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Abstrakt

Silné zahalend aktivni galaktickd jadra (z anglictiny AGN) nabizeji jedinecnou
prilezitost ke studiu okoli akreujicich supermasivnich ¢ernych dér (z anglictiny
SMBH). Studium zahaleni AGN je klicové pro pochopeni komplexnosti jejich pop-
ulace, protoze vétSina AGN ve vesmiru je zahalena (Comastri, 2004). RovnéZ ndm
muze pomoci zodpoveédét nékteré z hlavnich otdzek tykajicich se vyvoje galaxii a
jejich spole¢ného vyvoje s centrdlnimi cernymi dirami. Pravé potrava ¢ernych dér
je pravdépodobné tim, co nam zakryva vyhled, a proto ndm studium cirkumnuk-
ledrn{ oblasti mize také pomoci pochopit proces pohdnéni i rstu vétSiny populace
AGN, k némuz dochézi pravdépodobné béhem silné zastinénych fazi prudké akrece
(Fabian a spol., 2000). Nov4 observator v tvrdém rentgenovém pasmu (NuSTAR)
predstavila novou éru studia takovych systémtl, nebot’” pozorovany tvar spektra v
pasmu > 10 keV je klicovy pro pochopeni geometrickych a fyzikdlnich vlastnosti
stinictho torusu, stejné jako pro odhad vlastnich parametrii systému, jako je vlastni
rentgenova svitivost nebo Eddingtoniiv pomér.

V této préci predstavuji detailni studium hluboce zakryté akreujici SMBH v
Seyfertové galaxii 2 NGC 3982 pomoci dalekohledi XMM-Newton a NuSTAR.
Na Sirokopdsmové rentgenové spektrum zdroje jsem fitovala né€kolik riiznych
modeli stinictho materidlu, o némz se predpokladd, Ze se nachazi ve vzdalenosti
~ 1 — 10 parsekid od SMBH. Kazdy model reprezentuje jinou geometrii zakryva-
jiciho cirkumnuklearniho regionu, ale také porovnavam vysledky s empirickym
modelem pfedpoklddajicim nefyzikélni polo-nekone¢nou odraznou plochu. Po-
moci platformy Bayesian X-ray Analysis (BXA), kterd spojuje balik Xspec pro
fitovani rentgenového spektra s vnofenym vzorkovanim, je prozkoumdn cely pred-
definovany prostor parametrii kazdého modelu, aby se odstranily problémy s lokal-
nimi minimy a pfesné reprodukovaly degenerace parametrd. VSechny modely
nalezly sloupcovou hustotu stinictho materidlu vétsi nez 10** cm=2, coZ potvrzuje
siln€ zahalenu povahu zdroje, a vlastni rentgenovou svitivost v pdsmu 2 — 10 keV
log Lr_1g v = 41,4 erg s™! pro nejvice pravdépodobny model zaloZeny na kom-
plexni shlukovité geometrii s vice reflektory, UxCrLumpy. Vzhledem k tomu, Ze
studovand AGN je ze své podstaty malo svitivy zdroj a je silné zakryt4, jsou ge-
ometrické vlastnosti torusu s ohledem na kvalitu dat Spatné omezeny a vSechny
modely poskytuji zhuba konzistentni vysledky. Nicméné pomoci simulaci spekter
High Energy X-ray Probe (HEX-P, nadchdzejici mise NASA typu sondy) z ne-
jpravdépodobnéjsiho modelu pro NGC 3982 s vyuzitim sloZité geometrie s vice
diskrétnimi reflektory ilustruji budouci potencidl pro citlivé studia stinicich torust
1 mezi populaci AGN s nizkou svitivosti.



Abstract

Heavily obscured Active Galactic Nuclei (AGN) offer a unique opportunity to study
the circumnuclear environment in accreting supermassive black holes (SMBH).
Study of the obscuration in AGN is crucial for comprehension of complexity of
the AGN population as most of the AGN in the Universe are obscured (Comastri,

). It can also help us to answer some of the major questions regarding the
galaxy evolution and its coevolution with the central black holes. The food of black
holes is likely what is obscuring our view, thus studying the circumnuclear region
can also help us understand the fuelling process as well as the growth of the bulk
of the AGN population, occurring likely during heavily obscured phases of rapid
accretion (Fabian et al., ). A new observatory in the hard X-ray band, NuSTAR
introduced a new era for studying such systems as the observed spectral shape
in the >10 keV band is crucial for understanding the geometrical and physical
properties of the obscurer, as well as for the estimation of the intrinsic properties
of the system such as the intrinsic X-ray luminosity or the Eddington ratio.

In this work I present a detailed study of the a deeply buried accreting SMBH
in the Seyfert 2 galaxy NGC 3982 with XMM-Newton and NuSTAR. 1 fit several
different models of the obscurer believed to be located within ~ 1 — 10 parsecs from
the SMBH to the broadband X-ray spectrum of the source. Each model represents
a different circumnuclear obscurer geometry but I also compare the results with
empirical model assuming an unphysical semi-infinite reflecting slab. By using
the Bayesian X-ray Analysis (BXA) platform that connects X-ray fitting package
Xspec with nested sampling, the full pre-defined parameter space of each model is
explored to remove issues with local minima and reproduce parameter degeneracies
precisely. All models find the column density of the obscurer above 10 cm™2
confirming the Compton-thick nature of the source, and the intrinsic X-ray lumi-
nosity in the 2-10 keV band log L,_1p v = 41.4 erg s™! for the best-performing
complex multi-reflector clumpy-geometry model, UxCrLumpy. As the studied AGN
is intrinsically a low-luminosity source and heavily obscured, regarding the data
quality, geometrical properties of the obscurer are poorly constrained and all the
models are giving consistent results. However, by simulating High Energy X-ray
Probe (HEX-P, an upcoming NASA probe class mission) spectra from the best-
fit for NGC 3982 in a complex multi-reflector clumpy geometry I illustrate the
future potential for sensitive studies of the obscurer geometry even amongst the
low-luminosity AGN population.
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Introduction

The cosmic X-ray Background (CXB) was the first cosmic background ever dis-
covered (Giacconi et al., ), two years before the discovery of the famous
Cosmic Microwave Background in 1964 (CMB, Penzias & Wilson, ). It
is a largely isotropic emission with an extragalactic origin whose spectrum has
shape of a broad bump ranging across wide range of wavelengths in the X-ray
band (Gilli, ). At first sight it resembles a residual diffuse emission, but from
detailed studies (Mushotzky et al., ) it has been shown, that the CXB above
3 keV is composed of emission from many individual unresolved point sources
distributed isotropically across the sky, primarily of discrete accreting black holes
in the centres of active galaxies. Active Galactic Nuclei (AGN) were confirmed
to be the dominant contributors to the CXB (Fiore et al., ; Lehmann et al.,
) and with deep observations performed by a more sensitive new-generation
X-ray observatories a large fraction of these discrete point sources was resolved
(Hasinger et al., ; Fiore et al., ). The average redshift of the objects
contributing mostly to the observed CXB emission is believed to peak at z ~ 1 as
at higher refshifts the AGN emission is redshifted to the softer wavebands (Ueda
etal., ; Ananna et al., ).
To explain the spectral shape of CXB with the prominent peak at ~ 30 keV
we need to assume that large fraction of AGN in the Universe are actually heavily

obscured (Setti & Woltjer, ; Comastri et al., ), as its spectral shape
resembles the one of typical reflection-dominated AGN in hard band (Matt et
al., ). Despite this prediction shown by synthesis models of CXB (Ueda
et al., ; Treister & Urry, ; Ballantyne et al., ; Gandhi et al., ;
Gilli et al., ; Treister et al., ; Akylas et al., ; Ueda et al., ;
Comastri et al., ), the intrinsic fraction of Compton-thick AGN is highly
uncertain (Brightman & Ueda, ). Additionally, there is only a small fraction

of heavily obscured AGN observed in the local Universe varying significantly
from the predicted values, as they are observationally challengeable to detect and
identify. In the local Universe the best way for identifying heavily obscured AGN
is in the hard X-ray band, as at higher energies the emission becomes less affected
by the gas and dust absorption (Ricci et al., ).
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The thesis is structured in the following way. Chapter 1 summarizes the funda-
mental information about AGN. The composition of an AGN with the description
of all its components is in section 1.1. Section 1.2 characterizes the broadband
emission from an AGN with the focus on the X-ray band in section 1.2.1. AGN
classification with the basic characteristics of the AGN family members is in the
section 1.3 together with the Unified Model description in section 1.3.4. The first
chapter ends with more detailed characterization of obscured AGN in section 1.4.
Chapter 2 describes the methodology of the work. Sections 2.1 and 2.2 describe
the X-ray observatories XMM-Newton and NuSTAR respectively with the basics
of the data reduction in the subsections. The fundamental approach to the X-ray
spectral analysis is in the section 2.3 with brief description of the applied statistic,
used binning methods and the characterisation of the complex spectral models
in subsection 2.3.3. Bayesian X-ray Analysis is discussed in section 2.4. In 3rd
chapter the spectral analysis is presented. Section 3.1 summarizes the information
about NGC 3982 from the literature and the spectral analysis performed locally
in the XspEc fitting package and with the Bayesian approach is summarized in
sections 3.2 and 3.3, respectively. Chapter 4 discusses the future prospects of this
work.



1 Active galactic nuclei

Active Galactic Nuclei (AGN) are among the most luminous sources of electromag-
netic radiation, as they are powered by accretion onto compact supermassive black
holes (SMBHs, with masses approximately 10° — 10'°M,,) in their centres. Their
bolometric luminosities can reach non-negligible fractions of Eddington limit for
black holes, as in the case of powerful quasars. Even though AGN are typically
very bright sources across the entire electromagnetic spectrum, in this work I focus
on the emission of X-rays in the energy band 0.3 — 78.0 keV, emitted only by very
hot and energetic processes in the Universe, as they trace the very inner regions of
these compact systems.

1.1 Composition of an AGN

AGN are believed to consist of several components described each individually in
this section. Generally the nucleus of an active galaxy spans across several orders
of magnitude in size, from the SMBH in the very center of an AGN with sizes
around 107> of a parsec, up to the torus and the narrow line region located at several
units of parsecs up to hundreds of parsecs respectively from the central engine. All
components described in this section can be found in the order corresponding their
location in the AGN: from the smallest scales in the very center to the host-galaxy
scales. The illustration of an AGN and its components is in the figure 1.1.

1.1.1 Supermassive Black Hole

Black holes are the most massive and compact objects known in the Universe
hiding singularity in their centres. The strong gravitational fields of black holes
cause that not even light can escape from below the so called event horizon, which
is the boundary where the escape speed equals the speed of light c. Generally a
black hole can be described only by three properties; its mass, angular momentum
or spin, and charge; even though the charge is often assumed to be zero for the
neutral black holes.
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Figure 1.1 Figure adapted from Ramos Almeida & Riceci, shows a sketch

of AGNcomponents along the equatorial and polar directions with corresponding
scales. From thecenter o fanA GN tothegalactic scales thecomponents are:
SMBH, accretion disc and corona, BLR,obscuring torus, NL R located within the

ionization cone. Colours indicate different composition and/or different densities.

It hasbeen shown that inthe very center of the A G Nthere isacompact SMBH
with masses ranging from fractionofmillions of Solar masses uptotens ofbillions
of Solar masses (10" M, - 10°M,). The radius o fthe event horizonis usually

given inthe units of gravitationalradiir,;

(1.1)

where G stands for the gravitationalconstant with defined value of G = 6.6/ Ax 10

m'kg 's’ andM,H isthemass o fthe black hole. Another significant radius is
described bythe innermost stable circular orbit r,,co> which isthe distance from
the event horizonwhere the particles orbitingthe black hole fall directly intothe
black hole's singularity. The radius ifthe innermost stable circular orbitis given
in thegravitationalradii r, andishighly dependent ontheblack holes angular

momentum.



