S 7. MASARYKOVA UNIVERZITA
¥ »

:§ g PRIRODOVEDECKA FAKULTA

¥ &

\?j, 0‘% UsTAav TEORETICKE FYZIKY A ASTROFYZIKY

Rentgenova spektroskopie
horkého plynu obklopujiciho
masivni rotujici galaxii

Bakalarska prace

Anna Juranova

Vedouci prace: doc. Mgr. Norbert Werner, Ph.D.

g BST a'%,
& o 4
= X o %
Bl @
=) =z [—7—[’ )
3% S
e O \d\yw\b

7 5e) O

s S

Brno 2017



Bibliograficky zaznam

Autor:

Nazev prace:

Studijni program:

Obor:

Vedouci prace:
Akademicky rok:
Pocet stran:

Kli¢ova slova:

Anna Juranova
Prirodovédecka fakulta, Masarykova univerzita
Ustav teoretické fyziky a astrofyziky

Rentgenové spektroskopie horkého plynu
obklopujiciho masivni rotujici galaxii

Fyzika

Astrofyzika

doc. Mgr. Norbert Werner, Ph.D.
2016/2017

ix + 50

cockovité galaxie, aktivni galaxie,
rentgenova spektroskopie, horky plyn



Bibliographic record

Author: Anna Juranova
Faculty of Science, Masaryk University
Department of Theoretical Physics and
Astrophysics

Title of Thesis: X-ray spectroscopy of hot gas surrounding
a massive fast rotating galaxy

Degree Programme: Physics

Field of study: Astrophysics
Supervisor: doc. Mgr. Norbert Werner, Ph.D.
Academic Year: 2016,/2017

Number of Pages: ix + 50

Keywords: lenticular galaxies, active galaxies,
X-ray spectroscopy, hot gas



Abstrakt

Pozorovani v delsich vlnovych delkich spolu s teoretickymi modely horkého
plynu ve hmotnych galaxiich raného typu predpovidaji odlisné chovani systému
s nezanedbatelnym momentem hybnosti ve srovnani s t€mi nerotujicimi, a to diky
uéinkim rotace na stabilitu plynu. V této praci prezentujeme méfeni horkého
plynu cockovité galaxie NGC 7049 ziskané druzici XMM-Newton. Spektralni
vlastnosti tohoto objektu umoznily naméreni systematicky vyssi miry entropie,
nez jaka je bézna u galaxii bez jednotného smyslu rotace, které jako NGC 7049
obsahuji chladny plyn v centralni oblasti. V sektorech zahrnujicich emisi plynu
geometricky blizkého tomu atomarnimu v roviné rotace byly detekovany znamky
pritomnosti multiteplotniho plazmatu, naznac¢ujiciho probihajici chladnuti horké
slozky. 7 vlastnosti horkého plynu usuzujeme, Ze jeho rotace pravdépodobné je
schopnéa podporit rozvoj chladnuti v podminkéch, které by k takovym procesim
v galaxiich s nulovym celkovym momentem hybnosti nevedly.

Abstract

Observations from longer wavelengths along with theoretical models of hot gas
permeating massive early-type galaxies suggest different behaviour of objects
with significant net angular momentum due to rotational support additional to
buoyancy. Analysing spectroscopic measurement from XMM-Newton of X-ray
emitting gas in lenticular galaxy NGC 7049, we determined systematically higher
entropy throughout the galaxy compared to non-rotating systems possessing cold
gas in their centres. We detected indication for multitemperature plasma in the
plane of rotation, more specifically in region containing dusty cold disk near
central part of the galaxy, suggesting a possibility of ongoing cooling from the
hot phase. We conclude that rotational support of the hot gas is likely capable
of enhancing the development of thermal instabilities leading to cooling onto
a non-radial orbit, despite otherwise unsuitable conditions when measured in
non-rotating galaxies.
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INTRODUCTION

Ever since were the galaxies established as systems like the Milky Way, they
triggered the attention of astronomers, who aspired for explaining their formation,
interactions and various structures. Soon, the galaxies were distinguished by
their shape and the most natural division was firmly established in form of
the "Hubble fork’, giving rise to straightforward names: elliptical, spiral, and
lenticular galaxies, the latter providing a natural transition between the first two.

With advance of technology, it became clear that these distinguishable mor-
phological structures are formed by numerous complicated processes operating
at once — among others the composition of stellar populations, star formation
rate, global dynamical properties, amount of cold gas and dark matter, and the
violent processes in galactic centres.

It is well-known that galaxy clusters are filled with hot gas reaching up to
tens of millions kelvins, controlled by massive black holes residing in centres of
the brightest cluster galaxies. The same applies in reduced scale to other smaller,
but still massive systems — groups and isolated galaxies — the precise mechanism
is, however, elusive. Rotational support in galaxies might be one of the factors
having the greatest impact on properties of the hot gas. Therefore, we focused
on a lenticular galaxy, a fast rotating system, possessing an active nucleus and
an extensive halo of hot gas. We examine the galaxy in X-rays, taking advantage
of powerful X-ray spectroscopy in order to put constraints on ongoing processes
leading to the formation of observable properties of the galaxy.

ix



CHAPTER 1

HOT GAS IN ELLIPTICAL AND LENTICULAR
GALAXIES

What dominates the luminosity of giant elliptical (E) and lenticular (S0) galaxies,
together known as early-type galaxies, in the optical part of the spectrum and
what has for a long time been the only indicative of baryonic mass, is the emission
of stellar photospheres. However, energetic baryons permeating the galaxies and
even extending beyond their boundaries by far dominate the high energy band.

The mass of the hot gas Mg, reaches up to 101° M), which is about 2% of
the mass of stellar component. Having temperatures of 106 — 107 K, its presence
can be revealed in X-ray part of the spectra. In the following sections, its origin,
physical properties, and ongoing processes are discussed.

1.1 Origin of the hot gas

Generally, two main sources of hot gas in galaxies exist. Internal source constitutes
mainly of stellar mass loss, which contributes to the overall gas mass at a rate
~ 1.3[Lp /(10" Lg )] Mo yr~! in ellipticals, which is also applicable to SOs. It is
assumed that the ejected gas heats up by passing through shocks and gains stellar
kinematic temperature T, ~ Tyi, =~ ump02 [k ~ 107 K, where 14 is molecular
weight and o is the stellar velocity dispersion. Along with red giants, to which
the stellar mass loss applies the most, supernovae (SNe) type Ia also contribute
to the gas reservoir. As the star formation rate is generally low for both E and
S0, type II supernovae do not occur any more due to requirements on their
progenitors. On the other hand, during formation of the galaxy when the star
formation rate was much higher, core collapse SNe were also more frequent and
thus enriched the surrounding environment (Mathews and Brighenti, 2003) of
galaxies out of their farthest peripheries. This outer reservoir serves as a part of
the second — external — source, as the gas falls back into the potential well of
its progenitor. Particles are shock-heated during their entrapment to the virial
temperature of the galaxy (or group/cluster). Build-up of both stellar and gas
mass is significantly enlarged by merging satellite systems and other galaxies
(Bell et al., 2004; Faber et al., 2007).
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1.2 Basic physical properties

Description of the highly ionised X-ray plasma permeating galaxies and galaxy
clusters takes advantage of several simplifying approximations based on studies
of the Solar Corona, the coronal approximation (Elwert, 1952). In the coronal
model, the plasma is assumed to be optically thin, so that X-rays do not influence
populations in the bound atomic levels and are not affected by the medium
themselves. This is valid for low radiation density which is present in galactic
atmospheres.

Another assumption concerns radiative losses and expects them to be bal-
anced by non-radiative heating, that includes heating in magneto-hydro-dynamic
waves or shock waves. Next, both electrons and ions are expected to be locally
relaxed to Maxwellian energy distribution with common temperature and in
statistical equilibrium for ionisation balance and bound atomic states (Mewe,
1999). This is achieved when the time needed for the plasma is long enough
for particles to share their energy. If these conditions are met, the plasma is
regarded to be in collisional equilibrium.

There are cases, however, in which the situation is quite different. Thermally
unstable regions may spring up in central parts of the gas, each at a different,
but locally common temperature. Simple single temperature models would then
not be able to describe the spectrum. (Peterson and Fabian, 2006)

1.3 Cooling flows

A significant part of the observed X-ray radiation of the gas permeating the galaxy
does not result in a proportional decrease of the temperature. Instead, this loss of
energy is compensated by its gain in compression by the gravitational potential
that maintains the virial temperature Ty, of the gravitating object. However, in
central regions of the galaxy, radiative cooling is allowed by the previous condition,
since the potential does not decrease in any direction (Mathews and Brighenti,
2003) and particle number densities are sufficiently high, and creates a cooling
flow. The gas there is subjected to a subsonic inflow, particle density increase
and subsequently a further cooling, allowed by frequent Coulomb interactions
of highly ionised particles with free electrons. Inward motion is demanded to
support the weight of overlying gas by rising density in colder core.

Integral over gas emission weighted by the energy of the photons, shortly
a cooling function or A, has a key role in determining the process of cooling
taking into account present elemental abundances. It is defined as

AT, 2,) :/ E‘Wd]ﬂ, (1.1)
0

where da/dFE is the energy dependent line (or continuum) power. Dependence
of A on both temperature and abundances is described in Schure et al. (2009).
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Relative distribution of temperatures in plasma is often conveniently expressed
by means of an emission measure distribution. The differential emission measure
dY/dT is defined as a multiplicative factor in an integrand of an energy-dependent
emissivity as follows.

de *dY da(E,T)

— = ar 1.2
e~ J, dar  dE (12)

This relation leads us towards the definition of a cooling time t.oo. A few
approaches to the estimate of time required for the gas to cool completely can
be found in literature, f.e. in work of Peterson and Fabian (2006); Bohringer
and Werner (2010); Werner et al. (2010) or Longair, p. 111. Here, we adopt the
definition used also in Werner et al. (2010).

The cooling time of an optically-thin plasma is set to be the gas enthalpy
over energy loss per unit volume. Since the enthalpy is %nkBT , the relation can
be written as

tcool = —% (ne + ni)kBT
nemi A(T)

where ne and n; is electron and ion number density, respectively, and n; = 0.92n,.
The reason for using enthalpy of the plasma per unit volume instead of its thermal
energy per volume lies in the conditions of the cooling process. As the gas cools
and descends to the inner parts of the galaxy, its density raises to maintain the
pressure and that leads to an increase of the heat capacity by a factor of 5/3
(Peterson and Fabian, 2006).

Putting typical values of the gas density, temperature and cooling function
into the equation, we obtain a time which is surely less than the age of the
universe ty. In other words, with no source of heating the gas would have had
sufficiently much time to cool down.

T 10~ 2¢cm 3 1072 ergem3s1
tcool/tH ~ <108K> < n ) ( i ) <1 (14)

A steady, so called standard cooling flow can be expressed by a rate at which
cooled mass is being deposited,

(1.3)

. M, L
M b gas — 57X’umH’ (15)
tcool QkBT

where Lx is total X-ray luminosity and the t.,o is expected to be equal to the
inflow time (Nulsen et al., 1984). Here, for consistency with already mentioned
quantities, we can rewrite Lx using differential emission measure

dL dY

== SR A) (1.6)
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to get a relation between the dY/d¢ and mass deposition rate M used in spectral
modelling later on.

(1.7)

The reader should keep in mind that this formula only applies to an isobaric
cooling flow and that the continuous compression of gas does not necessarily hold
to all physically reachable scenarios. For example, if the gas was magnetically
supported and therefore prevented from contracting, it would be subjected to
isochoric cooling (and the factor in (1.7) would reduce to 3/2) (Peterson and
Fabian, 2006).

The cooling flow should result in speed up of the star formation in central
regions of the galaxies, when a significant amount of gas is present at temperatures
low enough. And yet this has proven not to be generally observable neither in
elliptical nor lenticular galaxies, which should along with X-ray emission show
traces of newly created stars in optical band — instead, they mostly appear 'red
and dead’.

Another question arises when the initial motion of gas cooling at large
distances from the galactic core is taken into account. Overall motion of the gas
should show correlation with stellar dynamics, which would support evidence of
its origin in stellar mass-loss. This can be however violated by merger events or
distortion of hydrostatic equilibrium due to strong AGN activity which would
trigger mixing. In the majority of cooling systems, cold gas emission does
not possess disk-like morphology, that would suggest conservation of angular
momentum of in-falling matter. This can either be explained by no initial
uniformity in motion, or that the angular momentum is dissipated in turbulence
if the contracting flow rotates. (Nulsen et al., 1984)

Conservation of angular momentum in the gravitational potential of spherical
symmetry would cause the gas to flatten onto circular orbit and the inflowing
particles would deposit the angular momentum in an increase of radius of the
excretion disc.

1.4 AGN heating

As has been proven, cores of massive galaxies harbour supermassive black holes
(SMBH). Their activity is governed by accretion of matter and is reflected in
giant structures observable in multiple spectral bands across the universe. The
role of these objects — active galactic nuclei or simply AGN — seem to be vital for
stabilising thermal processes in their maternal galaxies as a whole, in groups, and
even galaxy clusters, spanning over several megaparsecs. Processes in the close
vicinity, relative to the vast extra-/galactic structures, of the event horizon are
amongst the most energetic ones and serve as powerful probes of complex theories,
aiming to describe the laws of physics beyond limits of human imagination. These
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set on the transfer of energy from cores to outer regions which irreplaceably
contributes to the deposits of the hot gas that radiates its energy towards potential
observers.

Several common features are observed in scales from giant ellipticals up to
galaxy clusters, and despite not being well pronounced in many cases, they are
believed to play a crucial role in supporting observed small cooling rates, if
present.

1.4.1 Cavities

Accretion of cold gas onto SMBH can generate powerful jets uplifting matter in
collimated cones at relativistic velocities, extending into radio-bright lobes as
observed f.e. in relatively close M87, the central giant E of Virgo cluster (Forman
et al., 2005). Generated by these outbursts, cavities filled with low-density hot gas
rise from central parts subsonically later on, therefore not creating shock fronts
(Churazov et al., 2001; Reynolds et al., 2001), and stay in a pressure balance
between cavities and the surrounding environment. As they move to greater
radii, adiabatic expansion takes place to maintain the pressure equilibrium. Sizes
of these features therefore vary greatly: diameters of 1 — 200kpc have been
detected, noting that smaller ones are far more frequently observed, and there
is a convincing evidence for numerous cavities in one system being relatively
common. However, the detection demands high-quality X-ray data of galactic
atmospheres, especially when dealing with projection effects in case of cavities
far from the plane of the sky. (McNamara and Nulsen, 2007)

The upward motion of the buoyant cavity causes the X-ray emitting gas to
fill the newly created vacancy transferring the gravitational potential energy into
the corresponding amount of kinetic energy. Assuming surrounding gas to be
close to the hydrostatic equilibrium (pg = —dp/dr), the potential energy released
as the cavity rises a distance dr is

6U:M96r:Vpgér:—V%6r: —Viép, (1.8)

where M = Vp is a mass of the surrounding gas of density p displaced by the
cavity of volume V. The change in pressure of the surrounding gas over dr is
dp = (dp/dr)dr and is used in the last equality. Because of the formerly stated
condition of subsonic motion, the change of pressure in surrounding environment
can be regarded as equally experienced by the gas filling the cavity. With
negligible radiative losses, this change is an adiabatic process and thus entropy
of the cavity remains constant. With the first law of thermodynamics expressed
in terms of the enthalpy dH = TdS + pdV, here dH = pdV, from the equation
1.8 it can immediately be seen that the kinetic energy increase of the ambient
gas the cavity initiated at the expense of its enthalpy.

Total enthalpy of the cavity can be expressed by means of pV, the work
required for inflation, using ratio of specific heat I'" to cover thermal energy of
the cavity, resulting in H = I'/(I" — 1)pV. For non-relativistic gas, I' = 5/3
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and H = 2.5pV, relativistic case with I' = 4/3 then gives H = 4 pV. Presence
of magnetic field would put the lower boundary to only H = 2pV. The kinetic
energy transmitted by upward directed motion is then dissipated due to viscosity,
either in laminar or turbulent motion. (McNamara and Nulsen, 2007; Churazov
et al., 2001)

1.4.2 'Weak shocks

Even some strong shocks (entropy generating waves that cause a transition from
supersonic to subsonic flow (Rosswog and Briiggen, 2007)) have been observed
in extended X-ray emission of galaxies and clusters, it is expected that weak
shocks outnumber them greatly, as evidence in favour of their presence despite
the visibility difficulties has been found, leaving NGC 4636 as an example (Baldi
et al., 2009).

In AGN outbursts, amounts of energy can be deposited into weak shocks,
that, rather than supporting heating, slow down the cooling by increasing total
energy of the gas to be radiated away and lower density of the gas which has
a direct impact on the cooling rate. The key part in heating by weak shocks
are inhomogeneities, more precisely cavities in path of the shock. Difference in
sound speed gives rise to the development of Ritchmyer-Meshkov instabilities,
converting shock energy into kinetic energy of particles and subsequently to heat.

1.4.3 Sound damping

Weak shocks generated repeatedly can be described as a superposition of sound
waves. Heating by dissipation of sound then involves their frequency and also
viscosity and thermal conductivity of the environment, which both scale with
temperature. This dependence is, however, also influenced by the presence of
magnetic field, which would decrease contribution of the thermal conductivity,
as is discussed in McNamara and Nulsen (2007) and Fabian et al. (2005).

1.5 Observations

WEell resolved measurements of Chandra X-ray Observatory and XMM-Newton
give direct observational evidence of discussed features revealing AGN activity.
Jones et al. (2007) claim that ~30 % early-type galaxies also showing nuclear
emission have detectable products of AGN outbursts. More recently, Shin et al.
(2016) have found cavities in ~52 % of systems in their sample consisting of
individual galaxies, groups and clusters with extended X-ray emission observed
by Chandra telescope. They also conclude that AGN activity is periodical
and development of cavities is independent of environment into which they
expand. This statement is in agreement with findings of Jones et al., who report
disturbances in X-ray galactic haloes for both radio active (with observable radio
lobes) galaxies and those with only weak nuclear emission. The spatially resolved
radio signal originating in lobes extending from the very centre of galaxies is
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caused by synchrotron emission of relativistic electrons accelerated in the close
vicinity of the central SMBH. Age of the cavities ranges from 10° to 108 yr
suggesting repeating outbursts each injecting ~10% erg into the surrounding
environment (Jones et al., 2007).

Global morphology of the X-ray galactic atmospheres does not always coincide
with that in optical band, in other words, gravitational potential cannot be
precisely estimated from X-ray isophotes. This is believed to imply that the hot
gas is not in precise hydrostatic equilibrium (Diehl and Statler, 2007). Measure
of discrepancy between the morphologies, on the other hand, does correlate with
central X-ray and radio luminosities, which would be expectable if the AGN
could be accounted for setting the motion of the gas on and redistributing it
around the galaxy.

When it comes to temperature profiles, there is no general behaviour in early-
type galaxies. Statler and Diehl (2007) present systems in which the temperature
is outwardly rising, which is what the classical cooling flow causes in principle, are
observed as well as temperature decrease with radius, implying ongoing centrally
dominant heating processes (such as heating by supernovae).

Systems with temperature first outwardly rising and then falling again further
out are also present among observations. What has been confirmed regarding
this inconsistent behaviour is that the temperature gradients close to the centres
of galaxies are strongly correlated with AGN luminosity: systems with outwardly
rising temperature have high luminosity AGN and are morphologically disturbed,
whereas those with negative gradients reside less luminous AGNs and seem to
have less variable morphologies. Statler and Diehl also find cooling times of
all atmospheres regardless discussed gradients less than a Hubble time, thus
requiring a heating mechanism. This could be provided by repeating cycles of
AGN activity, that would be able to create all types of observed temperature
profiles.

This AGN feedback, which seems to prevent galactic atmospheres from cooling
down and forming stars, can be observed in massive early-type galaxies out to
numerous galaxy clusters, but is still not quite understood. Best (2007) shows
that the probability that a galaxy is a radio source steepens with its mass, but
there is no correlation between actual radio-luminosity of central AGN and the
mass of the galaxy.

1.6 Spectral features

Spectra of the hot intergalactic gas have several characteristic components, as
can be guessed from their properties mentioned in previous sections of this
chapter. The gas has considerably low density (usually covered by range of
1071 1075 cm™?) and is therefore optically thin to its own radiation. This causes
the physical processes leading to the formation of its characteristic spectrum to
be limited to those that involve collisions or close fly-bys of present particles.
As another result of the low density, any excitation is followed by radiative
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de-excitation due to low collision rate.

For completeness, it should be mentioned that temperatures are in the context
of high energy astrophysics often expressed in terms of energy in electronvolts
using relation E [eV] = (kp/e)T [K]. This simple conversion makes temperature
of 107 K approximately equivalent to energy of 1keV.

1.6.1 Continuum emission

As stated in sec. 1.3, major source of X-ray emission is provided by optically
thin thermal bremsstrahlung, originating from motion of charged particles in
the Coulomb field. More specifically, the radiation results from the free-free
interaction of electrons and protons and heavier atomic nuclei. Emissivity of
bremsstrahlung is described by relation

3272e5nn; o _ hy
f _ e T g (T 1.9
v Smec3 3kBTmee B gff( ) V) ( )

(Schneider, pg. 294), where Z is charge of ions, e denotes elementary charge, n. and
n; number densities of electrons and ions, respectively, and m, in denominators
stand for the electron mass. Gaunt factor gg is of order 1, as estimated from

approximative relation
3 | 9kpT
~ —In .
Ja N3 4hv

From equation (1.9), the shape of the continuum component can be seen directly.
For hv <« kT, the exponential term is negligible and the part of the spectrum
is flat, whereas from hv 2 kgT the whole term is decreasing exponentially.

Another process that contributes to the continuum emission of intergalactic
medium is free-bound radiation. Interpretation of the process is rather intuitive,
but what should be mentioned is that the radiative recombination can dominate
the spectrum at high energy tail. This applies especially to relatively low-
temperature X-ray gas — compared to the extreme conditions of the intracluster
medium — which can be present in massive galaxies and even cooler environments
(Bohringer and Werner, 2010).

The remaining process that gives rise to the continuum spectrum of low-
density plasmas is radiative transition from 2s to 1s state. In general, emission
of a single photon at a given frequency is forbidden due to the conservation
of angular momentum, so the de-excitation would happen through collisional
excitation to higher energy state followed by permitted transition to 1s state
in a sufficiently dense environment. However, in conditions of intergalactic gas,
where collisions are infrequent, transition between these two states is observed
and can only be ascribed to two-photon emission, which only requires the overall
radiated energy to be equal to the difference of the initial and final energy level
AFE = Ey. Spectrum of two-photon emission is symmetric around FEy/2 and
spans from E =0 to E = Ey. (Spitzer and Greenstein, 1951; Tucker and Koren,
1971; Raymond and Smith, 1977; Bottorff et al., 2006)

€
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1.6.2 Line emission

Generally, the higher the temperature, the less prominent the line emission
is. This is given by ionisation temperatures of present elements. An extreme
example of a commonly observed line in rich galaxy clusters, in which the gas
reaches temperatures of 1 — 10keV, is a Lyman-« line of 25-fold ionised iron,
strongest just below ~ 7TkeV. In the case of colder systems, which is usual for
individual massive galaxies or groups, lines of highly ionised lighter elements
can pop from the continuum emission, more specifically those with even atomic
numbers (Schneider, pg. 244). Apart from dependence on temperature, the
strength of individual spectral lines is sensitive also to the abundance of that
particular element and obviously the density of the gas. In fig. 1.1 taken from
Sanders et al. (2008), the fraction of ions in a certain ionisation state is plotted
as a function of temperature of the gas, revealing information about which lines
are likely to be found in spectrum of a hot galactic atmosphere.
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Figure 1.1: Fraction of elements in a particular ionisation state as a function of
temperature in keV. Taken from Sanders et al. (2008).

1.6.3 Low-mass X-ray binaries

In addition to radiation emitted by the hot gas, an X-ray spectrum of a galaxy
is enhanced by emission originating in low-mass X-ray binaries (LMXBs). These
systems are composed of a primary accreting component, such as a neutron star
or a black hole, and a secondary star filling up its Roche lobe from which the
material flows onto a primary object.

In elliptical and SO galaxies, LMXBs create an exclusive type of point sources
of strong X-ray radiation, as others are tied to recent or ongoing star formation
and which will not be discussed here with respect to the nature of the studied
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galaxy. At large distances, identification of the point-like origin of this radiation
is beyond the resolution limit of the telescopes. Overall contribution to the galaxy
spectrum has power law shape with the power-law index of about I' ~ 1.6 as
discussed in f.e. Irwin et al. (2003).

Spectral properties of this undesired component allow modelling its signif-
icance in the data independently on the gas emission. This is provided by
extension of LMXBs photon energies up to 10keV, where the radiation from
the hot gas is not present, and therefore forms a sole source of radiation at high
energy tail.



CHAPTER 2

GALAXY NGC 7049

The object studied in this work is galaxy NGC 7049 — an early-type galaxy of the
southern hemisphere (Indian), which is the brightest member of a small group of
six members along with NGC 7041 and NGC 7029 (Garcia, 1993).

Its morphological classification is SA0? (de Vaucouleurs et al., 1991), thus it
is an unbarred lenticular galaxy of intermediate subtype — typically possessing
bright bulge and disk component, usually present in spiral galaxies. Lenticulars
are expected to have evolutional aspects (see Moran et al. (2007) for further
details) more similar to ellipticals — their numbers decrease with increasing
redshift just as of elliptical galaxies, which points to their formation in merger
events or an internal process with serious effect on their structure and the star
formation, which is generally much lower compared to spiral galaxies, but still
more significant than in ellipticals.

Rotationally supported disk enables estimation of the distance using Tully-
Fisher relation. However, a more reliable measurement has been done based
on surface brightness fluctuations explained in Blakeslee (2012), positioning
NGC 7049 relatively close — only 29.9 Mpc from us (Tonry et al., 2001).

This distance is still quite convenient for reliable measurements in all spectral
bands. Radio emission with Lyagio = 8.4 x 1037 erg/s suggests the presence of
radio-mode AGN activity. Hubble image of central region (see Figure 2.1) reveals
large dusty ring, scattered with blue light of young bright stars (Carlqvist, 2013),
in accordance with low but non-zero star formation rate (SFR in Table 2.1).

Werner et al. (2014) present measurements of emission in Ha+[N1II], a trace
of warm ionised gas, and [CII] emission of cold (~ 100K) atomic gas, both
extending to r ~ 2 — 3kpc. More importantly, velocity distribution calculated
from the [CII] line indicates that the cold gas rotates; and it seems to be formed
of clumps and sheets rather than filling the space homogeneously given its low
density.

The properties of the object relevant to this study are listed in Table 2.1 and
are taken from mentioned paper of Werner et al. (2014).

11
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Figure 2.1: HST image of central parts of NGC 7049. Apart from the prominent
dusty disk, bright bulge and flattened ellipsoidal shape of the stellar distribution
is apparent.

d z Lx Lyagio Ly, 1Ny SFR
Mpe 1073 10 erg/s 10%¥ erg/s 10% erg /s Mg /yr
299 7.315 1.23 0.84 31.8 0.177

Table 2.1: Properties of NGC 7049, adopted form Werner et al. (2014).



CHAPTER 3

DATA ACQUISITION AND ANALYSIS

3.1 XMM-Newton

X-ray Multi-Mirror Mission (XMM-Newton) is an X-ray observatory of European
Space Agency, which was launched in December of 1999. Being on a highly
eccentric orbit with perigee of 7000 km and apogee of 114 000 km, the lowest part
is contained within the radiation belts, which limits the observations to altitudes
above 60 000km due to the high background (Jansen et al., 2001).

On board, there are three X-ray telescopes with 58 nested Walter I mirrors,
each in coaxial and confocal configuration equipped with baffles preventing most
of the stray light from reaching the detectors, and Optical Monitor, a Ritchey-
Chrétien telescope providing simultaneous observations in the optical and ul-
traviolet band. The field of view is 30" in case of all three X-ray telescopes
and the detection of the collected signal is provided by 5 instruments: 3 CCD
detectors in European Photon Imaging Camera (EPIC) designed for simultaneous
intensity imaging and moderate resolution spectroscopy and 2 reflecting grating
spectrometers (RSG) for high-resolution spectroscopy. Since EPIC CCDs are
sensitive also to the longer wavelengths (from UV down to IR), each telescope is
equipped with a set of three filters. (Jansen et al., 2001; ESA, 2015)

Since only the data from EPIC camera are used in this work, the remaining
instruments are left without further description.

3.1.1 EPIC-pn

EPIC-pn camera is divided into four quadrants each consisting of 3 chips (200 x 64
pixels) operating in parallel. All 64 channels span over a range of energies from
0.1 to 15keV and the full width at half maximum (FWHM) of the point spread
function (PSF) is in fact 12.5 arcsec. Half of the integrated energy is contained
within 16.6 arcsec. In order to provide reliable spectroscopic measurements along
with precise imaging, the CCDs must be operated with respect to the need of
fulfilling a condition that an X-ray photon hits the detector without overlap in
position and time of another photon during the integration period. The readout
cycle of all 768 channels of the detector is parallel and takes 73.3ms in the
full-frame mode, in which the data for this work were acquired, from which

13
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68.7ms is the integration time and the rest takes the readout itself. (Striider
et al., 2001; ESA, 2015)

3.1.2 EPIC-MOS

The remaining EPIC instruments, EPIC-MOS cameras, process only 44 % of
the light gathered by the telescopes, since the remaining photons are collected
by RSG spectrometers. Each MOS camera consists of 7 CCDs, the central one
lying exactly in the focal point of optical axis, whereas the remaining six are
positioned 4.5 mm towards the mirrors in order to mimic the curvature of the
focal plane. The FWHM of the PSF is in this case only ~ 4.5 arcsec, but half
energy width remains similar to EPIC-pn. The readout cycle is 2.6 s, slightly
increasing the risk of pile up for bright X-ray sources. Gaps around the central
CCD overlap exactly for MOS cameras and are positioned at 45 degrees to the
PN CCDs, providing data from a complete field of view when combined. (Turner
et al., 2001; ESA, 2015)

4 D e N
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Figure 3.1: Comparison of focal plane organisation of EPIC MOS (left) and
pn (right) cameras. Circles (field of view) have 30 arcmin in diameter, each
of 7 EPIC MOS CCDs covers 10.9 x 10.9 arcmin, 12 EPIC pn CCDs occupy
13.6 x 4.4 arcmin each. (Taken from XMM-Newton Users Handbook (ESA, 2015),
adapted.)
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3.2 Background

XMM-Newton EPIC observations unavoidably contain events not related to the
source, either having an instrumental or cosmic origin. Proper understanding of
these background components is a challenging task especially in case of extended
sources and is crucial for proper analysis of the data.

This section is therefore dedicated to inform the reader about the properties
of the background components and a way of its handling in this case.

3.2.1 X-ray background

Part of the observed background are genuine X-ray photons, whose measured
energy distribution is given by properties of the astrophysical source and possible
presence of an absorbing medium. Here, such sources are described.

Solar wind charge exchange

Highly ionised particles escaping vicinity of the Sun as a solar wind may collide
with neutral interplanetary gas or the uppermost layers of Earth’s exosphere and
give rise to soft X-ray photons. This process is generally referred to as the Solar
wind charge exchange (SWCX) and is presented as a de-excitation of electrons in
solar-wind ions, which transited from neutral particles during their encounter. It
is time-variable on a timescale of days, which is considerably less compared to
the variability of solar wind flux. It is especially detectable at transition lines
C VI, O VII, O VIII, Ne IX, and M XI and probably even more massive particles.
(Snowden et al., 2004; Carter and Sembay, 2008)

Local Hot Bubble

The Sun is located in a region with excess of an ionised matter at a temperature
equivalent to 0.096 keV, the so-called Local Hot Bubble. Its thermal emission
is relatively unabsorbed and the radiation emanates from distances of hundreds
parsecs all over the sky. This background component does not show spatial (over
the field of view) nor time variability. (Galeazzi et al., 2007)

Galactic thermal emission

Looking further out from the Sun, the Galaxy as a whole is also a source of diffuse
X-ray radiation. Contrary to the Local Hot Bubble, its X-rays originally emitted
by a 0.197keV gas associated with Galactic halo are absorbed. This compo-
nent is not time variable, however it is spatially dependent. (Galeazzi et al., 2007)

Unresolved point sources

Extragalactic source of undesired X-ray radiation can be attributed to faint AGNs
at large distances (Hasinger et al. (1998) for example). Their emission cannot be
resolved to individual sources and therefore creates diffuse and naturally spatially
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dependent X-ray component. Shape of the spectrum of unresolved point sources
is characterised by power law with power-law index I' ~ 1.41 (De Luca and
Molendi, 2004). Given that the spectrum is relatively flat, it becomes particularly
dominant at high energies (> 5keV). This component is also time-independent.

3.2.2 Non-X-ray background

Apart from X-ray photons, other particles at high energies that cross the path of
the telescope can either be focused by XMM-Newton’s mirror shells, or simply
pass through the instruments and leave traces of their encounter with the detector
planes that are undistinguishable from X-ray signal.

Soft Protons component

As the spacecraft operates at relatively low altitudes (see sec. 3.1), the detectors
are relatively often exposed to protons with energies comparable to soft X-rays,
which are trapped in Earth’s magnetosphere. These so-called soft protons (SP)
are prevalent around orbit perigee but may occur any time during the observation
as they are extremely unpredictable!. Their contribution is of two types and
requires specific handling.

SP flares affect typically 30 % to 40 % of observation time and cause the spectra
to be dominated by this component. These can only be eliminated by excluding
the time intervals when count rate exceeds value typical for the observation.
Quiescent SP contamination shows a complex spectral profile variable in both
intensity and shape and is discussed in in further detail in Carter and Read (2007).

Instrumental background

When high-energy particles hit the CCDs, they can either directly produce
signal (flat continuum), or initiate instrumental fluorescence. The latter is
best observable in lines Al-K at ~ 1.5keV (MOS and pn), Si-K at ~ 1.7keV
(MOS), less prominent contribution is from other elements present in electronic
components. This component varies with time due to its origin and is also
spatially variable, which is a result of inhomogeneous distribution of electronics
behind the CCDs. (Carter and Read, 2007)

At energies below 0.3keV, electronic noise becomes obvious. Bright pixels
extend into bright columns due to detector read-out and the sensitivity of the
CCDs decreases. Usually, the lowest energies are excluded from any analysis.

3.3 Extraction of the spectra

For the study of NGC 7049, archival data from 3 April 2015 with observation
ID 0743930101 were retrieved. Standard processing done on the data set was
performed, that is constituted of the following steps.

LAt the lowest passage, the observations are not being performed and all the instruments
are closed to prevent damage to the detectors (ESA, 2015).
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Raw data need to be rerun in a SAS pipeline for the event files to be created.
Fach event — a hit of a photon, is described by its position on a chip, arrival
time and energy. From such tables, either intensity images or spectra can be
gathered, filtering unwanted events. For data processing in this work, a collection
of tasks developed for XMM-Newton observatory called Science Analysis System
(SAS) version 15.0.0 was used as well as XMM-Newton Extended Source Analysis
Software (XMM-ESAS), the one developed particularly for analysis of diffuse
X-ray emission by Snowden and Kuntz (2011).

To account for the SP flaring in the data, a histogram of count rate from the
field of view for each detector was generated. Usual observation shows a normal
distribution and a high count rate tail. Times flagged as containing high noise
due to flares (and excluded from further analysis by task espfilt) were having
a count rate exceeding 1.5 ¢ below and above peak of the Gaussian fit.

During EPIC-pn relatively long read-out time (see 3.1.1), arriving photons
are assigned wrong position in the sky. Such so-called out-of-time events also
need to be removed. According to the count rate at each position on the pn-chips,
a model was created to mimic out-of-time events and was subsequently subtracted
from the data set.

Selection of regions for extraction of spectra and removal of resolved point
sources was done based on a visual inspection and with respect to the instrumental
PSF. The position of the AGN (a = 21M9™0.17%, § = —48°33743.45') was
determined from an observation done by Chandra X-ray Observatory, which
disposes of much better spatial resolution — only 0.5 arcsec. To exclude most
of the point-source emission, they were encircled with radius 10 arcsec. For an
inspection of the galactic emission properties, the region in which the brightness
could be attributed to the hot gas was divided into six concentric annuli with
the largest reaching to 165 arcsec, (approximately 21.7kpc) from the centre.
Additionally, one more annulus was added with inner radius equal to the outer
of the sixth annulus and its outer border much further out from the galaxy
(255 arcsec or 28.3kpc). These were then divided into four quadrants, for which
the orientation was chosen with respect to the rotational axis of the galaxy.

Events geometrically belonging to the selected region and satisfying other
conditions recommended for a reliable analysis were then added to the file of
an OGIP format. Such files typically contain a table of the number of counts
per energy bin, integration time and information concerning f.e. background
scaling factors. Apart from the spectra themselves, any spectral analysis software
requires two additional files — an Ancillary Response File (ARF) and a Redistri-
bution Matrix File (RMF), which describe the response of the particular detector.
ARFs contain combined effective area of the telescope, filter and the detector
multiplied with the quantum efficiency as a function of energy. Applying ARF
to the input spectra creates a distribution of counts observed with perfect energy
resolution. To account for this imperfection, RMF is used. They store a 2-D
matrix of probabilities at which a photon of a certain wavelength is assigned to
a given energy channel. For high-resolution instruments, this matrix would be
nearly diagonal.
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(b)

Figure 3.2: X-ray image of NGC 7049 (a) and the optical counterpart (b) from
Carnegie-Irvine Galaxy Survey, combined with Hubble image of the central region
and overlaid with lines visualising regions for extraction of the spectra. Small
circles label point sources, which were cut out from the X-ray image and spectral
analysis. Distance of adjacent circles is 30", that is twice the instrumental PSF.
In the XMM-Newton image is a composition of data from all EPIC instruments,
exposure-corrected and adaptively smoothed. The images are identically oriented
but not in scale.

3.4 Spectral Analysis

For most of the fitting, the well-maintained software package SPEctral X-ray
and UV modelling and analysis (Kaastra et al., 1996), abbreviated as SPEX,
was used. This software provides various models well describing properties of
radiation in short wavelengths and multiple fitting methods that allow the user
to handle the data as needed. In the following section, models and the fitting
process used in this work are shortly described.

3.4.1 Models

When developing an accurate model for a spectrum of the galactic emission,
some information about processes which influenced the photons on their path to
the detector need to be known prior to fitting. These generally are the distance
to the galaxy and the column density of absorbing particles in between of the
telescope and the source of radiation.
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Each model for the galaxy was constructed of several additive components,
which have a parameter determining the flux, and a multiplicative part that
operates on the additive models. Those utilised in this case are listed below.

cie —

pow —

reds —

hot —

A collisional ionisation equilibrium (CIE) additive model whose parameters
are among others normalisation, temperature and elemental abundances.
Even its original purpose was to model a single temperature plasma, it
can be used as a differential emission measure model where the emission
measure as a function of kg7 has a Gaussian shape (usually denoted as
GDEM) with additional parameter sig. In that case, the code evaluates
number of isothermal cies with the temperature parameter set as the mean
temperature T' and sig being the width or of the Gaussian profile of
emissivity

1 Yo

- \2n07 e~ (T-T0)%/20%"

We remind that the differential emission measure is defined in eq. (1.2).
The GDEM multitemperature variant of cie model is denoted as gdem
further on.

Y(T)

(3.1)

An additive model for an isobaric cooling flow described by equation (1.7).
The cooling function A(T) is evaluated for half-solar abundances by default.

Power law additive model with basic parameters being the normalisation
A and a photon index I', which defines the steepness of the photon flux
decrease as a function of energy F(E) = AE~T.

This multiplicative model applies the effect of the redshift to selected
additive components associated with the source at a distance described by
redshift z.

A collisional ionisation equilibrium multiplicative model for absorption by
particles present at a certain temperature and column density. Counter-
intuitively, this model also allows to mimic an environment of a low temper-
ature, which is present in the Galaxy and was used here for this purpose.

3.4.2 Fitting method

A method developed for parameter estimation of a model fit on data sets typical
for X-ray astrophysics, that is low count rates per a large number of bins, is
the C-statistic introduced by Cash (1979). Suppose that {X;,i € [1, N]|} are the
realisations (the data) of a model described by parameters © drawn from some
distribution. Expected values M; can be predicted from the model for each data
point and are used in definition of the likelihood function

N
L(X;) = Prob(X1, X, .. Xn|0) = [ [ Prob(Xi|M;(6)), (3.2)
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in which the Prob(X;|M;(@)) is the probability of the ith data point having
value X; while the predicted value M; for the model with parameters 6.

This is a foundation for the C, which is defined for data with Poission
distribution

e M (pt)"
n! '

P(n; pt) = (3.3)

In case of spectral data, the P(n; ut) is the probability that n photons (X;)
over the exposure time t are received, while y is the average count rate (M;(0)/t
of the ith energy bin). Our likelihood function is then

N
L(X;) = [[P(Xi|Mi(0)) (3.4)
where
M=t / RMF(i, ) - ARF(E) - M(E) - dE. (3.5)

M stands here for the physical model and is multiplied by the detector response.
The C statistic itself is defined with use of natural logarithm of the likelihood
function in which the X;! is omitted for it is model independent.

C=-2InL=2) (M- X;Inb) (3.6)

(2

The reasoning behind choosing C-statistic instead of commonly known x? is
that it does not assume prior knowledge of the Gaussian variation of the data or
that they are Gaussian at all. That implies an important benefit that it does not
require any binning of the data?, which are typically sparse (and follow Poisson
distribution). Such a step ultimately leads to the loss of information and is
undesirable in X-ray astrophysics, in which every photon counts.

The fitting was done on data lying in energy bins of 0.3 — 5.0keV. Even
the X-ray emission of NGC 7049 is soft, dominating at energies below 2keV,
the remaining counts at higher energies are crucial for the successful and reli-
able analysis. The power law spectrum of LMXBs is shallow and dominates at
harder energies. Its normalisation is therefore primarily constrained based on the
2 — 5keV energy band. Additionally, the data at energies of 1.38 — 1.60keV were
not fitted due to residual contamination with instrumental lines. Since binning
in X-ray astrophysics should be used with extreme caution and only where its
application is well justified, we did the analysis using unbinned data with no
exception.

The multiplicative components of any model here had all the required param-
eters known. One of them is particle column density of the absorbing medium,

2Unless the background subtraction leads to a negative number of counts per bin, which
was not the case here.
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for which was here used the value? of Ny = 2.70 x 10%° cm ™2 provided by Lei-
den/Argentine/Bonn Survey (Kalberla et al., 2005) and the redshift z = 0.007315
(Paturel et al., 2002). Throughout the analysis, solar abundances of Lodders
et al. (2009) and Hubble parameter hy = 0.73 were used.

Since the spectra are inevitably influenced by projection effects, under the
assumption of spherical symmetry the deprojection analysis was done. With
Xspec fitting package (Arnaud, 1996) and its model projct, the spectra were
fitted simultaneously and so any contribution of the outer shells to the emission
originating below it was taken into account.

All results in the following chapters are presented with 1o error and error bars
on z-axes of all plots stand for the spans of the annuli. For handling the results
from spectral analysis, we took advantage of Python programming capabilities
(van Rossum, 1995) and its specialised libraries Scipy (Jones et al., 2001-), Numpy
(Dubois et al., 1996) and Matplotlib (Hunter, 2007).

3Tt could seem more reasonable to include molecular hydrogen to computations (which
would, in this case, add about 10 %). It has been proven, however, that Nur gives more reliable
results and thus is recommended (Prof. Dr. Jelle S. Kaastra, private communication).



CHAPTER 4

RESULTS

4.1 X-ray surface brightness

The X-ray image of NGC 7049 (Figure 3.2a) reveals geometric properties of the
highly-energetic emission regardless its origin. With information of orientation
of the disk, it can be seen that the shape only slightly deviates from radial
symmetry. More pronounced this deviation is at smaller radii, corresponding
to the position of the stellar disk. If this feature mimics the distribution of the
hot gas, thanks to the annular shape of the regions selected for extraction of the
spectra, an enhancement in density would occur in apparently brighter sectors.
A reasonable assumption of axial symmetry would require this departure to be
observable in both sides of the plane of the stellar disk. As described below, no
such enhancement was detected and assumption of spherical symmetry of the
gaseous component is appropriate.

The cie normalisation in SPEX is proportional to the density squared times
volume of the emitting region (or more precisely, to ngneV’). Having this value
for four quadrants at six distances from the centre from spectral fits, we were
able to constrain the projected particle density of the plasma. The results are
written in Table 4.1 and displayed in Figure 4.1. Excluding the contribution
of LMXBs, the profiles reflect only the gas density. As can be seen in Figure
4.1, there is no significant departure from radial symmetry. Clearly, the LMXB
component follows the distribution of stars, that may differ from the diffuse
plasma significantly and thus alter appearance of X-ray brightness of the galaxy.

A characteristic proposed early after first observations of diffuse X-ray emission
from massive galaxies and clusters is a specific shape of the surface brightness
profile. A simple model proposed by Cavaliere and Fusco-Femiano (1976), based
on isothermality of the self-gravitating sphere of plasma permeating these systems,
has been in an enhanced version (Cavaliere and Fusco-Femiano, 1978) used ever
since. The B-model proposes the gas particle density n to decrease with radius as

1+ (;;)2] o , (4.1)

where 7. is the core radius and [ being a function of velocity dispersion o and
temperature (both spatially invariant) as 8 = umpo/kgT. We fitted the depro-

n(r) = n(0)

22
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jected particle density profile with this model with /3, n(0) and 7. free parameters
yielding 8 = 0.41 £0.02. The model is plotted along with the data in Figure 4.4.

As the conditions required by the model are generally not satisfied, relevance
of this result may be questionable. However, as Arnaud (2009) claims in his
commentary to the original paper, even perhaps more accurate analytical models
are presented nowadays, the S-model should not be abandoned for being inappro-
priate either from observational or theoretical side. It has proven itself successful
in fitting the data with only a few free parameters and gives a reasonable estimate
of basic characteristics in a first approximation, when its limitations are taken
into account.

R[] Row!["] ma[1072m™3] np[102m™3] nc[1073m™3] np [1073m ™3]

0 15 132,754 1179152 99.4+98 132.4739
15 45 13.4701 21.2+31 17.0753 22.6197,
45 75 54115 7.3108 8.3118 7417
75 105 2.5103 2.8+93 2.8+03 3.1102
105 135 1.7+02 2.0+92 1.8102 1.979:2
135 165 14101 15102 15101 1.5192

Table 4.1: Particle densities in all four sectors from projected spectra. Subscripts
determine direction, in which the density was measured. A and C lie in rotational
axis, whereas B and D lie perpendicular to it.

4.2 Global features

Here we present properties of the galaxy as a whole derived from its spectrum.
For this purpose, we used an annular region spanning from 15” to 165" from
the galaxy centre. The innermost region was excluded due to contamination by
AGN power-law shaped spectrum with an unknown photon index.

The isothermal CIE model did not sufficiently cover galactic emission, there-
fore we derived the results listed below from the fit with a model M, containing
Gaussian differential emission model to describe the X-ray emitting gas. More
specifically, the model had the form of that in equation (4.2) and the final fit of
the spectrum can be found in Figure 4.2.

Mg = hot x reds x (gdem + pow). (4.2)

There are more possibilities how to cover spectrum of multitemperature
plasma in collisional ionisation equilibrium. Commonly used are two cie compo-
nents at different temperatures, usually the second being by a factor of 1/2 or
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Figure 4.1: Particle densities measured in four directions: blue and green in
direction parallel to rotational axis of the cold gas disk and red and yellow
perpendicular to it. For clarity, the disk and orientation is shown in small image
in upper right.

3/4 lower than the first and then fitted while tied together. Such model would
of course describe a plasma at exactly two distinct temperatures, which is poorly
physically motivated.

GDEM is the most natural choice for fitting a non-isothermal spectrum,
adding only one free parameter to the model, which is a highly desirable property
when dealing with low signal spectra.

Photon index of the power-law component accounting for bulk X-ray proper-
ties of LMXBs in NGC 7049 was set to the value of I' = 1.6 according to findings
of Irwin et al. (2003) with only the normalisation left as a free parameter. In this
case, reasonably high quality of the data allowed us to constrain the overall metal-
licity. The abundances were tied for elements usually observable at temperatures
expected for this source, i.e. O, Ne, Mg, Si, S, Ar, Ca, Fe, Ni and scaled together.
Abundance of the remaining metals was set to value of 0.5 solar and fixed. With
this approach, we found the emission weighted temperature of the gas to be
kT = 0.434_'8:8? keV and emission weighted metallicity of Z = 0.74_'8:% Za.

4.3 Radial profiles

As the surface brightness profiles show remarkable similarity with no significant
deviations in any direction, the choice of circular-shaped regions for spectral
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Figure 4.2: Spectrum of NGC 7049. Local background subtracted data (black)
(binned automatically using obin, Kaastra and Bleeker (2016), and manually at
high energy tail only for plotting purposes) are fitted with model M, (red colour,
see (4.2) for the description). The contribution of the background to the data is
shown in blue and green dashed lines. The three sets of the data and models are
for MOS1, MOS2 (lower) and pn (upper) detector.

analysis has proven itself justified. As the central region is necessarily contami-
nated with AGN emission, the power-law emission should be of two kinds here
— the LMXBs component with known I' = 1.6 and the AGN with I'ygn free.
However, one power-law component with free photon index described the two
sources sufficiently well, with I'ngn+LvxB ~ 1.73.

We fixed the I'angni+Lvxp at this value for the deprojection analysis, using
single temperature CIE model vapec for the hot gas and wabs for the absorption
in Xspec. A common problem that appears when fitting this kind of spectra is
anticorrelation of metallicity and normalisation.

This is caused by relatively low energy resolution of the instruments and
nature of the plasma. Individual emission lines merge together forming wide
bumps raising above continuum. Therefore, based on the global fit and inability
to constrain the metallicity with high accuracy, we fixed it to 0.5 Solar as is
commonly done in these situations. Leaving both normalisation and metallicity
free leads to unphysical results of the fit, as it was also in this case.
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Figure 4.3: Temperature radial profile of the galaxy derived from deprojected
(black circles) and projected spectra (grey squares). The jump at 22kpc is likely
an artefact of the spectral deprojection.

In Figure 4.3 we present the temperature profile for all seven annuli, the results
obtained from the deprojected spectra in black circles, while values determined
from projected spectra as grey squares for comparison. The fact that the global
negative temperature gradient is broken in the sixth annulus is likely to be an
artefact induced by simultaneous fitting of all data sets. This feature is a common
result of relatively weak emission attributed to a component with free parameters
being subjected to deprojection and was described in Russell et al. (2008). As
can be seen in the plot, analysis of projected spectra in SPEX did not show any
increase in temperature.

In Table 4.2, temperature and normalisation (norm) of deprojected spectra
are listed, where units of normalisation are standard Xspec units, from which the
electron number density can be derived knowing angular diameter distance Da
and redshift z of the source and volume of a particular shell Vg,o from relation

4mnorm norm
ne=10"(1+ 2)Day | ——— ~ 157, |, 4.3
¢ ( )Da Vihell e /N1 RS, — R, (43)

in which norm is in cm™> and Ry, and Ry are the respective outer and inner
radii of the shell in arcsec.

From the temperature and the best-fit normalisation, the particle number
density, entropy, and pressure were calculated. The entropy K used here is
different from entropy in statistical physics and is defined simply as

K = kgTn; %3, (4.4)
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Rin ["]  Rout["] kpT [keV] norm [107° cm ™3]

0 15 0.77£0.03 29+0.2
15 45 0.65 £ 0.02 7.6+£0.3
45 75 0.59 £ 0.03 6.7+0.3
75 105 0.60 £ 0.10 4.1+£0.3
105 135 0.49 £ 0.07 4.3+0.6
135 165 0.78 £ 0.06 3.3+0.5

165 225 0.316 = 0.003 30.7+0.7

Table 4.2: Results from deprojected spectra extracted from seven annuli centred
with respect to the position of the AGN. For the outermost annulus, only the
temperature is relevant, since the normalisation is enhanced with emission from
all the gas above the outer radius of the shell. The units for normalisation are
standard Xspec units described by eq. (4.3).

where n, is electron number density and & is Boltzmann constant. This definition
makes our entropy proportional to statistical specific entropy and thus retains
its meaning, avoiding calculation of natural logarithm. Simply said, the high
entropy gas floats, whilst low entropy causes the gas to sink.

For determination of the pressure p we used relation

p = nkgT, (4.5)

reminding that n is total particle number density calculated as n = 1.92n,. The
profiles are shown in Figure 4.4. Note that the last data point is not presented in
any of the figures and is excluded from all calculations, as to the normalisation,
the contribution of all layers of gas lying above the seventh shell contribute
to its gas density due to projection effect and the value is therefore artificially
enhanced.

The green line in n(r) stands for the S-model discussed in section 4.1 and
blue dashed line in the bottom panel displaying p(r) is fit of an empirical pressure
model (here denoted as p-model) with the form of

p(0)

r\b ry¢’
&)+ ()

a a
where p(0), a, b and ¢ are free parameters. This model is a simplification of the
‘universal’ model for galaxy clusters introduced by Arnaud et al. (2010) and is
used only in order to estimate its gradient used further on. Unfortunately, the

parameters were strongly correlated and poorly constrained, thus unsuitable for
use.

p(r) = (4.6)
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Figure 4.4: Profile of entropy K = kgTne 2/ 3, particle density n and pressure
p = nkpT. Green curves are in both cases f-models ((4.1) and (4.7)) fitted to
the data and the blue dashed curve stands for the pressure profile defined in
eq. (4.6). We note that errors especially in the bottom plot are too small to be

visible.

We therefore fitted the pressure profile with S-model in form analogous to
the one in (4.1), that is

2]
O »

achieving remarkable accordance with results from the p-model. As the S-model
was fitted with significantly better precision, we used it for our calculations below.

p(r) = p(0)
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4.4 Profiles in sectors

Subdividing the emission allowed us to create profiles of the hot gas emission
in plane of rotation and the direction perpendicular to the disk. At this place,
we remind that the inclination of the plane of rotation is ¢ & 30°. The values
obtained for the temperature and normalisation from the deprojection are all
written in Table 4.3 for sectors in rotational axis, named A and C in accordance
with the notation shown in the Figure 4.1, and Table 4.4 for sectors in plane
of rotation, denoted as B and D. Again, they are listed for all seven distances
from the galaxy centre, with only the temperature being reliably fitted at the last
one. The results are displayed in figures 4.5 and 4.6, where the data for sectors
A+C are plotted in blue-green and for sectors B+D orange is used, again for
consistency with choice of colours in Figure 4.1.

Temperature profile in Figure 4.5 shows clear departures at ~ 22kpc, again
most probably accountable to the complicated fitting process as in case of
temperature profile assuming spherical symmetry of the problem in previous
section, rather than real physical jumps in properties of the hot plasma.

Results for gas density confirm our previous findings about spherical symmetry
of the gas, obvious from remarkable similarity of the gas distribution in both
directions.
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Figure 4.5: Temperature profile for sectors in rotational axis and direction
perpendicular to it showed in blue-green and orange, respectively.

4.5 Cooling process

Rotating cold molecular gas appearing as a thin disc that spans over a very
few kiloparsecs in the galactic centre, most prominent in an image captured by
Hubble Space Telescope in Figure 2.1 may indicate an ongoing cooling of the
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Figure 4.6: Profile of entropy K = kgTne 2/ 3, particle density n and pressure
p = nkgT in sectors parallel with rotational axis (blue-green) and perpendicular
direction (orange). We note that errors especially in the bottom plot are too
small to be visible.
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Rin["] Row!["] kT [keV] mnorm[107°cm™?]

0 15 0.80 £ 0.06 0.65 £ 0.06
15 45 0.69 £ 0.02 1.95+0.09
45 75 0.57£0.04 1.7£0.1
75 105 0.67 £ 0.09 0.41 +£0.09
105 135 0.64 £0.05 1.2£0.1
135 165 0.25 £ 0.02 1.14+1.2
165 225 0.35£0.01 7.2+0.2

Table 4.3: Values of temperature and normalisation obtained from deprojected
spectral fits to the data in sectors lying in rotational axis of the galaxy (A and

Q).

Rin["] Row!["] kBT [keV] mnorm[107°cm™?]

0 15 0.75£0.03 0.78 £ 0.07
15 45 0.61 +£0.03 1.94+0.1
45 75 0.63 £0.04 1.84+0.1
75 105 0.46 £ 0.05 1.5£0.2
105 135 0.61 +0.07 1.0+0.1
135 165 0.91£0.11 0.6£0.1
165 225 0.31 £0.01 8.4+£0.3

Table 4.4: Values of temperature and normalisation obtained from deprojected
spectral fits to the data in sectors lying in plane of rotation (B and D).

X-ray gas onto a non-radial orbit in the plane of rotation. To test whether such
process is present and detectable by means of X-ray spectroscopy, we searched
for multitemperature gas in both directions.

As the gas emission is proportional to density squared, it is expected to
form clumps of cooling matter at different temperatures, giving rise to a more
complicated spectrum. This is then better described by a differential emission
measure distribution in general simply broader than a delta function, which is
on the contrary the case of a single temperature CIE model. For this purpose,
we used the model described in (4.2), that has GDEM for our target component,
in SPEX, and analysed properties of gas in sectors once again.

We measured non-zero op with more than 99.73 % significance in the B+D
sector of the second annulus (15" —45", which corresponds to 4.3—8.7 kpc, denoted
as (B + D)y further on), whilst in the perpendicular direction, (A 4 C) ), no

such feature was observed. More precisely, we measured o7 p4+p = O.21f8:82 keV
with mean temperature kgTgip = 0.511‘8:83 keV in (B + D)(z) and opA1c =
0.00fg:gg keV in region (A + C)(Q). Implicitly, the range of temperatures in the

plasma of (B + D), is approximately (0.30;0.72) keV.
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Under the assumption that it is the radiative cooling that triggers the presence
of a multitemperature plasma, we can put constraints on the cooling rate. We
therefore fitted an isobaric cooling flow model (assuming the plasma is not
supported by a magnetic field) ¢f onto the spectrum of (B + D) (2) constructed
as

M. = hot X reds x (cf + pow), (4.8)

resulting in mass deposition rate M ~ 1072 Mg /yr. More accurate estimate
could not be made since the cooling function in eq. (1.7), which describes the
isobaric cooling flow, is strongly dependent on abundance of heavier elements,
which cannot be properly measured in this case. The mass deposition rate was
estimated with Z = 0.7 Z, abundances measured from the global spectrum and
are used in calculations further on, for it is possible that the metallicity would
be closer to this value and it also makes further results more conservative.

Simulations from recent years (Sharma et al., 2012) show that thermal
instabilities can only develop in the hot medium of galaxies, groups, and clusters
if the ratio of cooling time and free-fall time is less than ten. Observations of
clusters seem to confirm this relation, f.e. those presented by McCourt et al.
(2012), and so should be the case of NGC 7049.

We calculated the free-fall time simply as

2r
tg =4/ —, 4.9
; (4.9)

where gravitational acceleration g is derived from the pressure profile introduced
in eq. (4.6) as

ldp 1 dp

9= _;E - _anua'

(4.10)

The cooling time, described in eq. (1.3), was calculated with the cooling function
for abundance received from the global fit in sec. 4.2. The results for tg, tcool
and their ratio are all listed in tables 4.5 and 4.6 and displayed in Figure 4.7.
Apparently, the criterion for development of multiphase gas observed in this galaxy
does not hold. The discrepancy does not originate in the X-ray measurement,
as Sharma et al. (2012) suggests that the inequality tco01/tg S 10 should also
indicate the presence of H, emission. This has been well confirmed in NGC 7049.

To test thermal stability of the hot gas, we calculated also the Field stability
parameter (Field, 1965), which was used for similar purpose in paper of Werner
et al. (2014) and is defined as

_ KT
" nengA(T)r?’
where k is thermal conductivity and A(T) is the cooling function. It can be

interpreted as a measure of prevalence of conductive heating rate over the radiative
cooling rate on scales close to r. The limiting value for IIx based on a sample of

Ip (4.11)
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Figure 4.7: Profiles of cooling time, free-fall time and their ratio evaluated for
the six distances from central AGN. According to Sharma et al. (2012), only if
the ratio teoo1/tg falls below 10, thermal instabilities can form in the X-ray gas.

46 brightest galaxies of their cluster examined in Voit et al. (2008), under which
the thermal conduction is not capable of suppressing radiative cooling, is IIp < 5.

As can be seen in Figure 4.8, where the observationally suggested threshold
is visualised through the red line, the condition is not (fully) met again. Even
though our data suggest presence of multi-phase gas surrounding disk of the
cold, the critical value of Field stability criterion is still lower. However, this
result is somewhat comparable to a similar case; elliptical galaxy NGC 6868, also
revealing presence of rotating disk of cold gas (Werner et al., 2014) surrounded
by extended halo of hot plasma, is also rather comparable to systems without
traces of low-temperature gas. Werner et al. expect such behaviour conditioned
by rotational (or other) support in their work.
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A parameter that should be more robust in rotating systems in determining
the conditions required for thermal instabilities to develop takes into account
viscosity of the possibly cooling medium. It is defined as

Vtcool
r2

I, = (4.12)

with v being kinematic viscosity of the gas and t.,, and r cooling time and
distance to the galaxy centre, respectively, as usual. It introduces the viscous
diffusion length in a cooling time (square root of the nominator in (4.12)) and
compares it to 7. According to (Werner et al., 2014), instabilities can develop only
if IT,, < 1. The parameters Iy and I, are not completely independent, as the
processes they are based on are both due to Coulomb collisions of either electrons
or ions. Their ratio is II,/IIp ~ 0.0253, yielding II, < 0.13. Results from
calculation of the viscosity parameter are presented in Figure 4.8, where the red
line symbolises the critical value and indeed show similar results. For calculation
of the last two stability criteria, we used the code of Dr. Paul Nulsen. As the
code does not return errors, for they are generally not presented in literature
in such cases and their proper calculation is not trivial, we estimated them by
varying input values by their error and choosing the maximal to have a robust
guess of errors. These are also included in Table 4.6.

Rin [”] Rout [”] teool [Gyr] e [GyI‘]
0 15 0.49 +£0.02 0.0057 £ 0.0002
15 45 1.28 £ 0.05 0.0174 4 0.0004
45 75 244+0.1 0.0360 £ 0.0009
75 105 4.6 £0.8 0.050 £ 0.002

105 135 5.2+£0.8 0.070 £+ 0.005
135 165 11.5+1.2 0.084 £ 0.006

Table 4.5: Cooling time and free-fall time calculated from values obtained in the
spectral analysis of the six annuli.
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4.5 Cooling process
Rin [”] Rout [N] tcool/tff HF HV
0 15 87+5 204+4 0.53 +0.09
15 45 74+ 3 7.14+0.8 0.18 £ 0.02
45 75 67+ 4 5+1 0.13 +0.02
75 105 93 £+ 16 9+6 0.24+0.2
105 135 74+ 12 442 0.11 +0.06
135 165 137+ 18 28+ 10 0.7+0.3

Table 4.6: The three parameters used for determining whether thermal instabili-
ties can develop: cooling time over free-fall time, Field parameter and viscous
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Figure 4.8: Field stability parameter (top) and viscous stability parameter
(bottom) as a function of radius. The red line in upper panel expresses limit
value, that should be an upper limit for thermal stability of the hot gas. In the

lower panel, similar threshold is approximately equal to 0.13.



CHAPTER 5

DISCUSSION

We measured physical properties of hot gas permeating fast-rotating lenticular
galaxy NGC 7049, which could be read from its X-ray spectrum. Interpretation
of our results and their comparison to other objects and models is a subject of
this chapter.

5.1 Shape of the X-ray halo

The image of the X-ray-emitting gas (contaminated with radiation of low-mass
X-ray binaries and possibly other unresolved point sources) and further on the
projected spectral analysis suggests that no significant flattening is directly
observable in the hot gas. However, what Brighenti and Mathews (1996, 1997)
predict from numerical simulations is flattening of the plasma and formation of
extensive disks of hot gas.

Since this has not been observed as commonly as expected among studied
objects!, they also provided several reasons for it. As a possible explanation of
this effect being absent, they suggest that the gas is either supported by magnetic
field originating in stellar mass loss, or that the system has been subjected to
alteration of angular momentum resulting from a merger event in its recent
history. Additionally, according to their models, sufficiently cold gas should
obscure X-rays at smaller radii and therefore create an additional darkening of
the X-ray emission, unless the gas forms small clumps. If the collapse of cooling
gas continued to form stars, they would need to have initial mass function skewed
towards low-mass stars, so that it didn’t result in contradiction with unobserved
massive blue stars. Furthermore, at large radii, the flattening can be effectively
suppressed by galactic winds. Brighenti and Mathews (1996)

It is unlikely that the gas would be obscured to compensate for the excess of
X-ray emission due to flattening. The X-ray halo spans over larger volumes and
the absorption would need fine tuning to darken the X-ray gas behind so that
the overlying gas would add up the exact amount of X-rays to create spherically
symmetric image of the galaxy we observe.

Hanlan and Bregman (2000) studied relatively small sample of 6 nearby objects
with various rotational speed and for fastest rotating galaxies found smaller X-ray

!By the time the paper was published, in fact no such feature had been observed.

36
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ellipticity than what is observed in optical band. Lenticular galaxy NGC 6861
shows flattened isophotes of X-ray gas (Machacek et al., 2010), but as a member
of a group is currently undergoing a merger event. Generally, observation of hot
gas in rotating galaxies is more challenging due to systematically lower X-ray
luminosities, due to rotationally reduced depth of gravitational potential wells,
as presented in Negri et al. (2014).

5.2 Spectral properties

From global spectrum, we estimated the metallicity of the gas to be Z =
O.7J_“8:% Zs which is a value roughly comparable to other early-type galaxies.
However, the result may be influenced by our assumption of solar composition of
the gas and certainly a constant abundance over the X-ray halo. Gradients of
content of metals in ellipticals is presented f. e. in Tozuka and Fukazawa (2008)
and shows that constant metallicity is not common. There are also cases in which
the metallicity increases with radius, but such trends are rather exceptional.

It is no surprise that variation of elemental abundances reflects history of
chemical enrichment via supernovae and composition of stars contributing to
the hot gas with stellar winds. Difference can therefore be relatively large for
individual elements, we refer to Ji et al. (2009) as an example. Unfortunately,
there is no reliable method to constrain the abundances for spectra like ours,
with low number of counts.

Overall, the difference in metallicity measured and the real one results in biased
normalisation. For sane shifts from Z = 0.5 Z5 used in the analysis of spatially
distinguished spectra — suppose metallicity underestimated or overestimated by
a factor of 2, would result in density being overestimated or underestimated by
25 %, respectively. Accordingly, the pressure would be influenced by the same
factor and the entropy would be affected even less — it would be smaller or larger
by 17 % respectively. Gradients in metallicity would also slightly alter the slopes
of models fitted to them.

Emission weighted temperature measured here with GDEM model is among
early-type galaxies (excluding brightest cluster galaxies) not outstanding and
nor is the temperature profile. An example for all could be the sample of 53
elliptical galaxies with extended X-ray gas in work of Fukazawa et al. (2006).
Authors did not distinguish between fast- /slow-rotators in their work, but based
their criterion (ne(r = 10kpc) < 3 x 1073 em™3), the NGC 7049 would be among
low-density objects, that possess all positive, negative, or variable temperature
profiles, while galaxies of higher densities in their sample had temperatures mostly
raising with distance from the centre. Concerning the temperature determined
from global spectrum, a number of rotating galaxies observed with Chandra
X-ray Observatory have similar X-ray temperatures Posacki et al. (2013).

We compared our entropy profile with those of galaxies in the work of Werner
et al. (2014). They examined properties of galaxies with and without extended
H,, emission, including NGC 6868, an elliptical galaxy with rotating disk of cold



5.2 Spectral properties 38

gas. In Figure 5.1 we plotted the entropy profile again along with data from
Werner et al.

Non-rotating systems of their sample divide into two distinct profiles, while
NGC 7049 and NGC 6868, both rotating early-type galaxies having extended
H, emission, tend towards higher entropy galaxies without it. Entropy profile
of NGC 7049 is flatter than the one of NGC 6868 and its innermost value is
relatively high. Combined with the information of negative temperature profile,
we can conclude that some centrally positioned heating mechanism influenced
the hot gas component. When the entropy of gas was centrally raised, pressure
of surrounding medium led to increase of gas temperature and subsequently its
observed radially decreasing trend.

The heating could have been provided either by AGN activity, merger, or
high supernovae rate. While frequent stellar explosions would be unable to
preserve the cold disk, which would need to form after the supernovae became
less common, AGN outflows would not necessarily destroy it. On the other hand,
if the gas of infalling galaxy was not stripped off in outskirts of NGC 7049, it
could have generated the cold disk itself. The latter two scenarios are discussed
in the following section in further detail.
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Figure 5.1: Entropy profile of sample of galaxies from Werner et al. (2014) (grey,
pink and dark red) and entropy of NGC 7049. NGC 6868 also possesses extended
H,, emission in form of a rotating disk. Note that the z-axis is in logarithmic
scale as well.
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5.3 Cooling process

At distance of 15” to 45” from the centre in sectors lying in the plane of rotation,
we have measured with high precision a presence of multitemperature X-ray gas
using differential emission measure model with Gaussian distribution of emissivity.
Such feature was not detected in directions perpendicular to the rotational plane.
Additionally, inner part of this region, from which was the spectrum extracted,
contains cold atomic gas. These features suggest an ongoing process of cooling,
but criteria which should indicate conditions needed for development of thermal
instabilities give contradictory results. This either comes from inadequacy of the
criteria under conditions of this system, or the gas indeed is thermally stable and
the observed features are of a different origin.

The criterion introduced in Sharma et al. (2012) assumes the gas is supported
exclusively by buoyancy. If the cooling is set on in the gas, its entropy locally
decreases and the cooling amount of gas starts moving inwards into the medium
of lower entropy. If it can reach the radius at which the entropy is the same fast
enough, the cooling will stop and the flow inwards will terminate.

This is where the rotational support might be crucial. The time for the
cooling clump of gas with non-zero angular momentum to move inwards is longer
than in previous case, and therefore the gas can cool at its current rate. With
this scenario, the criterion of teo01/tg < 10 would not be strictly followed and the
thermal instabilities would develop even when the ratio was larger than 10. The
actual limiting value would then depend on other processes that have influence on
mixing of the cooling gas with surrounding environment, dissipation of angular
momentum, such as viscosity and turbulence.

Similar impact could be expected for support by magnetic field. However,
a moderate magnetic field of B ~ 107'°T would generate pressure pg =
B?/2uy ~ 4 x 107 Pa, which would be in case of central thermodynamic
pressure measured in NGC 7049 of order of 10~% smaller and thus its dynamical
properties would be negligible.

If, however, the criteria were reliable and there indeed was no cooling in
progress, then the shape of the spectrum well fitted with GDEM model would
have to be created differently. The fact that the signs of multitemperature plasma
were measured only in plane of rotation is in favour of this spectral property
having origin in the galaxy itself. We fitted the regions on both sides of the
galaxy separately to ensure that two distinct components of hot gas in opposite
directions did not cause the effect. The best-fit was again obtained with GDEM,
having the same temperatures from both spectra.

Stellar origin of X-rays contaminating the spectrum should also be consid-
ered. As mentioned earlier, star formation rate in NGC 7049 is low, of order
of 0.1 Mg /yr, and thus we can conclude that the galaxy does not possess many
bright O-B stars. Their contribution to observed X-rays is likely not to have any
significance. High-mass X-ray binaries can also be excluded for they too require
massive progenitors and more importantly, their emission would only result in
increase of normalisation of power-law component. Obviously, not only young
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and massive stars are X-ray emitters, but including spatial distribution of stellar
mass to these considerations, we expect this possible explanation to be of lesser
importance.

If the hot gas did not form the dusty disk through developing thermal insta-
bilities and cooling onto a non-radial orbit, it could have either condensed from
stellar mass-loss, or been brought to place by merger event.

The stellar winds are commonly expected to assimilate into the hot gas of
massive galaxies via thermal conduction. Voit and Donahue (2011) pointed to
a scenario according to which the gas should remain relatively cool and be an
important source of material for new stars. The stellar mass-loss will likely be
replenished when the pressure of the surrounding hot gas is low. On the other
hand, for low central entropies and high pressure, the gas might partly retain
its thermal properties. In case of this galaxy, the central entropy is relatively
high and pressure of the surrounding hot medium would probably not be able
to prevent the star-ejected gas from being swept out. Nevertheless, perhaps the
possibility of such contribution should not be completely ruled out.

Observations of NGC 7049 in H, and N II carried out by Very Large Telescope
and analysed in Coccato et al. (2007) reveal presence of an inner disk of a ionised
gas orthogonal to the main sense of rotation that is a few arcsec wide. The fact
that the gas in the inner polar disk is geometrically decoupled from the main one,
it cannot be attributed to a single gaseous component of a strongly warped disk.
As Coccato et al. claim, this feature is not rare among lenticular galaxies, but it
cannot be ruled out that it has been created in an accretion of matter from an
infalling galaxy. A merger event could have contributed to creation of the cold
disk, a raise of central entropy and negative temperature gradient. This would,
however, not exclude the possibility of ongoing cooling process and would not
explain presence of the indication of a multi-temperature gas.

Regardless its origin, the presence of cold gaseous disk suggests that the
AGN somehow avoids destroying it. AGN driven feedback in form of collimated
outbursts propagating mainly perpendicular to the disk without dissipating in
its vicinity would be capable of preserving it. Other possibility would be that
the AGN has been inactive for time long enough for the disk to form. Rotational
support of the gas would also alter accretion rate and feeding of the AGN.

Special attention to rotating galaxies with AGN and extended X-ray halo
was paid in Gaspari et al. (2015). They modelled the AGN feedback cycle for
these systems, suggesting creation of the cold disk, followed by accretion of cold
gas onto the black hole. AGN-connected heating processes should then raise
entropy of the gas to the level at which cooling instabilities cannot develop.
During the violent heating processes triggered by AGN, the disk should be able
to survive. This process would explain relatively high entropy of the hot phase
and also the observed Hy-emitting disk. According to their findings, the cooling
at teool/t > 10 should certainly not lead to formation of filamentary structure
of cooling gas, while the disk-like configuration is a more favourable outcome.



CHAPTER 6

SUMMARY AND CONCLUSIONS

In this thesis, we focused on properties of X-ray halo of lenticular galaxy NGC 7049.
In the first chapter, we introduced basic processes leading to the formation of the
hot gas permeating massive galaxies. The classical cooling flow was explained
with its possible consequences, followed by mechanisms inducing additional heat-
ing of the hot medium. Apart from the theoretical point of view, we provided
short summary of observational evidence for mentioned signs of both heating and
cooling. The shape of X-ray spectrum of the hot gas is described, followed by
classification of all sources of background. We introduced the galaxy as an object
deeply interesting for studying in X-ray bands, a massive system with non-zero
angular momentum possessing a disk of atomic gas near its centre.

Then, the practical part is briefly described, firstly outlining construction of
XMM-Newton satellite and instruments on board used for data acquisition. We
mentioned data reduction and subsequently the spectral analysis, focusing also
on description of fitting method preferable for use in X-ray astrophysics.

In Chapter 4 we presented geometrical shape of the X-ray emitting gas and
its general spectral properties, concluding that any gas flattening is undetectable.
From spatially resolved spectroscopy we measured generally negative gradient of
temperature and, compared to other early-type galaxies, a relatively high central
entropy, suggesting that a centrally positioned heating mechanism shaped the hot
gas into this structure. From analysis of radial profile subdivided into two sectors
— one in plane of rotation and one in direction perpendicular to it, we found nearly
identical physical properties, assuming that the jumps in temperature and other
quantities were caused by oscillations during deprojection with projct.

In region lying in plane of rotation of the second annulus, we measured multi-
temperature plasma with more than 99.73 % significance, while in perpendicular
direction, no such feature was observed. Multitemperature plasma suggests an
ongoing process of cooling, and therefore we tested thermal stability of the hot
gas based on Field stability parameter, viscous criterion and ratio of the cooling
time and the free-fall time. The latter, setting threshold value for cooling to < 10,
is not satisfied at any radius, while the Field parameter and viscous criterion
are much closer to the critical value. However, the t.,0/tg might not be the
indicative criterion when applied to rotating galaxies. We discussed alternative
explanations of observed features in the previous section.

41
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The AGN feedback and subsequently the evolution of galaxies in different
conditions are still puzzling and hotly debated topics among scientists, and
perhaps an intensive and systematic search for common X-ray gas properties of
fast-rotators might foreshadow answers to the ubiquitous questions surrounding
these systems.
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