filter wheel closed
images, a vignetting corrected exposure map and mask, and for PN detector
only also corresponding scaled OOT image, were generated. These images were
consequently used to create the final images.
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2.4.2 Spectral analysis

The XSPEC spectral fitting software (v12.12, Arnaud, 1996) was used for the
X-ray spectra analysis. The details of spectral fitting and precisely how it is
implemented in the software are summarised in the XSPEC Manual by Arnaud,
K. and Gordon, C. and Dorman, B. and Rutkowski, K. (2022).

When the X-ray spectra is measured by a spectrometer, the photon counts in
the specific instrument channels C(I) are obtained. This quantity can further be
related to the integration of the actual spectrum of the source f(E) as

C(I) =
∫︂

f(E)R(I, E)dE, (2.3)

where the instrumental response R(I, E) provides the probability of a detection
of an incoming photon of energy E in the instrumental channel I. Due to non-
uniqueness and instability of the result (which is unfortunately steeply dependent
on small changes in C(I)), it is not feasible to simply invert the equation 2.3 to
determine the spectrum of the source f(E). Thus, another method is required.
The usual alternative is to define a model spectrum described by a set of pa-
rameters f(E, p1, p2, ...) and such model is then used to determine the predicted
count spectrum Cp(I), which can finally be directly compared to the observed
C(I). Therefore, in this method the the model parameters are varied in order to
find the best-fit parameters and as a result the best fit statistic.

To find the best-fit model, XSPEC uses a fitting algorithm and the default is
a modified Levenberg-Marquardt algorithm, which was based on CURFIT from
Bevington and Robinson (1969) (for details see also Levenberg 1944; Marquardt
1963). It is important to note, that it is desirable to set the model parameters
to sensible values prior to fit, since the algorithm works locally, and thus it is
possible to find only the local best fit and not the global correct one.

There are numerous fit statistics that are used for determining the best-fit
models, the most widely used in astronomy being χ2 for Gaussian distribution of
data and C -statistics (Cash, 1979) for the Poisson distribution. The χ2 best-fit
statistic is defined as

χ2 =
∑︂ (C(I) − Cp(I))2

(σ(I))2 , (2.4)

where σ(I) is the error for channel I, and it is usually unknown. Once the χ2

reduced by degrees of freedom ν (calculated as the number of channels minus the
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number of parameters) is roughly equal to one the data is fit well enough. When
the reduced χ2 >> 1 the fit is likely incorrect (i.e. not drawn from the model),
contrary when reduced χ2 << 1 the errors are likely over-estimated and the fit
might also be incorrect. At last, XSPEC provides us with the null hypothesis
probability describing how likely are the observed data drawn from the model.

For Poisson distribution of data the likelihood L is given as

L =
∏︁N

i=1(texpmi)Sie−texpmi

Si!
, (2.5)

where Si are the counts observed during exposure time texp, and mi are the
predicted count rates, which are based on the current model and response. The
maximum likelihood-based statistic is derived in (Cash, 1979), and considering
its final term only depends on the data, the equation can be rewritten in Stirling’s
approximation as

C = 2
N∑︂

i=1
(texpmi) − Si + Si(ln (Si) − ln (texpmi)), (2.6)

and it is the statistic used for the statistics cstat option in XSPEC.

As is usual for astronomical observations, a background, that has to be sub-
tracted, is also present in spectra. For Gaussian distributed data, where back-
ground is included, the χ2 can still be used, since the difference of two Gaussian
variables is still a Gaussian. For Poisson distribution of data and background, the
XSPEC uses modified C -statistics, referred to as W -statistics, in the statistics

cstat option.

Numerous models are pre-defined in XPSEC and can be used for spectral
fitting. Highly star-forming galaxies are expected to be dominated by HMXBs
(for details see 1.1), and thus the X-ray spectra can be assumed to be a power law.
But since significant amounts of hot ionised gas are also present in star-forming
galaxies, additional component has to be included in the model.

For the majority of local, highly star-forming galaxies a simple model of ab-
sorbed power law can be utilised. One component of the model is the simple
photon power law model, called powerlaw in XSPEC, and it can be described as

A(E) = KE−α, (2.7)

where K is the normalisation factor given in photons per keV/cm2/s at 1 keV
and α is the dimensionless photon index of power law. The second component of
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the absorbed power law model, which is taking the hot ionised gas into account,
is the photoelectric absorption

M(E) = exp[−NHσ(E)], (2.8)

where σ(E) is the photoelectric cross-section (without Thomson scattering) and
NH is the hydrogen column density in units of 1022 atoms cm−2.

2.4.3 Bayesian analysis in low count regimes

For sources that have low count rates, and hence have not been detected by
the the SAS source detection script edetect chain, another method for spectral
analysis was adopted.

First, the filtered event files were generated and the source and background
regions were selected, both in the same way as for the detected sources (see above
for details). Next, the ds9 region statistics tool was used on the spectral X-
ray images in the energy range of 0.5-10 keV to measure the observed number of
counts in each of the source and background regions. For clarity, the BEHR codes
uses the total counts in the given region and the area of the region (indicated by
the ds9 tool as sum and npix respectively).

As the source regions for non-detections have very low numbers of counts,
the background cannot be easily subtracted. Instead, the Bayesian Estimation
of Hardness Ratios (BEHR19) code by Park et al. (2006) was utilised, and the
the posterior probability distribution of the source counts was determined for
each undetected source. The BEHR code is especially useful in low photon count
regimes, as it was based on work by van Dyk et al. (2001), and thus it accounts
for the Poisson distribution of both the source and background data. The BEHR

code also considers the different effective areas for the source and background
regions.

The Bayesian analysis done by van Dyk et al. (2001) is based on the Bayes’
Theorem

p (θ | Y, I) = p (Y | θ, I) p (θ | I)
p (Y | I) , (2.9)

where θ are the parameters used for estimation, Y are the observed data and
I is the initial hypothesis. Further, here the p (θ | I) is the prior distribution

19Available at: http://hea-www.harvard.edu/astrostat/BEHR/index.html
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(i.e., the prior knowledge ahead of observing Y ), the p (Y | θ, I) is the sampling
distribution, which is the likelihood of the data given the model parameters θ. The
p (Y | I) represents the unconditional distribution of the observed data Y and acts
as the normalisation for the posterior probability distribution p (θ | Y, I), which
represents our updated knowledge about the parameters θ, after the observation
of data Y .

Since no prior information could be assumed about the source counts, ac-
cording to the recommendation given in Park et al. (2006), the non-informative
Jeffrey’s prior distribution (i.e., Φ = 1/2) was adopted for the source intensities.
Next, to determine the X-ray fluxes, the WebPIMMS20 tool was used, the required
hydrogen column density, NH, was calculated from the galaxy coordinates us-
ing the nH calculator21. The X-ray luminosity can then be again constrained as
L = 4πD2

LF (i.e. equation 2.1).

20Available at: https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
21Available at: https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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3. Results

3.1 Samples in BPT

In optical, our dwarf galaxy sample shows as mostly purely star-forming, with few
sources in the composite or AGN region of the BPT (and BPT like, see Section
1.3.1)) nebular emission line diagrams (refer to Figure ??). Compared to the
MPA-JHU dwarf galaxies, the majority of our dwarf galaxy sample also lies in
the purely star-forming region, and therefore the sources are mostly classified as
star-forming by the BPT diagnostic. Only a fraction of our sources is classified
as AGNs.

Our dwarf galaxy sample includes confirmed AGNs (see Table 3.1 and possible
AGN candidates. We have decided not to omit them in our analysis, as it is useful
for the comparisons. On Figures 3.1, 3.2 and 3.3, it is evident that while some
of the AGNs are in the AGN regions, there is a lot of AGN sources within the
purely star-forming regions. This would point to the BPT diagnostic not being
sufficient to identify all AGNs, as e.g., Birchall et al. (2020) suggested.

Our Blueberry sample shows as purely star-forming, except with a possible
optical indicator of AGN activity in one of the sources (BB3) in the O I based
diagram. Due to their high ionisation (high O III/O II ratio), the Blueberries
occupy similar region close to the demarcation lines.

Full name Reference Full name Reference
Mrk 1303 Veron-Cetty2003 NGC 4117 Mohanadas2023
LEDA 27453 Veron-Cetty2000 SDSS J144012.70+024743.5 Veron-Cetty2010
2MASX J09484625+0016187 Veron-Cetty2010 2XMM J134107.9+263047 Veron-Cetty2010
NGC 1042 Veron-Cetty2010 NVSS J131952-005209 Veron-Cetty2010
MCG+00-25-010 Veron-Cetty2010 NGC 4561 ArayaSalvo2012
2XMM J134806.9+262419 Veron-Cetty2000 2XMM J160531.8+174825 Veron-Cetty2010
UGC 6192 Veron-Cetty2010 2XMM J134736.4+173404 Liu2011
SDSS J083200.51+191205.8 Liu2011 NGC 4395 Lin2012
IC 633 Veron-Cetty2010 NGC 4253 Monroe2016

Table 3.1: The previously found AGN candidates and the references of the works,
which identified them
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Figure 3.1: The [N II]/Hα versus [O III]/Hβ (N2-BPT; Baldwin, Phillips, and
Terlevich, 1981) diagram for both of our samples, over-plotted on all of the MPA-
JHU dwarf galaxies (grey points). The dwarf galaxy sample is denoted by the dark
red points and pink stars, which show the AGN candidates found in literature.
The blueberry sample is denoted by the dark blue points. Only five blueberries
were plotted, since those has measured emission lines in the MPA-JHU catalogue.
The blue curve is the demarcation line by Kewley et al. (2001) and the green curve
is the revised classification line by Kauffmann et al. (2003a).
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Figure 3.2: The [S II]/Hα versus [O III]/Hβ diagram (S2-VO87; Veilleux and
Osterbrock, 1987) for both of our samples, over-plotted on all of the MPA-JHU
dwarf galaxies (grey points). The dwarf galaxy sample is denoted by the dark
red points and pink stars, which show the AGN candidates found in literature.
The blueberry sample is denoted by the dark blue points. The blue curve is the
demarcation line by Veilleux and Osterbrock (1987).

Figure 3.3: The [O I]/Hα versus [O III]/Hβ diagram (O1-VO87; Veilleux and
Osterbrock, 1987) for both of our samples, over-plotted on all of the MPA-JHU
dwarf galaxies (grey points). The dwarf galaxy sample is denoted by the dark
red points and pink stars, which show the AGN candidates found in literature.
The Blueberry sample is denoted by the dark blue points. The blue curve is the
demarcation line by Veilleux and Osterbrock (1987).
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3.2 X-ray bright dwarf galaxies

Our 183 dwarf galaxy sample (see Tables A.1 and A.2 in Attachments), consisting
of both star-forming galaxies and possible AGN candidates, is investigated in
terms of its X-ray luminosity. Our sample selection, see Section 2.2, assumes a
significant X-ray detection, coming from the star-forming dwarf galaxy. Out of ∼
65000 dwarf galaxies in the MPA-JHU catalogue, only 279 had the minimal XMM-
Newton detection of 3σ. That is lower than 0.5% of all the galaxies. Moreover,
only 222 had a significant detection of 4.5σ and as was discussed above, 39 of those
had to be removed after visual inspection, due to the emission either not coming
from the galaxy or since the galaxy was rather a smaller region in a large galaxy.
Our dwarf galaxy sample therefore consists of 183 significant X-ray detections
and constitute only a very small fraction of the whole dwarf galaxy population,
namely 0.3%. Hence, our dwarf galaxy sample seems to be unique in terms
of the local galaxy dwarf population. As was shown above, in the optical, the
dwarf galaxy sample does not show as unusual in regards to the emission lines.
Therefore, we probe for possible methods to discern, if our sample has X-ray
emission originating through the standard regime, i.e. star-formation activity
(see Section 1.2.3), or if our galaxies have another source of X-ray radiation,
including possible AGN candidates. We thus focus at quantities, which would
help distinguish the ’X-ray bright’ and ’X-ray standard’ part of our sample.

As we discussed in Section 1.3.1, the identification of an AGN, and especially
in a dwarf galaxy, is not straightforward. We therefore also investigate the dwarf
galaxy sample in the radio and look at possible upper limit measurements for the
rest of the MPA-JHU galaxies from the XMM-Newton satellite.

To properly study the quantities, that help us discern the ’bright’ and ’stan-
dard’ parts of our sample, we need to obtain the X-ray luminosities, that can
be used for direct comparison with the standard galaxy samples. Most useful
empirical relations were derived in the 0.5-8 keV or 2-10 keV band. Both the
AGN X-ray spectra and the spectra of star-forming galaxies can be, in its first
approximation, represented by a power law with frequency ν and spectral slope α

as Iν ≈ ν−α. For X-ray astronomy, the photon index Γ = α+1 is more commonly
used to describe the power-law slope.

For star-forming galaxies, the slope is around Γ ∼ 1.9 (Basu-Zych et al.,
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2013b), for AGNs the values lie in the Γ ∼ 1.5 − 2.5 range, the mean value being
Γ = 1.9 (Nandra and Pounds, 1994; Piconcelli et al., 2005). The value of Γ = 1.9
is rather ubiquitous, and as we are not capable to distinguish AGNs from star
forming galaxies, we assume this slope for all studied sources. Then following
Svoboda et al. (2017), the relation

F0.5−8 keV = F0.5−12 keV
8−Γ+2 − 0.5−Γ+2

12−Γ+2 − 2−Γ+2 , (3.1)

where the observed X-ray flux F0.5−12 keV is converted to the desired F0.5−8 keV

flux, was used. Similarly, the observed X-ray flux F2−12 keV is converted to the
desired F2−10 keV flux.

3.2.1 Lx-SFR and Lx-SFR-met

First, to study the X-ray luminosities of our dwarf galaxy sample in regards to the
star-forming activity, the sample is shown in LX-SFR-metallicity plane (Brorby
et al., 2016) and visibly shows an enhanced X-ray luminosity (see Figure 3.4)
for the majority of the sources. After the application of the criteria for AGN
based on its X-ray excess (1.14), which we based only on the Brorby et al. (2016)
relation, the sample is separated into the ’X-ray bright’ and ’X-ray standard’
sources, which can be seen on the Figure 3.4, where the orange points are the
X-ray bright sources with an excess and the blue points are the X-ray standard
sources, where no or low excess is apparent. The uncertainties cannot explain the
high X-ray luminosity excess in most sources, since for most of the sources they
are not much bigger than the point sizes themselves.

As the metallicity is a small correction for X-ray luminosity, and as the sources
mostly have sub-solar metallicites (12+log(O/H) < 8.69), which moved the points
in Figure 3.4 to the right (i.e. closer to the empirical relation by Brorby et al.,
2016), the LX-SFR plane exhibits a similar X-ray excess - that is denoted by the
under-plotted grey points, which shows how the excess relates to metallicity and
that the effects are not significant.

3.2.2 Specific star-formation rate

The specific star-formation rate (sSFR = SFR/M∗) quantity is a better compari-
son between galaxies, as it better describes the influence the active star-formation
has in a given galaxy. The sSFR helps to distinguish between the high mass and
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Figure 3.4: Our dwarf galaxy sample plotted in the diagram of the LX-SFR-
metallicity plane. The orange points correspond to the X-ray bright part of the
sample, the blue points to the X-ray sources without any significant excess. The
grey points show the horizontal shifts the sources have due to metallicity being
taken into account for the blue and orange points. The observed 0.5-8 keV X-ray
luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1.

low mass X-ray binaries, which is crucial for this analysis. From the empirical
relations by Lehmer et al. (2010, 2016) and Mineo et al. (2014), it is evident,
that for the galaxies dominated by HMXBs, i.e. galaxies with sSFRs bigger than
∼ 10−10 (Lehmer et al., 2010), the (LX/SFR) ratio should be constant. That is
also the vertical cut-off between the HMXB and LMXB populations, since for the
lower sSFR regimes, where the LMXBs dominate, the X-ray luminosity increases.

The LMXB dominated galaxies could therefore show a higher X-ray luminosi-
ties in the LX-SFR-metallicity plane, and contaminate our sample. To better
understand what drives the enhanced X-ray luminosity in our sample, the depen-
dence of log10(LX/SFR) on log(sSFR) was plotted for our X-ray bright and the
X-ray standard sample (Figure 3.6). Most of our sources (see Figure 3.6) are dis-
tinguishably above both the empirical relations in both high and low mass X-ray
binary regimes. Therefore, it is not feasible, that the enhanced X-ray luminosity
(as seen on Figure 3.4) originates solely from a possible LMXB population. The
empirical relations, were derived by Lehmer et al. (2010, 2016), using the total
X-ray luminosity as a sum of luminosities coming from HMXBs and LMXBs (see
1.2.3). But the X-ray luminosity has also been shown to scale with redshift (see
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Figure 3.5: The dwarf galaxy sample in the diagram of the X-ray luminosity
over the SFR as dependent on the sSFR. The red points correspond to the X-ray
bright part of the sample, the blue points to the X-ray sources without any (or)
significant excess. The relation by Lehmer et al. (2010) is shown as the green line
in the plot and the relation by Lehmer et al. (2016) as the purple line (where the
mean redshift for our sample < z >= 0.025 was used). The observed 2-10 keV
X-ray luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1 and the
sSFR is the units of yr−1.
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Figure 3.6: The dwarf galaxy sample in the diagram of the X-ray luminosity
over the SFR as dependent on the sSFR. The red points correspond to the X-ray
bright part of the sample, the blue points to the X-ray sources without any (or)
significant excess. The relation by Lehmer et al. (2010) is shown as the green line
in the plot and the relation by Lehmer et al. (2016) as the purple line (where the
mean redshift for our sample < z >= 0.025 was used). The observed 2-10 keV
X-ray luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1 and the
sSFR is the units of yr−1.

equation 1.10). The redshift dependence is more significant for the LMXB pop-
ulations, since for the galaxies with sSFRs smaller than ∼ 10−10, the relations of
Lehmer et al. (2010, 2016) get further apart and redshift seems to play a bigger
role.

On Figure 3.6, the mean redshift of our sample (< z >= 0.025) is also con-
sidered in the Lehmer et al. (2016) relation shown on the Figure. To explore
the dependence further, a plot including a colour bar indicating the redshifts is
shown on Figure 3.7. Visibly, the majority of our dwarf galaxy sample has very
small redshifts (i.e. is very local). Hence, the Lehmer et al. (2016) relation with
our mean redshift should be a sufficient way to gauge the possible X-ray excess.

To further investigate this possibility, only the sources with very low redshifts
(z ≤ 0.1) and bigger sSFRs (sSFR ≥ 10−10) are plotted in Figure 3.8. These are
the very local HMXB dominated dwarf galaxies, which should better correspond
to the relations by both Mineo et al. (2014) and Brorby et al. (2016). Even if we
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Figure 3.7: The dwarf galaxy sample in the diagram of the X-ray luminosity over
the SFR as dependent on the sSFR, the colour bar represents the redshift value z.
The points correspond to the X-ray bright part of the sample, the crosses to the
X-ray sources without any (or) significant excess. The relation by Lehmer et al.
(2010) is shown as the green line in the plot and the relation by Lehmer et al.
(2016) as the purple line (where the mean redshift for our sample < z >= 0.025
was used). The observed 2-10 keV X-ray luminosity is in units of erg s−1, the
SFR is in units of M⊙ yr−1 and the sSFR is the units of yr−1.
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Figure 3.8: The HMXB dominated part of our dwarf galaxy sample plotted in the
LX-SFR-metallicity plane. The orange points correspond to the X-ray bright part
of the sample, the blue points to the X-ray sources without any (or) significant
excess. The observed 0.5-8 keV X-ray luminosity is in units of erg s−1, the SFR
is in units of M⊙ yr−1.

correct the sample to only consist of HMXBs to compare it with the Brorby et al.
(2016) relation, our dwarf galaxy sample still exhibits increased X-ray luminosity.
Albeit now, only a few sources show very significant X-ray excess in the low SFR
regimes, in contrast with the previous plot in the LX-SFR-metallicity plane (see
Figure 3.4 for comparison).

3.2.3 Mass relations

The dwarf galaxy sample, when mapped by the corresponding stellar masses (see
Figures 3.9, 3.10), shows, on average, the most increased X-ray luminosity for
the lower end of the stellar mass spectrum (i.e. for logM=6.5 M⊙). It is more
apparent in the Figure 3.9, where the galaxies with the lower mass show as mostly
X-ray enhanced. As is apparent on Figure 3.10, more than half of the lower mass
galaxies reside in the HMXB region, therefore the significance of stellar mass
cannot be ignored. The especially enhanced X-ray luminosity could, in turn,
perhaps point to the relations not being constructed well for the lowest mass
dwarf galaxies or some other X-ray sources in the galaxies, or that there truly
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Figure 3.9: Dwarf galaxy sample plotted in the LX-SFR-metallicity plane with a
colour bar indicating galaxy stellar mass. The crosses correspond to the sources
with no excess and the points to the X-ray bright sources. The observed 0.5-8
keV X-ray luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1.

are some other sources of X-ray radiation. The influence stellar mass can have
on X-ray excess is discussed below.

3.2.4 X-ray excess

The X-ray excess can be measured according to different empirical relations (for
the summary see Section 1.2.3). Birchall et al. (2020) have used both the relation
for the emission from X-ray binaries (Lehmer et al., 2016) and the hot ionised
gas (Mineo et al., 2012b). Svoboda et al. (2019) used the (Brorby et al., 2016)
relation, which is valid for mostly young star-forming galaxies dominated by
HMXBs. Therefore, in addition to the Brorby et al. (2016) relation in calculating
the X-ray excess, we consider the relation by Lehmer et al. (2016) as well. This is
beneficial, since as was shown on Figures 3.6, 3.7 and 3.10, a significant portion
of our sample is dominated by the LMXBs rather than HMXBs.

The X-ray excess is calculated only for sources, which meet the excess criteria
by Birchall et al. (2020) (see equation 1.14) in at least one method, i.e. by using
the Brorby et al. (2016); Lehmer et al. (2016) relations. The dwarf galaxy sources
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Figure 3.10: The dwarf galaxy sample in the diagram of the X-ray luminosity
over the SFR as dependent on the sSFR, the colour bar represents the stellar
mass M∗. The points correspond to the X-ray bright part of the sample, the
crosses to the X-ray sources without any (or) significant excess. The relation by
Lehmer et al. (2010) is shown as the green line in the plot and the relation by
Lehmer et al. (2016) as the purple line (< z >= 0.025). The observed 2-10 keV
X-ray luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1 and the
sSFR is the units of yr−1.
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Figure 3.11: The number of sources with a given X-ray excess - given in
log(LX,excess).

meet the criterion for X-ray excess for 133 galaxies using the (Lehmer et al., 2016)
relation, and 160 galaxies, when the Brorby et al. (2016) estimate is utilised.

Some galaxies with the higher X-ray excesses have been found as AGN can-
didates previously, but are few previously found AGN candidates, that show
minimal excess, i.e. under the Birchall et al. (2020) criterion. Similar, the galax-
ies classified as star-forming show some significant X-ray excesses, and they are
comparable to the AGN candidates.

The X-ray excess distributions (see Figure 3.11) are similar for both methods,
the X-ray excess in the order of 1041 is the most numerous, with the excess of
1040 being the second. Few sources have excess luminosity of orders ≥ 1042.
The correlation of X-ray excess with stellar mass, SFR and metallicity is further
examined (see Figures 3.12 and 3.13). The Lx-mass plane shows a large scatter
in the low mass regime. The Lx-metallicty plane shows no apparent correlation.
Therefore, there seems to be larger scatter and possible X-ray luminosities for
the lowest mass and lowest SFR galaxies.

3.2.5 Comparison

In context of SFR and metallicity, our dwarf galaxy sample spreads over the
largest region (see Figure 3.14). The star-forming galaxy sample of Douna et al.
(2015) being the most similar in the region it occupies, however not exhibiting
significant enhanced luminosity. The Douna et al. (2015) sample appears to be
matched rather well to the Brorby et al. (2016) relation, which is shown along
with the sources, from which the relation was derived. The stacked sample of
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Figure 3.12: The X-ray excess over SFR versus stellar mass. The observed 2-10
keV X-ray luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1 and
the sSFR is the units of yr−1.

Figure 3.13: The X-ray excess over SFR versus metallicity. The observed 2-10
keV X-ray luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1 and
the sSFR is the units of yr−1.
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Figure 3.14: Studied dwarf galaxy sample (light blue crosses) in the X-ray
luminosity-SFR-metallicty plane. The blue line represents the Brorby et al. (2016)
relation for star forming galaxies. Other galaxy samples were also plotted in: the
star forming galaxy sample of Douna et al. (2015) as green points, the Lyman
break analogues of Brorby et al. (2016) as dark blue points, from which the
theoretical relation has been derived, and the stacked sample of Fornasini et al.
(2018) as orange crosses.

Fornasini et al. (2018), probing the possibility of low luminosity AGNs in star-
forming galaxies, is more similar in regards to the X-ray excess. Nevertheless,
our dwarf galaxy sample shows significantly higher luminosities than the rest,
and that is especially true for the lower SFR regime.

3.3 Radio observation of dwarf galaxies

Using the radio data from the VLA FIRST catalogue (see 2.1.3 for more details),
a cross-match with the MPA-JHU and subsequently the XMM-Newton catalogue
was made. This resulted in a radio sample of 632 sources and from which the radio
and X-ray sub-sample of 39 sources was created. The 1.4 GHz radio luminosity
was constrained using the FINT value in the FIRST catalogue and the relation
used by Yun et al. (2001), which is as follows

L1.4 GHz(W Hz−1) = 20.08 + 2logDL + logS1.4GHz, (3.2)
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Figure 3.15: Radio luminosity for the sample over SFR, red points are the sources
which have an X-ray measurement as well, blue points (denoted by crosses) are
the rest of the dwarfs found in both MPA-JHU and FIRST catalogues, which
has measurements in radio. Blue curve shows the empirical relation between
radio luminosity and SFR by Yun et al. (2001), the orange one shows the relation
by Murphy et al. (2011) and the green one by Filho et al. (2019). The radio
luminosity L1.4 GHz is in erg s−1 Hz−1, the SFR in the units of M⊙ yr−1.

where DL is the luminosity distance in Mpc and S1.4GHz is the flux density in Jy.
This was converted to the radio luminosities given in erg s−1 Hz−1.

To probe into how luminous is our X-ray sample in the radio, the radio-X-ray
sub-sample is shown in relation the rest of the radio detected galaxies, specifically
in the L1.4 GHz-SFR plot (see Figure 3.15). The plot looks similar to the sample
in the LX-SFR plane (since metallicity is only a correction, see Figure 3.4). The
radio sample with or without an X-ray counterpart shows an excess in regards
to the empirical relations by Yun et al. (2001) and Murphy et al. (2011) (see
equations 1.4, 1.6), which were both constructed for star-forming galaxies and are
almost identical, as they have both used the FIR-radio correlation to construct
their relations. The sample also shows as over-luminous compared to the Filho
et al. (2019) radio luminosity relation, constructed for the extreme low-metallicity
and low-luminosity dwarf galaxies, using the Hα constrained SFRs. A few of our
sources do follow the relations, especially the Filho et al. (2019) dwarf galaxy one.
Conversely, a select few show an extremely enhanced radio luminosities, which
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could again point to another source of emission, rather than pure star-formation.

3.4 XMM-Newton analysis of Blueberry galax-
ies

In the Section, the results of the reduction and Blueberry data analysis (see
Sections 2.4.1,2.4.2 and 2.4.3) are presented and further investigated (see 3.4.2
and 3.4.3).

3.4.1 XMM-Newton observations

The sources from the proposed Blueberry galaxy sample (see Table 2.1 and Sec-
tion 2.3 for details) were observed by XMM-Newton satellite. The observations
were conducted with the use of the three EPIC cameras of XMM-Newton, namely
the PN, MOS1 and MOS2, which operated in full-frame mode with thin filter.
The sixth most feasible source to observe, BB6 (refer to the Table 2.1), was not
observed and hence the source is not included in our results or further investiga-
tion.

The exposure times for the seven observed Blueberries range from 17 to 61
ks. As already described in detail (see Section 2.4.1), the observation files were
cleaned of intervals of high particle background. In Table ??, the resulting ex-
posure times are summarised for each of the cameras and each source. As the
light curves were plotted, the BB5 showed especially long intervals of soft photon
flares (see Figure 3.2), and the exposure time shrunk from the required 25 ks
to 6 ks in the PN camera and about 10 in both MOS cameras. The rest of the
observed sources had sufficient exposure times.

The SAS source detection script edetect chain (see section 2.4.1) was used
in all three cameras simultaneously. Only the sources BB1 and BB8 showed a
detection, the rest of the sources were not detected by this script. The source
region and two background regions were selected for all of the sources (the region
coordinates can be found in Attachments 2.1). The source regions were extracted
as previously described, i.e. by using the source coordinates and choosing a
circular region with a 30” radius around them. The source region of BB2 was
reduced to 20”, the details are described below.
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Blueberry Exposure time [ks] Requireda

PN MOS1 MOS2 [ks]
1 14.71 21.79 21.78 6
2 37.95 53.78 53.82 12
3 16.61 23.28 23.28 18
4 24.69 30.77 30.69 25
5 5.12 9.90 8.94 25
7 23.51 43.86 43.87 43
8 50.67 59.67 59.72 56

Table 3.2: The clean exposure times for each Blueberry and each camera, and a
required exposure time for a significant X-ray detection.

a the required exposure times are for a source, which follows or is above the Brorby et al.
(2016) relation, 40% of time contaminated by soft photon flares is included

Blueberry Background 1 Background 2
0.5-8 keV Flux Lx Flux Lx

1 3.2±0.8 1.6±0.4 3.5±0.9 1.8±0.5
8 6.6±0.7 2.2±0.4 7.1±0.9 2.4±0.6

Table 3.3: The results of the combined spectra analysis for the two detected
Blueberries. The X-ray fluxes are given in 10−15 erg s−2 cm−2 and corresponding
luminosities Lx given in 1040 erg s−1.

For the two detected sources, BB1 and BB8, the XSPEC spectral analysis
was done, using the combined EPIC spectra and absorbed power law (for details
see 2.4.1 and 2.4.2). While the combined spectrum was being fit, the hydrogen
column density NH was frozen at the value calculated from the coordinates and the
photon index α was frozen at 1.9 for both sources. The X-ray flux and luminosity
were then constrained using the XSPEC and the results are summarised in Table
3.3.

The un-detected sources (Blueberry 2, 3, 4, 5 and 7) were processed by the use
of the BEHR code (for more details see Section 2.4.3). The utilised WebPIMMS1

tool estimates fluxes from each EPIC camera individually. Therefore, first, the
total counts and areas were extracted for each source and background regions
individually. The number of pixels in a given region (areas) remained consistent
for each camera, but the total counts were different, according to the sensitiv-
ity and exact exposure time of the given EPIC camera. The pixels for each
source/background region were summed through all three cameras and the ratio
of the PN camera total counts to the summed EPIC counts were calculate. The
PN camera was chosen for its best sensitivity. For each previously un-detected

1Available at: https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
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Blueberry Background 1 Background 2
0.5-8 keV Flux Lx Flux Lx

2 6.91 1.82 8.019 2.12
3 3.22 5.81 9.365 1.69
4 2.74 6.25 2.056 4.69
5 1.27 7.05 1.491 8.25
7 3.88 2.57 4.462 2.87

Table 3.4: The results of the BEHR analysis, i.e. the upper limits for the X-ray
fluxes for the Blueberry galaxies in 10−16erg s−2 cm−2 and corresponding upper
limits on luminosities Lx given in 1039 erg s−1.

source, the BEHR code was run for the summed EPIC counts for two configura-
tions (source-background 1 and source-background 2). The result for the EPIC
camera, i.e. the number of counts in the source peak, was scaled by the ratio of PN
counts to total EPIC counts. This new number of counts in the PN source peak
was used in the X-ray flux calculation in the WebPIMMS tool. The X-ray luminosty
was constrained according to equation 2.1. Both the X-ray flux and luminosity
were constrained the 0.5-8 keV energy band. The results are summarised in Table
3.3.

As mentioned above, the BB2 source region had to be reduced to 20”, the
reason was that one configuration of a background region with the 30” source
region has caused a false detection with the BEHR code (see above). The source
was investigated for different source radii and different backgrounds and it was
found, that only the aforementioned configuration shows a detection. Thus it
was thought to be a false detection and the source region was reduced. This
demonstrates, that it is important to use at least two background regions to
confirm that the result is robust and not a statistical error.

The vignetting-corrected background-subtracted images were created for all 7
sources (see the clearly detected sources in Figure 3.17 and 3.17). The BB1 can
be clearly seen in the soft bands of the X-ray spectra (mainly the 0.5-2 keV band,
with a possible hint of a detection in the softest 0.2-0.5 keV band), in contrast
BB8 is clearly detected through the 0.5-10 keV band, that is including the harder
X-ray band (2-10 keV) as well.
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Figure 3.16: The X-ray vignetting-corrected background-subtracted images for
BB1 in four energy bands, 0.2–0.5 keV (top left), 0.5-1 keV (top right), 1–2 keV
(bottom left), 2–10 keV (bottom right). The white circles are the source extrac-
tion regions, the white dashed circles denote the two background regions. Details
of the regions extracted in in Attachments in Table 2.1 for all the observations.
The colour scale denotes the pixel intensity, for clarity the zscale function was
used.
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Figure 3.17: The X-ray vignetting-corrected background-subtracted images for
BB8 in four energy bands, 0.2–0.5 keV (top left), 0.5-1 keV (top right), 1–2
keV (bottom left), 2–10 keV (bottom right). The white circles are the source
extraction regions, the white dashed circles denote the two background regions.
Details of the regions extracted in in Attachments in Table 2.1. The colour scale
denotes the pixel intensity, for clarity the zscale function was used.

3.4.2 Lx-SFR and Lx-SFR-met

To investigate the Blueberry galaxies along known empirical relations, and espe-
cially the one used for the estimation of the XMM-Newton exposure time required
for a detection (i.e. Brorby et al., 2016), the galaxies are shown in the LX-SFR-
metallicity plane (see Figure 3.18). It is apparent, that all the sources except one
(BB8) show as under-luminous compared to the empirical Brorby et al. (2016)
relation, which is in stark contrast with the dwarf galaxy sample investigated
above (see Section 3.2, or Section 3.5 for further comparison).

The XMM-Newton clean exposure times should have been sufficient (except
the exposure time for BB5, see above) for a significant detection (see Table 3.2),
thus it seems that the Blueberry galaxies do not follow the Brorby et al. (2016)
relation for star-forming galaxies. As was described in Section 1.1.3, Blueberries
are the more extreme and very local analogues of the highly star-forming Green
Pea galaxies, which were studied in X-ray by Svoboda et al. (2019), and the
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Figure 3.18: The Blueberry galaxy sample plotted in the LX-SFR-metallicity
plane shown as purple points (detection) and upside down triangles (upper limits).
The green points correspond to the Green Pea sample of Svoboda et al. (2019).
The blue line represents the theoretical relation by Brorby et al. (2016). The
observed 0.5-8 keV X-ray luminosity is in units of erg s−1, the SFR is in units of
M⊙ yr−1.

Green Peas are thus also shown in Figure 3.18. Two out of three GPs reveal
enhanced X-ray luminosities and can be considered as AGN candidates (Svoboda
et al., 2019). The other source has X-ray emission rather consistent with its
star-formation and metallicity. It was assumed that the Blueberry galaxies will
behave similarly to GPs, or that they at least will be consistent with the Brorby
et al. (2016) relation, as they are also clearly dominated by HMXBs. Their
sSFRs (in the range of -7.9 to -7.5) are extremely high and they are thus the very
young and star-forming galaxies. In regards to the Lehmer et al. (2010, 2016)
relations taking both SFR and stellar mass into account, the sample shows as
over-luminous for two sources (BB1 ans BB5), consistent for one source (BB7)
and as under-luminous for the rest (BB1, 2, 3 and 4) (see Figure 3.19). The BB8
shows enhanced X-ray luminosity in regards to the empirical relations by Lehmer
et al. (2010, 2016) and even by Brorby et al. (2016). The BB8 is therefore the
most feasible for an AGN candidate (see Discussion for more details). While the
Figure 3.19 shows the BB5 as having X-ray excess, it needs to be recalled that
the exposure time was not in any way sufficient and the upper limit on BB5 can
be greatly over-estimated.
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Figure 3.19: Blueberries in the diagram of the X-ray luminosity over the SFR as
dependent on the sSFR. The detections are denoted by purple points, the upper
limits by the purple upside down triangles. The relation by Lehmer et al. (2010)
is shown as the green line in the plot and the relation by Lehmer et al. (2016)
as the purple line (< z >= 0.025).The observed 2-10 keV X-ray luminosity is in
units of erg s−1, the SFR is in units of M⊙ yr−1 and the sSFR is the units of yr−1.

Furthermore, it is evident, that while for less extreme galaxies, i.e. for galaxies
with the gas phase metallicities close to the solar value, the metallicity factor in
the Brorby et al. (2016) relation serves as a small correction (Adamcová, 2021), for
low-metallicity galaxies the effect becomes more prominent. This is demonstrated
by the lowest metallicity galaxy, BB5, being under-luminous when metallicty is
directly included and over-luminous when the effects of metallicity are taken into
account only indirectly through stellar mass (see the work by Tremonti et al.
(2004), which relates stellar mass and metallicity).

3.4.3 Specific star-formation rate

To further investigate if the metallicity is the reason for the shift of the galaxies,
the galaxies are shown in the LX-SFR along the relation by Mineo et al. (2014)
(see Figure 3.20. It is apparent, that the extremely low metallicity of the galaxies
caused the shift in regards to the relations by Mineo et al. (2014) and Brorby
et al. (2016). As the galaxies are expected to at least follow the X-ray luminosity
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Figure 3.20: The Blueberry galaxy sample plotted in the LX-SFR plane shown
as purple points (detection) and upside down triangles (upper limits). The blue
line represents the relation by Mineo et al. (2014). The observed 0.5-8 keV X-ray
luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1.

relations, which stem from star-formation, it might be possible that the metal-
licity factor in Brorby et al. (2016) is overestimated. Then, the exposure times
needed for a significant detection might have been underestimated and thus only
less than a third of the sources were detected.

3.5 Comparison to the parent sample

In this Section, the comparison between the the X-ray bright dwarf galaxy sample,
Blueberries and the SDSS parent sample is shown. The upper limits on the SDSS
dwarf galaxies, which were in the field of view of XMM-Newton satellite, were
constrained with the use of the FLIX2 sensitivity estimator for XMM-Newton
based on methods described by Carrera et al. (2007). Out of 56 241 dwarf galaxies
from the SDSS, only 3462 galaxies were in the field of view of XMM-Newton
observations, for most of those, see below, the value of FUPL was obtained and
used in luminosity calculations using the equation 2.1. The galaxy properties,
for these dwarf galaxies with the upper limit measurement from FLIX, were

2Available at: http://flix.irap.omp.eu
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Figure 3.21: The two samples and the upper limits, constrained by FLIX for
dwarfs and by the BEHR code for Blueberries, plotted in the LX-SFR-metallicity
plane, where the black line represents the empirical relation by Brorby et al.
(2016). The blue crosses are the dwarf galaxy sample, the purple points (detec-
tions) and upside down triangles (upper limits) are the Blueberry galaxies. The
grey upside down triangles are the upper limits for the rest of the dwarf galaxies.
The observed 0.5-8 keV X-ray luminosity is in units of erg s−1, the SFR is in units
of M⊙ yr−1.

obtained from the MPA-JHU and the metallicity was calculated using the method
described in Pettini and Pagel (2004). Hence, this process was similar to the
construction of the dwarf galaxy sample, see Section 2.2, and the only difference
was using the FLIX upper limit service in lieu of the XMM-Newton catalogue.

The final number of galaxies with the upper limit measurements and well
enough constrained properties was 3070, as 392 sources have been excluded - 16
due to high redshift errors (10−4 was deemed as sufficiently low error), 1 due to
no SFR measurement and 375 due to unconstrained FUPL value, regardless of the
galaxy being in the field of view of XMM-Newton.

3.5.1 Lx-SFR and Lx-SFR-metallicity

The dwarf galaxy sample is significantly over-luminous in contrast to most of
the Blueberry galaxies, as seen on Figure 3.21. The dwarf galaxy sample, and
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Figure 3.22: The two samples and the upper limits, constrained by FLIX for
dwarfs and by the BEHR code for Blueberries, plotted in the diagram of the X-
ray luminosity over the SFR as dependent on the sSFR. The blue crosses are the
dwarf galaxy sample, the purple points (detections) and upside down triangles
(upper limits) are the Blueberry galaxies. The grey upside down triangles are the
upper limits for the rest of the dwarf galaxies.The relation by Lehmer et al. (2010)
is shown as the green line in the plot and the relation by Lehmer et al. (2016)
as the purple line (< z >= 0.025). The observed 2-10 keV X-ray luminosity is in
units of erg s−1, the SFR is in units of M⊙ yr−1 and the sSFR is the units of yr−1.

especially the bright X-ray part (as according to the AGN candidate criteria by
Birchall et al. (2020), i.e. equation 1.14), might have another source of the X-
ray emission than Blueberry galaxies, perhaps excluding BB1 for its enhanced
luminosity.

The upper limits, constrained for the dwarf galaxy sample, do not help us to
understand, what is driving the enhanced X-ray luminosity, as the upper limits are
quite high (see the Figures 3.21 and 3.22). As dwarf galaxies are in general fainter
than their higher mass counterparts, the exposure times required for proper de-
tections are larger compared to those used for the upper limit measurement. And
since the dwarf galaxies with upper limits were measured only as a by-product of
observations of the brighter sources, the exposure times have not been sufficient.
Thus, the upper limit measurements are likely greatly over-estimated. This is
further discussed in the Section 4.1.4.
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3.5.2 Specific star-formation rate

It is evident (see Figure 3.22), that only a few XMM-Newton measured detections
or upper limits for dwarf galaxies are as extreme in their specific star-formation
rate as our Blueberry sample. Those galaxies do not show an enhanced luminosity
considerably higher than the Blueberries, therefore the uniqueness of very young
and star-forming galaxies is shown. It is also apparent, that the Blueberries are
not unique in terms of X-ray luminosity, which was valid for at least two of their
green counterparts (see Figure 3.18).

The dwarf galaxy X-ray upper limits seem to visibly follow the shape of the
Lehmer et al. (2010, 2016) relation, only for a higher redshift value. As discussed
above, this effect could be due to the insufficient exposure times, and could also
explain the significant scatter of the measured upper limits (we discuss this in
4.1.
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4. Discussion

In this Section, we first discuss the possible errors of the sample selection, which
we adapted from Birchall et al. (2020). Specifically, the separation between the
optical and X-ray signals. The observational bias for the dwarf galaxy sample
is further examined, in particular in the context of the measured X-ray upper
limits for the MPA-JHU dwarf galaxy sample. Possible explanations of the en-
hanced X-ray luminosity, including AGNs, and other possible sources are pre-
sented. Lastly, the implications of our Blueberry galaxy results on the early
universe are discussed.

4.1 Dwarf galaxy sample

4.1.1 Separation of the X-ray and optical signals

The cross-match radius of the XMM-Newton catalogue and MPA-JHU catalogue
was initially chosen as 10”, following Birchall et al. (2020), and 209 sources were
selected based on the criteria (see Section 2.2 for details). Only about 56% of the
sources had a separation of the signals less than 5” (refer to Figure 4.1). Each
of the sources were further investigated for possible contamination from another
near object, and 39 were further removed. It was found that with increasing
separation an increasing number of sources had to be removed, and most compact
dwarf galaxies should not have an off-set larger than 5” between the X-ray and
optical source. Nonetheless, if special care is taken and there is no other source
nearby, it is still possible, that the separation was indeed higher than expected.
Moreover, ’wandering’ black holes have recently been researched, including in
dwarf galaxies (see e.g. Bellovary et al., 2010; Ricarte et al., 2021; Sargent et al.,
2022; Reines, 2022).

It would also be possible, that with the choice of a smaller cross-match radius
(of 5” in place of 10”), a number of un-contaminated sources would be removed
as well. The sources with higher separation (> 5) seem to have similar X-ray
luminosities and occupy similar plot regions as the lower separation sources (see
Figure 4.2). To obtain clear results, a statistically robust sample is required.
Both the MPA-JHU and XMM-Newton catalogue were also handled in this way.
Particularly, the MPA-JHU provides flags on reliability of constrained galaxy
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Figure 4.1: The number of galaxies found in a filtered cross-match of XMM-
Newton and MPA-JHU catalogues, with a given separation given in arcsec, the
first bin therefore represents values 0-1”.

parameters and XMM-Newton catalogue the maximum likelihood values (ML),
the minimum value of a detection being ML=6 Only the reliable MPA-JHU values
and only sources that had XMM-Newton ML>12, to be certain the detections
were robust, were selected. Our last criterion (namely ML>12) could also skew
our sample towards higher X-ray luminosities, which in context of our results
from our Blueberry sample is not representative of the local dwarf galaxy group.
Nonetheless, as is discussed below, the dwarf galaxy sample is consistently higher
in X-ray emission than the rest of the local dwarf galaxies. Hence, only selecting
the robust detections should not affect our results. Similarly, since each source
was visually assessed for contamination, our choice of 10” should still provide
clear results.

4.1.2 X-ray excess explanation

It was concluded, that the X-ray excess is present in our dwarf galaxy sample over
different methods used. Metallicity or LMXB domination effects do not explain
the extent of the X-ray excess. We conclude the similar as Birchall et al. (2020)
in their sample, that there most likely has to be another source of radiation in the
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Figure 4.2: The dwarf galaxy sample in the LX-SFR-metallicity plane shown as
the blue and orange points. The orange points correspond to the sources with
separation of the X-ray and optical signal > 5′′, the blue points to the X-ray
sources with separation < 5′′. The observed 0.5-8 keV X-ray luminosity is in
units of erg s−1, the SFR is in units of M⊙ yr−1.

majority of the respective sample. They found that 85% of their AGN candidates
has no AGN features in the optical. The same applies for our enhanced sample,
as it shows no strong emission lines in the BPT diagrams (see Figures 4.3,4.4
and 4.5, and Section 3.1). We can use the BPT diagrams to compare the X-ray
bright and standard part of our sample to both the Blueberry sample and the
MPA-JHU dwarf galaxies, for which the X-ray upper limit flux could be measured
(Figures 4.3,4.4 and 4.5). Our sample remains rather heterogeneous in regards to
the BPT regions and sources with excess or none, only exceptions being the AGN
like sources, which occupy similar AGN/Seyfert regions in the diagram, and the
source without excess, but occupying the AGN space in the O I diagram.

4.1.3 Other possible sources of X-ray emission

The X-ray excess luminosities are mostly in the orders of 1040 − 1041 erg s−1 with
only a few with an excess over 1041 (see Section 3.2.4). For the highly luminous
sources, an AGN is a probable hypothesis and for some it was already observed.
But for the lower excesses, the possibility of another source must be investigated.

In our estimations of predicted X-ray luminosities, the MPA-JHU photomet-
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Figure 4.3: The [N II]/Hα versus [O III]/Hβ (N2-BPT; Baldwin, Phillips, and
Terlevich, 1981) diagram for both of the samples and the galaxies with the upper
limit measurement from the XMM-Newton satellite (grey points). The dwarf
galaxy sample is denoted by blue points, the blueberry sample by purple points.
Only five blueberries were plotted, since those has measured emission lines in the
MPA-JHU catalogue. The dashed blue curve is the demarcation line by Kewley
et al. (2001) and the green curve is the revised classification line by Kauffmann
et al. (2003a).

Figure 4.4: The [S II]/Hα versus [O III]/Hβ diagram (S2-VO87; Veilleux and
Osterbrock, 1987) with demarcation line by Veilleux and Osterbrock (1987). The
dwarf galaxy sample is denoted by blue points, the blueberry sample by purple
points. The grey upside down triangles are the upper limits.
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Figure 4.5: The [O I]/Hα versus [O III]/Hβ diagram (O1-VO87; Veilleux and
Osterbrock, 1987) with demarcation line by Veilleux and Osterbrock (1987). The
dwarf galaxy sample is denoted by blue points, the blueberry sample by purple
points. The grey upside down triangles are the upper limits.

ric SFRs were used. Hence, the SFR based on Hα measurements (refer to Section
1.2.1) were determined and it was found that while the mean value of the photo-
metric SFR for our sample is < SFR >= 0.14, the mean value of the SFR from
the Hα measurements is < SFR >= 0.04. The estimates of the predicted lumi-
nosity, which are based on the SFR values, would decrease and thus the X-ray
enhancement would be stronger.

Another possible explanation would be an enhanced HMXB population, stud-
ied by e.g., Brorby et al. (2014); Svoboda et al. (2019) for their samples. Our
sample is not as extreme in metallicities as the sample of Blue compact dwarfs
by Brorby et al. (2014). Therefore, the work by Svoboda et al. (2019), where
they found that up to 3000 HMXB would have to be present in the galaxy to ex-
plain the X-ray excess, a very improbable number, is followed. The SFRs for the
enhanced X-ray luminosity were calculated and from that the additional number
of HMXBs for each galaxy was found (i.e. using the NHMXB = 13 × SFR rela-
tion;Gilfanov and Merloni, 2014). The resulting numbers of HMXBs range from
∼ 1 to 104, the majority of our sources would need an additional 100 HMXBs
(see Figure 4.6). To examine, how much of an enhanced population of HMXBs
would be required, the ratio of the additional HMXBs to the original HMXB
population was constrained for each source from the X-ray bright dwarf galaxy
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Figure 4.6: Left: The number of additional HMXBs needed. Right: The ratio of
additional HMXBs to the original number in a given galaxy.

sample. On Figure 4.6, it can be seen that the ratios are very high, as for most
sources 101 − 102 times the original HMXB population would be needed to get
the X-ray excess we observe. Therefore, for the majority of the sources, the re-
quired enhancement is improbable. Half of the AGN candidate sub-sample also
have an required enhancement of the HMXB population of the order 101 − 102,
this could further validate the possibility of AGN candidates in our X-ray bright
dwarf galaxy sample.

An ultra-luminous source (ULX) commonly has X-ray luminosities of the order
of 1039 erg s−1 (e.g., Kaaret et al. 2017). As was discussed (refer to Figure 3.11,
our sample shows the most excess in between the orders of 1040 − 1041 erg s−1.
Hence, for most of the sources, only one ULX cannot solve the enhanced X-ray
luminosity.

4.1.4 Observational bias in dwarf galaxy sample and up-
per limits

To properly gauge the possible observational bias of our dwarf galaxy sample, the
meaning of the upper limits has to be examined.

There is a large scatter for the upper limits in Figures 3.21 and 3.22, as
discussed above the scatter could have emerged not from the X-ray emission from
the dwarf galaxies, but from extremely variable and mostly insufficient exposure
times, and possibly larger redshifts of some of the galaxies. Since for a galaxy
with a higher redshift a longer exposure time is necessary to measure the same
flux as for the same galaxy on a lower redshift.
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Figure 4.7: The upper limits plotted in the LX-SFR-metallicity plane, where
the black line represents the empirical relation by Brorby et al. (2016). The
colour map indicates the logarithmic exposure times used for the upper limit
measurements. The observed 0.5-8 keV X-ray luminosity is in units of erg s−1,
the SFR is in units of M⊙ yr−1.

The measured X-ray upper limits of the SDSS dwarf galaxies were plotted
in both diagrams following Brorby et al. (2016) and Lehmer et al. (2016) along
the exposure time length indicated by the colour map (see Figures 4.7 and 4.8).
Noticeably, the longer exposure times give, on average, substantially lower X-
ray luminosities, and the same is valid for the X-ray luminosities scaled by the
star-formation rates. Similarly, the highest upper limits appear to be for the
highest redshifts and again the shortest exposure times (see Figures 4.9 and 4.10,
where both the redshift dependence (indicated by a colour bar) and exposure
time length (indicated by the size of the crosses) is shown).

Therefore, the upper limits constrained with the longest exposure times and
smallest redshifts could possibly be closer to the actual X-ray luminosity of the
galaxies. Nevertheless, this does not apply to all the sources, and a substantial
amount of galaxies with a higher upper limit has a larger exposure time and a
lower redshift. This could point to either a very large scatter in the X-ray lu-
minosity for dwarf galaxies or another source of X-ray emission in a number of
dwarf galaxies (see 4.1.3 for the possible sources of an X-ray flux). Furthermore,
the X-ray bright part of our dwarf galaxy sample contains detections with sub-
stantially higher X-ray luminosity than expected, and thus it is possible at least
for some part of the un-detected sources to have quite high X-ray luminosities.
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Figure 4.8: The upper limits plotted in the diagram of the X-ray luminosity over
the SFR as dependent on the sSFR. The colour map indicates the logarithmic
exposure times used for the upper limit measurements. The relation by Lehmer
et al. (2010) is shown as the green line in the plot and the relation by Lehmer
et al. (2016) as the purple line (< z >= 0.025). The observed 2-10 keV X-ray
luminosity is in units of erg s−1, the SFR is in units of M⊙ yr−1 and the sSFR is
the units of yr−1.

Figure 4.9: The upper limits plotted in the LX-SFR-metallicity plane, where
the black line represents the empirical relation by Brorby et al. (2016). The
colour map indicates the redshift of the galaxies, and the point sizes denote the
logarithmic exposure times used for the upper limit measurements - the largest
crosses correspond to Texp ∼ 104, the medium crosses to Texp ∼ 103 and the
smallest crosses to Texp ∼ 102. The observed 0.5-8 keV X-ray luminosity is in
units of erg s−1, the SFR is in units of M⊙ yr−1.
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Figure 4.10: The upper limits plotted in the diagram of the X-ray luminosity
over the SFR as dependent on the sSFR. The colour map indicates the redshift
of the galaxies, and the point sizes denote the logarithmic exposure times used
for the upper limit measurements - the largest crosses correspond to Texp ∼ 104,
the medium crosses to Texp ∼ 103 and the smallest crosses to Texp ∼ 102. The
relations by Lehmer et al. (2010) and Lehmer et al. (2016) are shown as the green
and purple (< z >= 0.025) line. The observed 2-10 keV X-ray luminosity is in
units of erg s−1, the SFR is in units of M⊙ yr−1 and the sSFR is the units of yr−1.

Consequently, there seems to be an observational bias in our dwarf galaxy
sample, that is in the dwarf galaxies with a certain detection by the XMM-
Newton satellite. Only the galaxies with the highest X-ray luminosities have
properly measured X-ray fluxes, and it is also evident from our observations of
the Blueberry galaxies, where two out of seven sources have been detected and
for the rest only the upper limits could be constrained, even if the exposure times
were sufficient (this is valid except for one source, see Section 3.4.2).

4.2 Blueberry galaxy sample

4.2.1 Implications for early universe evolution

Our Blueberry sample shows as under-luminous when compared to the empirical
relations derived for star-forming galaxies in mostly the local universe (see Section
3.4 and 3.5). As the SFRs of the Blueberry galaxies are rather high compared
to both our dwarf galaxy sample and other star-forming galaxy samples, much
higher X-ray luminosities from Blueberries were expected. Especially, since the
sSFRs of Blueberries are very extreme for such local galaxies, and they are more
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rather reminiscent of the first galaxies around the time of cosmic reionisation. It
has been discussed above, that the Blueberries are also the very local counterparts
of the Green Peas, which are intensively researched recently as the local analogues
of the high redshift galaxies (Svoboda et al., 2019; Schaerer et al., 2022; Rhoads
et al., 2023). Thus, the un-detected X-ray luminosity, which is not even in line
with the measured star-formation activity, could have a significant influence on
how we see the sources of ionising radiation in the early universe.

In two out of three Green Peas, studied by Svoboda et al. (2019), there was a
large X-ray excess measured, but in the third only an upper limit, consistent with
the expected luminosity coming from the star-formation, could be constrained.
In the context of our Blueberry sample, this could mean that only some star-
forming dwarf galaxies have higher than expected X-ray luminosities, as also only
BB8 showed an X-ray excess, with the rest of the sample being under-luminous
or clearly un-detected. These results show that this class of dwarf galaxies is
not X-ray bright, and therefore, the enhanced X-ray luminosity reported for the
two Green Pea galaxies is likely of different origin than from the star-formation
processes.

If we take our dwarf galaxy sample into account, our results from Blueberries
seem to point even more to our X-ray significant dwarf galaxies having some other
source of X-ray radiation. Since they have on average both much lower SFRs and
sSFRs. Inversely, it might be possible, that the empirical relations derived for
dwarf galaxies have much larger scatter but not obviously caused by any physical
parameter related to the stellar population or star-formation processes.
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Conclusions

In this thesis, we studied two dwarf galaxy samples.The first was obtained by
archival search of all dwarf galaxies detected in X-rays with the XMM-Newton
satellite. The second sample consists of 7 Blueberry galaxies that were newly ob-
served by the XMM-Newton observatory, and we present here the data reduction
and analysis.

Our dwarf galaxy sample showed a significant X-ray luminosity enhancement,
even if the effects of metallicity, redshift and possible low mass X-ray binary
domination were considered. We studied whether the X-ray excess has any rela-
tion to the physical parameters of the stellar population of the studied galaxies.
However, we did not find any correlation with metallicity, total stellar mass, or
star formation density. We therefore conclude, that there is a high possibility of
the galaxies to host an AGN, which would also be in accordance to the number
of previously found AGN candidates, which do not show any signatures in the
optical light.

The studied dwarf galaxy sample overall seems to show more significant in-
creased X-ray luminosity compared to other galaxy samples studied in X-rays,
except maybe the stacked Fornasini et al. (2018) sample.

We found that our galaxies have stronger radio flux than expected from the
empirical relations between the radio luminosity and SFR. However, also other
sources from the comparison sample show enhanced radio luminosity in com-
parison with the empirical relations of Yun et al. (2001); Murphy et al. (2011)
and Filho et al. (2019). A few of our X-ray bright dwarfs do show as extremely
luminous, and a more detailed study of their radio luminosity would be beneficial.

Our second sample of the first X-ray observations of the Blueberry galaxies,
the local analogues to the distant galaxies, appeared to be X-ray under-luminous,
as only 2 out of 7 sources have been detected and for the rest only upper limits
on the X-ray luminosity were constrained, with the use of Bayesian analysis.

The sources in both of our samples are useful for further research, as star-
forming dwarf galaxies are thought to have great influence in the early universe.
Especially the Blueberries, as they both hint to the empirical relations not being
constrained well for the low-mass galaxies and could also change our perceptions
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about the cosmic reionisation era, where the ionising radiation from star-forming
dwarf galaxies is widely regarded to have helped cause the reionisation.

75



Bibliography

Barbora Adamcová. X-ray emission of star-forming dwarf galaxies. Bachelor’s
thesis, Astronomical Institute, Faculty of Mathematics and Physics, Charles
University, Prague, Czech Republic, 2021.

Anthony Aguirre, Lars Hernquist, Joop Schaye, David H. Weinberg, Neal Katz,
and Jeffrey Gardner. Metal Enrichment of the Intergalactic Medium at z=3
by Galactic Winds. The Astrophysical Journal, 560(2):599–605, October 2001.
doi: 10.1086/323070.

Anthony Aguirre, Corey Dow-Hygelund, Joop Schaye, and Tom Theuns. Metal-
licity of the Intergalactic Medium Using Pixel Statistics. IV. Oxygen. The
Astrophysical Journal, 689(2):851–864, December 2008. doi: 10.1086/592554.

Hiroaki Aihara, Carlos Allende Prieto, Deokkeun An, Scott F. Anderson, Éric
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A. Attachments

A.1 Dwarf galaxy sample

The data for the dwarf galaxy sample are provided here.

Table A.1: The dwarf galaxy sample, where common
name was taken from SIMBAD or NED, optical galaxy
coordinates taken from the MPA-JHU (based on SDSS
DR8), and separation of the optical and X-ray signals in
arcsec. The letters in superscript, after the names (e.g.,
a), indicate that the particular source was classified as an
AGN by the paper referenced in the letter: a Lin et al.
(2012), b Liu et al. (2011), c Krawczyk et al. (2013), d Mo-
hanadas and Annuar (2023), e Véron-Cetty and Véron
(2010), f Veron-Cetty and Veron (2003), g Araya Salvo
et al. (2012), h Veron-Cetty and Veron (2000), i Monroe
et al. (2016).

Full Name Abbr. Name RA DEC Separation
(J2000) (J2000) [arcsec]

NGC 4395a NGC 4395a 186.45 33.55 0.07
SDSS J155521.05+110839.0 J1555+1108 238.84 11.14 0.15
SDSS J212251.86-005948.1 J2122-0059 320.72 -1.00 0.15
SDSS J145453.53+032456.8 J1454+0324 223.72 3.42 0.16
SDSS J112321.77+212827.8 J1123+2128 170.84 21.47 0.18
2XMM J134736.4+173404b J1347+1734b 206.90 17.57 0.26
NGC 3413 NGC 3413 162.84 32.77 0.27
SDSS J141730.92+073320.7c J1417+0733c 214.38 7.56 0.28
NGC 4117d NGC 4117d 181.94 43.13 0.33
SDSS J114726.69+494257.8 J1147+4942 176.86 49.72 0.39
LEDA 4547233 LEDA 4547233 143.04 21.52 0.41
2XMM J153510.8+232408 J1535+2324 233.79 23.40 0.45
2MFGC 6625 2MFGC 6625 125.98 28.11 0.47
NGC 4413 NGC 4413 186.63 12.61 0.51
LEDA 2816038 LEDA 2816038 196.79 53.96 0.52
SDSS J150009.37+484426.4 J1500+4844 225.04 48.74 0.53
2XMM J160531.8+174825e J1605+1748e 241.38 17.81 0.54
SDSS J112830.77+583342.9 J1128+5833 172.13 58.56 0.55
LEDA 91351 LEDA 91351 214.44 7.42 0.58
SDSS J144012.70+024743.5e J1440+0247e 220.05 2.80 0.59
2XMM J134107.9+263047e J1341+2630e 205.28 26.51 0.64
SDSS J122254.57+154916.4 J1222+1549 185.73 15.82 0.65
2XMM J114501.7+194549 J1145+1945 176.26 19.76 0.72
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Full Name Abbr. Name RA DEC Separation
(J2000) (J2000) [arcsec]

SDSS J142459.40+225448.2 J1424+2254 216.25 22.91 0.74
LEDA 126737 LEDA 126737 195.43 27.75 0.74
LEDA 2576290 LEDA 2576290 206.83 58.24 0.77
LEDA 2469933 LEDA 2469933 196.87 54.45 0.80
SDSS J101815.08+462623.9 J1018+4626 154.56 46.44 0.82
NGC 4713 NGC 4713 192.49 5.31 0.82
Mrk 1434 Mrk 1434 158.54 58.06 0.89
2MASS J12190141+4715248 J1219+4715 184.76 47.26 0.95
2XMMi J092720.4+362407 J0927+3624 141.84 36.40 0.97
2MASX J19225629+6127444 J1922+6127 290.73 61.46 1.01
Mrk 1303f Mrk 1303f 175.06 -0.41 1.03
IC 800 IC 800 188.49 15.35 1.03
NGC 4479 NGC 4479 187.58 13.58 1.04
UGC 6192e UGC 6192e 167.30 61.40 1.07
UGC 9215 UGC 9215 215.86 1.73 1.08
LEDA 1762774 LEDA 1762774 212.40 26.11 1.09
Mrk 259 Mrk 259 202.18 43.93 1.14
NGC 4387 NGC 4387 186.42 12.81 1.14
SDSS J090029.37+354840.6 J0900+3548 135.12 35.81 1.23
2XMM J134427.6+560130 J1344+5601 206.11 56.02 1.25
NGC 4647 NGC 4647 190.89 11.58 1.25
2MASS J08041631+3010579 J0804+3010 121.07 30.18 1.26
SDSS J140856.93+531705.6 J1408+5317 212.24 53.28 1.30
NGC 4561g NGC 4561g 189.03 19.32 1.39
SDSS J012206.36+005616.6 J0122+0056 20.53 0.94 1.39
NVSS J123542-001252 J1235-0012 188.93 -0.22 1.40
SDSS J160651.01+080928.6 J1606+0809 241.71 8.16 1.42
SDSS J112910.56+582309.0 J1129+5823 172.29 58.39 1.48
SDSS J114347.41+195830.1 J1143+1958 175.95 19.98 1.52
2XMM J134806.9+262419h J1348+2624 207.03 26.41 1.53
SDSS J110813.80+255355.9 J1108+2553 167.06 25.90 1.57
Mrk 636 Mrk 636 173.90 15.98 1.61
LEDA 41098 LEDA 41098 187.24 12.66 1.66
SDSS J162642.49+390842.8 J1626+3908 246.68 39.15 1.75
SDSS J100220.34+030357.9 J1002+0303 150.58 3.07 1.77
SDSS J140919.94+262220.1 J1409+2622 212.33 26.37 1.77
SDSS J011523.96+003808.7 J0115+0038 18.85 0.64 1.79
2XMM J123519.9+393110 J1235+3931 188.83 39.52 1.93
2MASX J11434889+2014543 J1143+2014 175.95 20.25 1.94
ISI96 0016-0052 ISI96 0016 4.88 -0.60 1.95
SDSS J122153.96+042742.5 J1221+0427 185.47 4.46 2.03
NGC 1042e NGC 1042e 40.10 -8.43 2.03
Mrk 53 Mrk 53 194.03 27.68 2.07
2XMM J120900.7+422829 J1209+4228 182.25 42.48 2.08
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Full Name Abbr. Name RA DEC Separation
(J2000) (J2000) [arcsec]

SDSS J083200.51+191205.8b J0832+1912b 128.00 19.20 2.09
SDSSCGB 15.2 CGB 15.2 139.68 16.48 2.11
IC 534 IC 534 140.31 3.15 2.12
NGP9 F270-0717570 NGP9 F270 205.35 35.76 2.15
2MASX J14241361+2247467 J1424+2247 216.06 22.80 2.19
SDSS J165844.49+351923.0 J1658+3519 254.69 35.32 2.20
LEDA 2732338 LEDA 2732338 148.43 69.79 2.21
Mrk 846 Mrk 846 227.17 52.45 2.35
LEDA 1236341 LEDA 1236341 219.99 2.75 2.48
LEDA 1393461 LEDA 1393461 241.92 11.43 2.53
IC 3292 IC 3292 186.20 18.20 2.58
NGC 3396 NGC 3396 162.48 32.99 2.59
LEDA 2031513 LEDA 2031513 190.42 33.41 2.61
LEDA 27453h LEDA 27453h 144.56 54.47 2.62
SDSSCGB 15420.2 CGB 15420.2 168.99 55.80 2.70
LEDA 1817480 LEDA 1817480 134.40 27.77 2.73
SDSSCGB 48507.1 CGB 48507.1 210.72 54.52 2.75
LEDA 2350551 LEDA 2350551 179.39 49.69 2.89
MCG+00-25-010e MCG+00-25e 146.01 -0.64 2.91
SDSS J115558.40+232730.7 J1155+2327 178.99 23.46 2.91
SDSS J094253.43+092941.9 J0942+0929 145.72 9.50 3.03
SDSS J082228.93+034551.7 J0822+0345 125.62 3.76 3.05
Mrk 487 Mrk 487 234.27 55.26 3.07
SDSS J160508.00+174531.3 J1605+1745 241.28 17.76 3.11
SDSS J122117.80+113027.0 J1221+1130 185.32 11.51 3.14
LEDA 3090963 LEDA 3090963 130.59 11.83 3.21
SDSS J121852.72+142546.7 J1218+1425 184.72 14.43 3.27
2XMM J125825.4+344902 J1258+3449 194.60 34.82 3.28
SDSS J140410.98+542521.6 J1404+5425 211.05 54.42 3.41
LEDA 44693 LEDA 44693 195.00 27.95 3.43
ECO 2050 ECO 2050 228.55 13.81 3.46
UGC 5214 UGC 5214 146.34 23.07 3.64
NGC 4253i NGC 4253 184.61 29.81 3.65
SDSS J132441.64+534531.9 J1324+5345 201.17 53.76 3.72
SDSS J132932.41+323417.0 J1329+3234 202.39 32.57 4.05
LEDA 1381115 LEDA 1381115 165.07 7.94 4.15
2MASX J11301437+2348081 J1130+2348 172.56 23.80 4.16
SDSS J093210.08+213008.2 J0932+2130 143.04 21.50 4.26
SDSS J124351.95+130812.5 J1243+1308 190.97 13.14 4.39
NGC 5471 NGC 5471 211.12 54.40 4.59
LEDA 2381753 LEDA 2381753 140.60 50.77 4.64
LEDA 1650760 LEDA 1650760 169.69 21.47 4.81
SDSS J094434.44+040005.6 J0944+0400 146.14 4.00 4.96
2MASS J13300053+4713264 J1330+4713 202.50 47.22 4.99
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Full Name Abbr. Name RA DEC Separation
(J2000) (J2000) [arcsec]

LEDA 2237836 LEDA 2237836 180.77 44.15 5.00
LEDA 1381115 LEDA 1381115 165.35 10.55 5.04
SDSS J081432.21+515305.5 J0814+5153 123.63 51.88 5.17
SDSS J124448.48+335432.8 J1244+3354 191.20 33.91 5.21
NGC 0660 NGC 0660 25.76 13.65 5.36
SDSS J114313.09+200017.3 J1143+2000 175.80 20.00 5.38
IC 2520 IC 2520 149.08 27.23 5.39
SDSS J205119.52-005302.3 J2051-0053 312.83 -0.88 5.46
LEDA 1528674 LEDA 1528674 172.22 17.27 5.58
LEDA 2057205 LEDA 2057205 210.82 34.96 5.61
SDSS J085735.10+394818.0 J0857+3948 134.40 39.81 5.62
2MASX J16160054+2216080 J1616+2216 244.00 22.27 5.65
LEDA 991660 LEDA 991660 10.33 -9.39 5.69
SDSS J154616.68+022452.0 J1546+0224 236.57 2.41 5.70
LEDA 1397198 LEDA 1397198 190.93 11.68 5.86
NGC 4016 NGC 4016 179.62 27.53 5.87
LEDA 126792 LEDA 126792 194.85 28.00 5.91
SDSS J082527.65+295739.3 J0825+2957 126.37 29.96 5.98
SDSS J101835.09+371328.6 J1018+3713 154.65 37.22 6.00
LEDA 39894 LEDA 39894 185.28 11.60 6.03
IC 3381 IC 3381 187.06 11.79 6.32
[GPM2009] J2119-0732 J2119-0732 319.93 -7.54 6.34
SDSS J032101.39+412604.0 J0321+4126 50.26 41.43 6.36
LEDA 1133202 LEDA 1133202 353.11 -0.85 6.41
SDSS J135834.11+372709.9 J1358+3727 209.64 37.45 6.42
SDSS J133009.28-014345.8 J1330-0143 202.54 -1.73 6.58
SDSS J133009.28-014345.8 J1330-0143 250.44 39.64 6.60
MCG+09-23-060 MCG+09-23 214.88 51.92 6.65
SDSS J164145.65+393837.0 J1641+3938 197.02 21.47 6.68
SDSS J072637.94+394557.8 J0726+3945 111.66 39.77 6.71
LEDA 1893525 LEDA 1893525 180.65 30.18 6.81
IC 633e IC 633e 159.85 -0.39 6.94
2MASX J17161451+6024442 J1716+6024 259.06 60.41 7.00
MCG+09-17-009 MCG+09-17 150.31 55.72 7.00
LEDA 214272 LEDA 214272 217.00 25.87 7.25
LEDA 1246121 LEDA 1246121 175.22 3.14 7.37
HS 1546+3526 HS 1546+3526 237.20 35.29 7.42
2MASX J09103101+5423407 J0910+5423 137.63 54.39 7.48
UGC 9925 UGC 9925 234.13 16.44 7.86
IC 2604 IC 2604 162.35 32.77 7.93
SDSS J112304.83+053835.3 J1123+0538 170.77 5.64 7.96
SDSS J104413.07+064544.4 J1044+0645 161.05 6.76 7.97
LEDA 44692 LEDA 44692 195.00 27.94 8.02
SDSS J121707.89+034056.3 J1217+0340 184.28 3.68 8.02
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Full Name Abbr. Name RA DEC Separation
(J2000) (J2000) [arcsec]

SDSS J171533.98+572700.9 J1715+5727 258.89 57.45 8.04
UGC 7012 UGC 7012 180.51 29.85 8.05
SDSS J213719.08+003023.4 J2137+0030 324.33 0.51 8.07
HS 0905+3948 0905+3948 137.24 39.60 8.09
2MASS J02551171-0011029 J0255-0011 43.80 -0.18 8.13
NGP9 F269-1740572 NGP9 F269 199.91 33.24 8.25
2MASX J13292118+3349274 J1329+3349 202.34 33.82 8.29
SWIFT J0800.1+2322 J0800+2322 120.00 23.41 8.34
2MASX J12192311+0547414 J1219+0547 184.85 5.79 8.36
KUG 1327+340 KUG 1327 126.49 4.11 8.47
CGCG 317-009 NED02 CGCG 317 207.97 64.37 8.49
SDSS J102243.57+194852.0 J1022+1948 155.68 19.81 8.51
EON 156.024+19.821 EON 156+19 156.02 19.82 8.56
2MASX J12595760+2803543 J1259+2803 194.99 28.07 8.82
SDSS J004142.47-092125.8 J0041-0921 10.43 -9.36 8.83
AGC 234582 AGC 234582 201.03 31.76 8.84
SDSS J114242.00+152117.8 J1142+1521 175.68 15.35 8.84
LEDA 1290545 LEDA 1290545 227.38 5.87 8.89
LEDA 1387827 LEDA 1387827 202.77 11.03 8.94
SDSS J140612.06+250842.8 J1406+2508 211.55 25.15 9.03
2MASX J09484625+0016187e J0948+0016e 147.19 0.27 9.11
SDSS J085834.17+135541.7 J0858+1355 134.64 13.93 9.17
SDSS J212855.85+000325.6 J2128+0003 322.23 0.06 9.27
NGC 3605 NGC 3605 169.19 18.02 9.37
LEDA 1145613 LEDA 1145613 331.64 -0.35 9.58
UGC 4904 UGC 4904 139.34 41.91 9.63
NVSS J131952-005209e J1319-0052e 199.97 -0.87 9.95
SDSS J162437.38+390746.3 J1624+3907 246.16 39.13 9.96

117



Table A.2: The properties of the dwarf galaxy sample,
obtained from the MPA-JHU (for details see 2.2). The
letters in superscript, after the names (e.g., a), indicate
that the particular source was classified as an AGN by
the paper referenced in the letter: a Lin et al. (2012), b

Liu et al. (2011), c Krawczyk et al. (2013), d Mohanadas
and Annuar (2023), e Véron-Cetty and Véron (2010),
f Veron-Cetty and Veron (2003), g Araya Salvo et al.
(2012), h Veron-Cetty and Veron (2000), i Monroe et al.
(2016).

Abbr. Name z log(SFR) log(M∗) log(O/H)+12

NGC 4395a 0.0011 -3.80 7.40 8.21
J1555+1108 0.0450 -0.02 9.10 8.40
J2122-0059 0.1839 0.54 9.45 8.44
J1454+0324 0.0752 0.34 9.12 —
J1123+2128 0.1614 -1.63 8.96 8.51
J1347+1734b 0.0447 0.10 9.36 8.44
NGC 3413 0.0021 -1.53 8.46 8.31
J1417+0733c 0.0557 -0.16 8.84 8.76
NGC 4117d 0.0032 -1.77 9.34 8.41
J1147+4942 0.0260 -1.21 9.26 8.50
LEDA 4547233 0.0015 -1.39 6.24 8.96
J1535+2324 0.0364 -0.25 9.25 8.31
2MFGC 6625 0.0472 1.47 8.61 8.23
NGC 4413 0.0003 -3.68 7.14 8.79
LEDA 2816038 0.0294 0.34 9.38 8.38
J1500+4844 0.0792 0.39 9.44 8.31
J1605+1748e 0.0317 -0.81 9.22 8.52
J1128+5833 0.0100 -0.23 9.22 8.59
LEDA 91351 0.0234 -1.26 9.38 8.49
J1440+0247e 0.0299 -0.14 9.42 8.32
J1341+2630e 0.0703 0.08 9.40 8.43
J1222+1549 0.0053 -0.60 8.93 8.88
J1145+1945 0.0274 -1.07 9.36 —
J1424+2254 0.0331 -0.61 8.62 8.26
LEDA 126737 0.0354 -0.32 9.39 8.66
LEDA 2576290 0.0348 -0.29 9.10 8.49
LEDA 2469933 0.0326 0.39 8.79 8.19
J1018+4626 0.0803 0.59 9.19 8.15
NGC 4713 0.0022 -1.11 8.75 8.65
Mrk 1434 0.0075 -1.21 7.00 7.90
J1219+4715 0.0011 -2.08 6.33 —
J0927+3624 0.0190 -0.95 8.52 8.34
J1922+6127 0.0600 0.27 9.24 8.85
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Abbr. Name z log(SFR) log(M∗) log(O/H)+12

Mrk 1303f 0.0220 0.04 8.92 8.32
IC 800 0.0078 -0.54 9.42 8.81
NGC 4479 0.0028 -1.93 9.45 8.55
UGC 6192e 0.0068 -1.30 8.39 8.23
UGC 9215 0.0047 -0.66 8.84 8.51
LEDA 1762774 0.0682 0.83 9.43 8.30
Mrk 259 0.0280 0.33 8.34 8.13
NGC 4387 0.0018 -2.44 9.10 8.62
J0900+3548 0.0102 -1.55 7.46 8.10
J1344+5601 0.0706 1.20 9.15 8.15
NGC 4647 0.0047 -1.55 7.63 8.82
J0804+3010 0.0141 -1.97 6.86 8.52
J1408+5317 0.0436 -1.31 8.30 8.37
NGC 4561g 0.0047 -0.33 8.28 8.34
J0122+0056 0.0082 -2.91 6.47 8.45
J1235-0012 0.0234 -0.38 7.81 8.74
J1606+0809 0.0093 -1.31 8.21 8.29
J1129+5823 0.0411 0.07 9.11 8.32
J1143+1958 0.0229 0.04 8.07 8.32
J1348+2624h 0.0570 0.57 8.81 8.00
J1108+2553 0.1137 0.58 9.41 8.21
Mrk 636 0.0175 -0.27 8.96 8.32
LEDA 41098 0.0047 -3.40 8.89 —
J1626+3908 0.0283 -0.41 8.88 8.40
J1002+0303 0.0294 0.03 9.24 8.32
J1409+2622 0.0595 1.07 9.21 8.40
J0115+0038 0.0352 -0.86 8.93 8.11
J1235+3931 0.0209 -0.59 7.90 7.96
J1143+2014 0.0204 0.31 9.09 8.54
ISI96 0016 0.0329 -0.33 8.85 8.46
J1221+0427 0.0051 -0.99 7.62 8.84
NGC 1042e 0.0046 -2.84 9.42 8.63
Mrk 53 0.0165 -0.18 9.12 8.56
J1209+4228 0.0236 -0.96 9.28 8.25
J0832+1912b 0.0375 0.21 9.29 7.90
CGB 15.2 0.0338 0.40 9.20 8.39
IC 534 0.0117 -0.52 9.38 8.33
NGP9 F270 0.0625 -0.04 9.43 8.49
J1424+2247 0.0182 -0.53 9.20 8.58
J1658+3519 0.0699 0.53 9.15 8.14
LEDA 2732338 0.2143 -1.88 8.89 8.83
Mrk 846 0.0114 -0.47 9.28 8.36
LEDA 1236341 0.0059 -2.07 7.41 8.40
LEDA 1393461 0.0343 -0.11 9.21 8.40
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IC 3292 0.0023 -3.28 8.40 8.63
NGC 3396 0.0057 -0.22 9.21 8.49
LEDA 2031513 0.0228 -0.95 8.75 8.21
LEDA 27453h 0.1021 1.37 9.37 8.19
CGB 15420.2 0.0335 0.09 8.21 8.14
LEDA 1817480 0.0077 -1.08 8.36 8.31
CGB 48507.1 0.0010 -2.56 6.04 8.37
LEDA 2350551 0.0234 -0.90 8.86 8.37
MCG+00-25e 0.0048 -1.05 6.69 7.87
J1155+2327 0.0521 0.16 9.33 8.46
J0942+0929 0.0106 -1.92 6.31 8.14
J0822+0345 0.0351 0.11 8.82 8.22
Mrk 487 0.0022 -1.61 6.86 —
J1605+1745 0.0334 0.40 8.72 8.86
J1221+1130 0.0012 -1.65 7.92 8.34
LEDA 3090963 0.0294 0.36 8.33 8.06
J1218+1425 0.0083 -0.53 6.76 8.85
J1258+3449 0.0337 0.31 9.24 8.35
J1404+5425 0.0010 -2.74 6.03 8.16
LEDA 44693 0.0228 -1.65 9.24 9.17
ECO 2050 0.0223 -0.88 8.63 8.45
UGC 5214 0.0183 -0.96 9.11 8.52
NGC 4253i 0.0127 -4.10 6.26 8.70
J1324+5345 0.0639 0.40 9.25 8.34
J1329+3234 0.0156 -1.15 8.08 8.31
LEDA 1381115 0.0378 -0.05 9.44 8.53
J1130+2348 0.0249 -0.14 9.13 8.40
J0932+2130 0.0016 -1.75 6.82 8.89
J1243+1308 0.0030 -1.25 6.37 8.59
NGC 5471 0.0010 -1.94 6.04 8.14
LEDA 2381753 0.0269 -0.46 8.97 8.46
LEDA 1650760 0.0214 -0.45 8.97 8.41
J0944+0400 0.0197 -0.73 8.77 8.32
J1330+4713 0.0014 -4.13 8.32 8.78
LEDA 2237836 0.0239 -0.87 8.89 8.38
LEDA 1381115 0.0323 -0.94 9.28 8.75
J0814+5153 0.0392 -0.18 9.45 8.57
J1244+3354 0.0646 0.33 9.44 8.54
NGC 0660 0.0029 -3.94 7.33 8.63
J1143+2000 0.0234 -0.27 9.27 8.51
IC 2520 0.0042 -1.01 9.36 8.61
J2051-0053 0.0536 -0.26 9.00 8.40
LEDA 1528674 0.0112 -1.45 8.02 8.25
LEDA 2057205 0.0265 -0.65 9.30 8.61
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J0857+3948 0.0515 -0.22 9.41 8.67
J1616+2216 0.0141 -0.66 9.43 8.71
LEDA 991660 0.0497 -0.35 9.42 8.89
J1546+0224 0.0121 -2.65 6.97 8.86
LEDA 1397198 0.0287 -0.64 9.14 8.53
NGC 4016 0.0115 0.19 9.33 8.45
LEDA 126792 0.0183 -2.71 9.18 —
J0825+2957 0.0503 0.49 9.02 8.20
J1018+3713 0.0484 -0.17 9.35 8.54
LEDA 39894 0.0031 -2.38 7.71 8.20
IC 3381 0.0022 -3.26 8.57 —
J2119-0732 0.0094 -0.87 7.37 8.03
J0321+4126 0.0133 -1.99 9.43 8.77
LEDA 1133202 0.0176 -0.44 8.92 8.35
J1358+3727 0.0115 -1.23 8.56 8.78
J1330-0143 0.0149 -2.04 6.26 8.46
J1330-0143 0.0301 -1.48 6.17 8.73
MCG+09-23 0.0290 -0.78 9.44 8.53
J1641+3938 0.0652 -0.21 9.39 8.50
J0726+3945 0.1114 0.46 9.13 8.10
LEDA 1893525 0.0516 -0.09 9.34 8.37
IC 633e 0.0186 -0.03 9.24 8.40
J1716+6024 0.0110 -0.95 8.88 8.50
MCG+09-17 0.0043 -1.24 8.34 8.41
LEDA 214272 0.0153 -0.83 8.64 8.34
LEDA 1246121 0.0266 -0.50 9.04 8.49
HS 1546+3526 0.0552 0.06 8.64 8.16
J0910+5423 0.0130 -0.71 8.69 8.26
UGC 9925 0.0063 -1.65 8.83 8.64
IC 2604 0.0054 -1.20 8.53 8.47
J1123+0538 0.0496 0.01 8.88 8.51
J1044+0645 0.0204 -0.77 7.35 8.40
LEDA 44692 0.0204 -1.98 8.98 8.74
J1217+0340 0.0069 -1.28 7.02 8.61
J1715+5727 0.0302 -1.90 9.44 —
UGC 7012 0.0102 -0.57 9.22 8.72
J2137+0030 0.0294 -1.53 9.30 8.72
0905+3948 0.0429 0.09 8.89 8.29
J0255-0011 0.0289 0.48 9.01 8.75
NGP9 F269 0.0383 -0.55 8.98 8.36
J1329+3349 0.0256 -0.78 9.28 8.60
J0800+2322 0.0290 -0.71 9.22 8.62
J1219+0547 0.0068 -2.97 9.44 —
KUG 1327 0.0506 -0.31 8.78 8.26
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CGCG 317 0.0059 -1.06 7.42 8.05
J1022+1948 0.0394 -0.58 9.15 8.64
EON 156+19 0.0365 -0.78 8.90 8.40
J1259+2803 0.0195 -1.91 9.26 7.89
J0041-0921 0.0491 -1.28 9.39 8.53
AGC 234582 0.0154 -1.72 8.88 8.64
J1142+1521 0.0238 -1.01 9.07 8.66
LEDA 1290545 0.0331 -0.70 9.47 8.63
LEDA 1387827 0.0243 -0.63 9.01 8.45
J1406+2508 0.0508 -0.53 9.45 8.54
J0948+0016e 0.0202 -0.07 9.37 8.57
J0858+1355 0.0169 -1.19 8.54 8.28
J2128+0003 0.0309 -0.83 7.91 8.12
NGC 3605 0.0021 -2.61 9.04 8.61
LEDA 1145613 0.0268 -0.74 9.46 8.69
UGC 4904 0.0056 -4.16 6.04 8.53
J1319-0052e 0.0443 -0.49 8.71 8.26
J1624+3907 0.0352 -0.30 7.17 8.82

A.2 Blueberry galaxy sample

The extraction regions for the Blueberry sources are provided here.

Source extraction region Background 1 extraction region Background 2 extraction region
BB Ra Dec Rad Ra Dec Rad Ra Dec Rad
1 17:35:01.228 +57:03:08.460 30 17:35:08.742 +57:02:12.311 50 17:34:56.360 +57:04:02.882 35
2 15:09:34.173 +37:31:46.128 20 15:09:41.027 +37:31:23.450 50 15:09:29.509 +37:32:21.106 33
3 2:40:52.1952 -8:28:27.480 30 2:40:47.073 -08:29:17.598 55 2:40:56.328 -8:28:09.511 30
4 8:51:15.650 +58:40:55.020 30 8:51:06.805 +58:41:27.120 40 8:51:22.408 +58:40:16.479 32
5 1:46:53.3064 +3:19:22.368 30 1:46:48.504 +3:18:24.060 60 1:46:57.057 +3:19:46.630 30
7 15:56:24.475 +48:06:45.792 30 15:56:32.357 +48:06:59.434 45 15:56:17.777 +48:06:46.089 32
8 8:25:40.449 +18:46:17.220 30 8:25:34.506 +18:46:18.592 50 8:25:45.070 +18:45:57.170 35

122


	Introduction
	Star forming dwarf galaxies
	Star-formation
	Metallicity
	Green Peas and Blueberries

	Spectral properties of star-forming galaxies
	Optical/UV emission
	Radio emission
	X-ray emission

	Active galactic nuclei in dwarf galaxies
	AGN diagnostics


	Methods
	Instruments and catalogues
	XMM-Newton
	The SDSS survey and MPA-JHU
	The VLA FIRST Survey

	Dwarf galaxy sample selection
	Blueberry galaxy sample selection
	X-ray data reduction and analysis methods
	Data reduction
	Spectral analysis
	Bayesian analysis in low count regimes


	Results
	Samples in BPT
	X-ray bright dwarf galaxies
	Lx-SFR and Lx-SFR-met
	Specific star-formation rate
	Mass relations
	X-ray excess
	Comparison

	Radio observation of dwarf galaxies
	XMM-Newton analysis of Blueberry galaxies
	XMM-Newton observations
	Lx-SFR and Lx-SFR-met
	Specific star-formation rate

	Comparison to the parent sample
	Lx-SFR and Lx-SFR-metallicity
	Specific star-formation rate


	Discussion
	Dwarf galaxy sample
	Separation of the X-ray and optical signals
	X-ray excess explanation
	Other possible sources of X-ray emission
	Observational bias in dwarf galaxy sample and upper limits

	Blueberry galaxy sample
	Implications for early universe evolution


	Conclusions
	Bibliography
	List of Figures
	List of Tables
	List of Abbreviations
	Attachments
	Dwarf galaxy sample
	Blueberry galaxy sample


