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Abstract (English)

This PhD thesis includes theoretical and observational studies of y-ray emission from radio-quiet
accreting black holes. The theoretical motivation for the search of y-ray emission from such
sources concerns the considerable hadronic production of y-rays predicted by models of hot flows,
which most likely power these sources at low luminosities. I thoroughly investigated this model
prediction and I found that the luminosity at either hundreds of MeV or in the GeV range, depend-
ing on proton distribution, can reach ~ 107 Lggq for the X-ray luminosities between ~ 1074 Lggg
and 1073 Lgqq. These levels of y-ray luminosities can be probed in some Seyfert galaxies. Compar-
ing the model predictions with Fermi/LLAT upper limits for NGC 4258, NGC 7213 and NGC 4151
I found interesting constraints on the acceleration efficiency of protons, plasma magnetization and
black hole spins.

I found an interesting hint for a y-ray signal in the LAT data from NGC 4151, which is only
slightly below the formal detection threshold of 5o

I also found hints for the correlation between the X-ray and y-ray emission in the nearby galaxy
NGC 4945, which harbors both an active galactic nucleus and a nuclear starburst region. I have
divided the Fermi/LAT observations of NGC 4945 into two datasets, comprising events detected
during the low and high level of X-ray emission from the active nucleus of this galaxy, determined
using the Swift/BAT light curve. I found a ~ 50 difference between spectral parameters fitted to
these datasets, and a similar significance of the reversal of the y-ray signal in significance maps for
low and high y-ray energies. This X/y-ray correlation indicates that the y-ray production is domi-
nated by the active nucleus rather than by cosmic rays interacting with the interstellar medium. I
compared NGC 4945 with other starburst galaxies detected by LAT and I note similarities between
those with active nuclei, e.g. unlikely high efficiencies of y-ray production in starburst scenario,
which argues for a significant contribution of their active nuclei to the y-ray emission.

Finally, I took into account AGILE observations of Cyg X-1. I found that it has not reached

yet a sensitivity level needed for a detection of this source.
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Abstract (Polish)

Praca doktorska obejmuje teoretyczne i obserwacyjne badania emisji promieniowania y z radiowo
cichych uktadéw akrecyjnych wokét czarnych dziur. Teoretyczna motywacja do poszukiwania
promieniowania y z tych Zrédet wynika z silnej hadronowej emisji promieniowania y przewidy-
wanej przez modele goracych przeptywéw, ktére najprawdopodobniej zasilaja takie Zrédta przy
niskiej jasno$ci. W pracy doktadnie zbadalem przewidywania tego modelu i stwierdzitem, ze
jasnos¢ w zakresie kilkuset MeV lub w zakresie GeV, w zaleznoSci od rozkladu energii pro-
tonéw, moze osiagaé ~ 107 Lgyq, dla jasnosci promieniowania rentgenowskiego pomiedzy ~
10™*Lggq i 1073 Lgqq. Te poziomy jasnosci y moga by¢ badane w niektérych galaktykach Seyferta.
Poréwnujac przewidywania modelu z ograniczeniami gérnymi detektora Fermi/LAT dla galaktyk
NGC 4258, NGC 7213 i NGC 4151, znalaztem interesujace ograniczenia dotyczace skutecznosci
przyspieszania protonéw, namagnesowania plazmy i spinéw czarnych dziur.

Odkrytem réwniez interesujacy sygnat y w danych LAT z NGC 4151, ktéry jest tylko niez-
nacznie ponizej formalnego progu detekcji ~ 5o

Odkrytem korelacj¢ migdzy emisja promieniowania rentgenowskiego i y w pobliskiej galak-
tyce NGC 4945, ktéra zawiera zaréwno aktywne jadro galaktyki, jak i region gwiazdotworczy.
Podzielitem obserwacje Fermi/LAT NGC 4945 na dwa zestawy danych, obejmujace dane zareje-
strowane podczas niskiego i wysokiego poziomu emisji promieniowania rentgenowskiego z akty-
wnego jadra tej galaktyki, okre§lone za pomoca krzywej blasku Swift/BAT. Stwierdzitem réznice
rzedu ~ 50 pomigdzy parametrami widmowymi tych zbioréw danych, oraz zmiang¢ sygnatu y o
podobne;j istotnosci statystycznej na mapach TS dla niskich i wysokich energii promieniowania
v. Ta korelacja promieniowania X i y wskazuje, ze produkcja promieniowania y jest zdomi-
nowana przez aktywne jadro, a nie przez promieniowanie kosmiczne oddziatujace z oSrodkiem
miedzygwiezdnym. Poréwnatem NGC 4945 z innymi galaktykami gwiazdotwdrczymi odkrytymi
przez LAT i zauwazylem podobiefistwa migdzy tymi zawierajacymi aktywne jadro (np. zbyt silna
produkcj¢ promieniowania y w scenariuszu gwiazdotworczym), ktére przemawiaja za znaczacym
wktadem aktywnych jader w emisj¢ promieniowania .

W ostatniej czesci pracy wzialem pod uwage obserwacje AGILE dla Cyg X-1. Stwierdzilem,

ze AGILE nie osiagnal jeszcze poziomu czutosci wymaganego do wykrycia tego Zrédla.
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Abstract (Italian)

I processi di accrescimento che avvengono attorno ad oggetti compatti massivi come stelle di
neutroni o buchi neri non sono ancora del tutto compresi. Esistono due tipi di sistemi astrofisici
contenenti un buco nero. Il primo tipo consiste in un sistema binario contenente generalmente un
buco nero con massa da un paio sino a diverse masse solari. L’altro tipo di sistemi contenente un
buco nero risiede nelle zone centrali delle galassie che presentano un nucleo attivo (dette AGN,
Active Galactic Nuclei). Le loro masse possono essere dell’ordine di centinaia di milioni fino
a miliardi di masse solari. Cio che caratterizza entrambi i tipi di sistemi ¢ la forte emissione
variabile nella banda dei raggi X ed un insieme di processi fisici simili che tendono a verificarsi
indipendentemente dalle dimensioni del sistema. I modelli teorici costruiti a partire dagli anni 70
“prevedono anche I’emissione di raggi gamma dalla zona centrale di tali sistemi. Prima del lancio
di Fermi/LAT e di AGILE/GRID non esistevano strumenti sufficientemente sensibili per rilevare
potenziali emissioni di raggi gamma da sistemi galattici binari o AGN. Inoltre, si prevede che
I’emissione di radiazione nella banda gamma ad alta energia avvenga solo al di sotto di alcune
soglie di luminosita. Oltre il 10% della luminosita di Eddington, I’emissione termica dei raggi
X domina lo spettro e il disco di accrescimento rimane in prossimita del buco nero. Al di sotto
di tale valore, i raggi X sono prodotti principalmente per effetto Compton, il disco ¢ lontano dal
centro e si prevede che si verifichi un flusso caldo in una regione vicina al buco nero. Il mio
interesse si volge particolarmente a questo particolare regime. In esso sono previsti due potenziali
meccanismi di creazione di raggi gamma vicino al buco nero. Uno ¢ I’effetto Compton sugli
elettroni non termici, mentre 1’altro riguarda il meccanismo adronico (la collisione tra i protoni
altamente energetici produce pioni neutri che decadono immediatamente in due fotoni gamma).

La mancanza apparente della rivelazione di raggi gamma in oggetti in cui la radiazione non
¢ dominata da getti relativistici, & stata una delle motivazioni per lo studio affrontato in questa
tesi di dottorato. La prima parte della ricerca consiste nella ricerca di emissione di raggi gamma
da diverse galassie Seyfert "radio-quiete” basata sui dati Fermi/LAT. In tali sistemi, la luminosita
di Eddington ¢ inferiore a 0,1 e & probabile che si verifichi un flusso di accrescimento ad elevata
temperatura. L’analisi dei dati dal telescopio Fermi ¢ stata confrontata con il modello di flusso ad
alta temperatura che attualmente descrive al meglio tali sistemi. Ho esplorato la dipendenza della
luminosita dei raggi gamma dal tasso di accrescimento, dalla rotazione, dall’intensita del campo
magnetico nelle vicinanze del buco nero. I risultati ottenuti pongono alcuni vincoli interessanti su
alcuni dei parametri cruciali del sistema contenente un buco nero.

La seconda parte del lavoro ha comportato 1’analisi della correlazione tra i diversi livelli di
flusso in banda X e il corrispondente flusso di raggi gamma da parte della galassia di tipo Seyfert
2 denominata NGC 4945 Seyfert 2. Essa presenta simultaneamente un nucleo galattico attivo ed
una forte attivita di formazione stellare per cui 1’origine di una significativa emissione di raggi
gamma non ¢ ancora chiara. La correlazione scoperta in questa tesi implica che I’emissione di
raggi gamma dipende fortemente dall’emissione di raggi X e suggerisce che la creazione dei raggi
gamma avvenga in prossimita del nucleo attivo che ¢ esattamente quanto previsto nei modelli a
flusso ad alta temperatura.

La terza parte consiste in una breve analisi delle osservazioni effettuate dal telescopio AG-

ILE/GRID del sistema galattico binario denominato Cyg X-1 contenente un buco nero. E anche



probabile che si verifichi un flusso di accrescimento ad alta temperatura con emissione significativa
di raggi gamma durante gli stati cosiddetti "duri" presenti di in tali sistemi binari. Nonostante il set
di dati due volte piu esteso temporalmente la presente ricerca non ¢ stata in grado di confermare in
modo significativo dal punto di vista statistico il segnale gamma da parte di Cyg-X1 né sul totale
delle osservazioni né nello stato "duro" di Cyg X-1. Infine la tesi discute la possibile spiegazione

di tale fenomeno nel contesto dei due telescopi per raggi gamma Fermi/LAT e AGILE/GRID.
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Chapter 1

Introduction

Black-hole accretion is a fundamental astrophysical process, powering active galactic nuclei (AGNs)
as well as black hole X-ray binaries (BHBs)'. These objects have been extensively studied for sev-
eral decades, which led to understanding that the nature of accretion flows changes at bolometric
luminosities of about 10% of the Eddington limit (defined below) in both AGNs and BHBs. At
higher luminosities, accretion proceeds through an optically thick disc, whose thermal emission
dominates the radiative output. Depending on the mass of the central black hole and the accretion
rate, the temperature of such a disc is in the range ~ 10* — 107 K. Lower-luminosity systems are
powered by optically thin, hot flows with electron temperature of ~ 10° K and the energy spectra
of these less luminous objects are dominated by hard X-ray radiation.

Theoretical models of hot accretion flows in general predict production of y-rays. In particular,
large proton temperatures, ~ 10'2 K close to the black hole, are predicted in such models. At such
temperatures, the thermal energies of protons exceed the pion production threshold, leading to
emission of n¥-decay y-rays. Observational evidence of this emission, confirming our current
understanding of accretion physics, would be of major importance.

On the observational side, a large amount of information has become available in the past
decade with the sensitive y-ray data continually provided by the Fermi and AGILE satellites. How-
ever, y-ray properties of radio-quiet black-hole systems are still rather poorly known.

These open questions motivated the research presented in this PhD thesis. In this introductory
Chapter I briefly review some observational properties of accreting black holes, which are relevant
for my study, and basic concepts for their interpretation. In Chapter 2 I describe two y-ray instru-
ments, Fermi/LAT and AGILE/GRID, providing data used for my study. Chapter 3 presents a brief
overview of hot flow models. Then, using a precise computational model, developed in earlier
works, I investigate the flow y-ray emission resulting from proton-proton interactions, thoroughly
exploring the dependence of the y-ray luminosity on the accretion rate, the black hole spin, the
magnetic field strength, the electron heating efficiency, and the particle distribution. Chapter 4
presents the results of my analysis of Fermi/LAT observations of several nearby Seyfert galaxies
and their comparison with the hadronic y-ray luminosities predicted by the hot flow model. In
Chapters 5 and 6 I consider two objects which have low luminosities in the sense that they are

slightly below (although close to) the limiting value of 10% of the Eddington limit. Chapter 5

'most likely, it also powers y-ray bursts, which are not considered in this thesis



presents my analysis of the y-ray loud galaxy NGC 4945, which harbors both an active galactic
nucleus and a nuclear starburst region. The X/y-ray correlation found in my analysis indicates
that the y-ray production is dominated by the active nucleus rather than by cosmic rays interacting
with the interstellar medium. Chapter 6 presents my analysis of the AGILE/GRID data for Cyg
X-1. Summary of my results is presented in Chapter 7.

My original results presented in Chapters 3 and 4 were published in:
Wojaczynski, R., Niedzwiecki, A., Xie, F.-G. & Szanecki, M. Gamma-ray activity of Seyfert
galaxies and constraints on hot accretion flows. Astronomy and Astrophysics 584, A20 (Dec.
2015), referred to in this thesis as Paper 1,
except for the extended to 9 years analysis of LAT observations of NGC 4151, which has not been
published yet. Results presented in Chapter 5 were published in:
Wojaczyniski, R. & NiedZzwiecki, A. The X-/y-Ray Correlation in NGC 4945 and the Nature of Its
y-Ray Source. Astrophysical Journal 849, 97 (Nov. 2017), referred to in this thesis as Paper 2.
My analysis of GRID observations of Cyg X-1 has not been published.

1.1 Accreting black holes

Astronomical observations have now clearly confirmed the presence of two populations of black
holes in the Universe: stellar-mass black holes with masses in the range of ~ 5Mg to 30Mg,
and supermassive black holes with masses in the range of ~ 10°M, to 10'°M, where M, is
the mass of the Sun. A distinct class of black holes with intermediate mass may also exist. I
do not consider them in my thesis, so I only briefly note that main candidates for such objects
are the ultraluminous X-ray sources, observed in external galaxies with luminosities exceeding
the Eddington luminosity for a 10M, black hole by a factor of ~ 100 — 1000; however, neither
of these cases has been directly confirmed due to difficulties with dynamical measurement of
the black hole mass. Recently, gravitational-wave detectors provided the direct evidence for the
formation of relatively massive black holes in merging events (e.g. Abbott ef al., 2016), but still
less massive than ~ 100M.

An astrophysical black hole is fully characterized by two parameters, its mass, M, and angular

momentum, J. The latter is conveniently described by the dimensionless spin parameter ranging

fromOto 1, J
a= , (1.1)
cR;M
where oM
Ry = — (1.2)

is the gravitational radius.

Accretion onto black holes can produce large luminosities by converting a significant amount
of the released potential energy into radiation. A characteristic luminosity for this process is the
Eddington limit, at which the outward radiative pressure is balanced by the inward gravitational
attraction of the central mass M:

4rGMmyc

M
oT Ms



where m,, is the mass of the proton and o1 is the Thomson cross-section for electron scattering.

Since luminosity of a spherical object cannot exceed Lgqq, luminosities of bright quasars of
~ 10 erg s~! require the presence of supermassive black holes with M > 108My. The nuclei
of nearby galaxies usually have low accretion luminosities and hence are faint sources, enabling
spectroscopic observations relatively close to the central black hole. Then, masses of supermassive
black holes in these nearby nuclei can be measured with dynamical methods. Mapping of the
trajectories of stars orbiting the nucleus of Milky Way Galaxy provides evidence for presence of a
black-hole with (4.4+0.4)x10° M, (Meyer et al., 2012). Precise measurements of the mass are also
allowed in several galaxies by radio observations of maser emission (from transitions of the water
molecule), with the most spectacular case of the galaxy NGC 4258, where a perfect Keplerian
profile around the nucleus was determined giving the black hole mass of (4.00 + 0.09) x 107 M,
(e.g. Humphreys et al., 2013)). Several tens of black hole masses have been measured with high
spatial resolution observations by the Hubble Space Telescope Kormendy & Ho (2013). These
observations have shown that nucleus of essentially every galaxy hosts a supermassive black hole.

Radiative properties of accreting black holes seem to depend on the accretion rate scaled by
the Eddington value and determination of the black hole mass is crucial for their studies. Then,
I note that other, less direct (and less precise), methods for measuring M include reverberation
mapping (Peterson et al., 2004), and an empirical correlation between the supermassive black
hole mass and the stellar velocity dispersion of the bulge (or its luminosity) of their host galaxies
(e.g. Ferrarese & Merritt, 2000; Gebhardt et al., 2000). Feedback of supermassive black holes on
their host galaxies during the formation of both entities, implied by these correlations, is a subject
of intense studies (e.g. Di Matteo et al., 2005; King, 2005).

All known stellar-mass black holes are located in X-ray binary systems. Identification of the
compact component of the binary as a black hole relies on the comparison of its mass with the
maximum stable mass of a neutron star, which is less than =~ 3M,. In ten X-ray binaries, optical
spectroscopic observations of the companion star constrain the compact object mass to be larger
than ~ (3 — 8)M,, allowing for clear black hole identifications. In the remaining cases such
identification requires additional estimation of the binary mass ratio and inclination angle, which
gives robust results for about 15 more systems (a review of these results is given, e.g., by Casares
& Jonker, 2014).

The second black hole parameter, a, is much more difficult to measure because its effects are
significant only close to the black hole, at R < 10R;. Applied methods include modeling the profile
of the relativistically distorted fluorescence Fe Ko line, observed in some objects (e.g. Tanaka et
al., 1995; Reynolds, 2014) and fitting the thermal continuum spectrum in the soft spectral states
to the optically thick disc model (e.g. McClintock et al., 2014). These results are, however, model
dependent. In particular they rely on the assumption that the inner edge of the disc is at the

innermost stable circular orbit, which has the radius dependent on a.

1.2 X-ray black-hole binaries

Most of my research is focused on AGNs, however, I start with a brief review of the studies of

BHBs, where better quality data give us a more complete view of the inner regions of the accretion
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flow.

The first discovered black hole in a binary system was Cyg X-1, which was noted in the
early stages of X-ray astronomy as a bright X-ray source (Bowyer et al., 1965), and for which
dynamical observations indicated a mass of at least several solar masses (Paczynski, 1974), making
it too massive to be a neutron star. Over 20 more stellar black holes were discovered since then.
Depending on the donor mass, the X-ray binaries are classified as either low mass X-ray binaries
(LMXBs) fueled by a ~ 1My Roche-lobe filling star, or high mass X-ray binaries (HMXBs),

fueled from the wind of a > 10My companion (e.g. van Paradijs, 1998).

Five black holes have been established in HMXBs, including Cyg X-1, three systems in nearby
galaxies (LMC X-1, LMC X-3, M33 X-7) and the recently discovered MWC 656. Except for
the last one, these systems are persistent and radiate at a significant fraction of their Eddington
limits. MWC 656 is the first HMXB observed in a quiescent state (i.e. with a very low luminosity
< 1077 Lggq, Munar-Adrover et al., 2014); interestingly for the subject of this thesis, its discovery
was triggered by the y-ray detection with AGILE, noted in Section 1.4.

All the remaining known BHBs are LMXBs, which are in general transient systems, spending
most of the time in their quiescent state (in which they are typically not observable). Their out-
bursts, driven by thermal-viscous instabilities (e.g. Lasota et al., 2016) occur with recurrence times
ranging from months to decades, and last typically from several days to several months. A remark-
able exception to that is GRS 19154105, whose outburst started in 1992 and is still ongoing; in
this system the Roche lobe overflow occurs in a much wider binary than in other LMXBs and the
large disc structure contains enough material to maintain large accretion rates over time-scales of

tens of years (e.g. Done et al., 2004).

Two main spectral states, hard and soft states, were originally identified in the persistent system
Cyg X-1 (Tananbaum et al., 1972), and more states were defined by studies of transient systems
(e.g. Miyamoto ef al., 1992; Belloni et al., 1996), in which an outburst evolution, with luminosity
varying by several orders of magnitude, is characterized by strong changes of spectral properties.
Apart from these spectral changes, fast X-ray variability properties, extensively explored with
observations of the RossiXTE satellite, are important for identification of the source states (e.g.
Remillard & McClintock, 2006), Also jets observed in BHBs exhibit a clear correlation with the
spectral state (e.g. Fender et al., 2004). Below I note spectral X-ray characteristics for the two

main states.

The soft state is typically observed at high bolometric luminosities, approaching the Eddington
limit, and its energy spectrum is dominated by a thermal disc component, with an inner temper-
ature of the order of 1 keV, extending to radii close to the BH. At high energies, an additional
weak hard component is observed, whose origin is not well understood. The hard state is observed
at lower bolometric luminosities, < 0.1Lgqq (the exact luminosity of state transition may deviate
by a factor of several even in the same object). In transient systems, the hard state occurs at the
beginning and at the end of outbursts and continues into the quiescent state. Its energy spectrum
is dominated by a hard component which can be roughly approximated with a power law with a
photon spectral index between ~ 1.5 and 2, extending up to ~ 100 keV. An excellent agreement of
this component with thermal Comptonization indicates this process, in a mildly relativistic ther-

mal electron plasma, to be the dominant one in the hard state (e.g. Zdziarski & Gierlifiski, 2004;
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Burke et al., 2017: and references therein).

The widely accepted model (e.g. Esin et al., 1997; Done et al., 2007) for the above involves a
cold accretion disc which is truncated in the quiescent and hard state and replaced in the inner part
by a hot optically-thin flow, where most of the accretion power is released. This flow also acts as
the launching site of the jet. Models of such flows are discussed in Chapter 3. Increase of the mass
accretion rate decreases the disc truncation radius, leading to softer spectra and a faster jet, until

the disc extends down to the last stable orbit, which gives the hard to soft spectral transitions.

1.3 Active galactic nuclei

The term active galactic nucleus refers to energetic phenomena in the nuclei of galaxies, which
cannot be attributed to stars. Historically, two major classes of AGNs, Seyfert galaxies and
quasars, were independently discovered, but now it has become clear that they are essentially the
same objects (i.e. power by black hole accretion) with the main difference concerning the amount
of radiation emitted by the nucleus. In the case of a typical Seyfert galaxy, the total energy emitted
by the nuclear source is comparable to the energy emitted by all stars in the galaxy, whereas in a
typical quasar the nuclear source is brighter by over a factor of 100 than the stars.

A reach phenomenology revealed by AGN observations, with division of these objects into a
number of subclasses, can be largely systematized within unification schemes presented, e.g., in
Padovani & Urry (1992), Antonucci (1993), Urry & Padovani (1995), Urry (2003). Two major
classes of AGNs involve radio-loud (~ 10% of all AGNs) and radio-quiet (~ 90%) objects. The
difference between them can be explained by the presence (in the former) or absence (in the lat-
ter) of relativistic jet structures, where radio emission is produced by synchrotron process. Other
apparent differences can be explained by orientation effects and the presence of a dust torus ob-
scuring the central region in systems observed from a side, which explains differences between
type 1 (observed face-on; e.g. Seyfert 1 galaxies, broad line radio galaxies) and type 2 (observed
edge-on; e.g. Seyfert 2 galaxies, narrow line radio galaxies) AGNs. An even more spectacular
orientation effect concerns the radio-loud AGNs, which are observed as radio galaxies at large an-
gles with respect to the jet direction, while those observed along the jet direction are observed as
blazars. In the latter the observed radiation is dominated by emission from the jet which is beamed
towards observer and Doppler boosted.

Although jet-powered sources are not the main subject of my thesis, these sources are the main
class of objects observed at y-ray energies. Then, I briefly note that blazars were first identified by
optical observations as sources that exhibit violent variability and high polarization. Later studies
have shown that superluminal motion at radio frequencies and highly luminous and variable y-ray
emission are also typical properties of blazars. Their spectral energy distribution shows two char-
acteristic bumps; the first - peaking between IR an UV - attributed to synchrotron emission, and
the second - peaking in X-rays or y-rays - explained with inverse Compton mechanism. Blazars
are divided into 2 classes, flat spectrum radio quasars (FSRQ) showing broad emission lines and
BL Lacs with no strong spectral lines, whose parent (misaligned) populations are recognized as
Fanaroff & Riley (FR) type-II and type-I, respectively, radio galaxies. The latter, i.e. BL Lacs

and FR Is are often supposed to be power by low luminosity (and radiatively inefficient) accretion

5



flows, while FSRQs and FR IIs are linked with luminous discs (e.g. Ghisellini ez al., 2011).
AGNs radiating at large Eddington ratios do not possess properties directly corresponding to
soft spectral states of BHBs, as discussed e.g. by Done (2014). On the other hand, low luminos-
ity AGNss, including normal Seyfert galaxies and even lower luminosity nuclei, often identified
as LINERs (low-ionization nuclear emission-line regions), seem to be the direct analogue of the
hard state of BHBs. They do not show strong blue bumps indicating a dominating contribution of
thermal disc emission or relativistic reflection features indicating an optically thick disc extending
close to the black hole. The accuracy of hard X-ray/soft y-ray spectra measured from these AGNs
is lower than that for X-ray binaries. Still, high-energy cutoffs compatible with thermal Comp-
tonization are commonly observed, e.g., Zdziarski et al. (1996), Gondek et al. (1996), Zdziarski
et al. (2000), Lubinski et al. (2016). Overall, these low luminosity AGNs are likely explained by

hot inner flows with radiative properties consistent with those found in the hard states of BHBs.

1.4 Black-hole systems in y-rays

Blazars were established as a y-ray loud class of AGNs already by CGRO/EGRET. The only other
extragalactic source observed by this detector was the nearby radio galaxy Centaurus A. Blazars
are also a main class of objects seen by LAT. The third catalog of AGNs detected by LAT (3LAC
Ackermann et al., 2015) reports about 1600 AGNs, 98% of which are blazars (evenly split between
FSRQs and BL Lacs). In some blazars their y-ray emission reaches TeV energies and is observed
by ground-based detectors. LAT discovered also new (but less numerous, each including several
objects) classes of y-ray loud AGNs, which include narrow and broad line radio galaxies as well
as radio-loud narrow-line Seyfert 1s. In all these sources, their y-rays are attributed to emission
from a jet. Then, these LAT findings contribute mostly to studies of the relativistic jet physics.

LAT observed also y-rays from cosmic-ray processes in starburst but also in normal galaxies
(Ackermann et al., 2012a; Ackermann et al., 2016; Ackermann et al., 2017). Searches for GeV
y-rays from radio-quiet AGNs in general did not reveal any signals except for the three radio-
quiet Seyert 2 galaxies, NGC 4945, NGC 1068 and Circinus (Lenain et al., 2010; Ackermann
et al., 2012a; Hayashida et al., 2013), which are however also starburst galaxies and their y-ray
emission can be attributed to cosmic-ray processes. My studies presented in Chapters 4 and 5
contribute mostly to this area of research.

Two HMXBs powered by accretion were observed in y-rays. The first one is Cyg X-3 (Fermi
LAT Collaboration et al., 2009; Tavani et al., 2009a), where the y-rays may be produced by
Compton up-scattering of the stellar emission from the companion Wolf-Rayet star by relativistic
electrons in the jet (Dubus et al., 2010). The nature of its compact object is, however, uncertain,
as its mass of ~ 2.5M; allows either a neutron star or a low-mass black hole (e.g. Zdziarski
et al., 2013). The other one is Cyg X-1, where the y-ray emission is much weaker (Zanin et
al., 2016; Zdziarski et al., 2017); its y-ray emission is also attributed to a jet (Chapter 6).

In 2010, AGILE detected a y-ray point-like source, AGL J2241+4454, with a significant ex-
cess above 50 (Lucarelli ef al., 2010). Searches of its possible counterpart have led to the dis-
covery of a quiescent black hole HMXB, MWC 656 (Munar-Adrover et al., 2014). This source
was not detected with Fermi/LAT (Alexander & McSwain, 2015) but recently it was reported to
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show recurrent activity in AGILE by Munar-Adrover et al. (2016), who also discuss this apparent
discrepancy between AGILE and Fermi.

A 40 significance flare was reported also from a black hole LMXB, V404 Cyg, (Loh et
al., 2016).

1.5 Notation

Throughout the thesis I use the following dimensionless parameters. Luminosities are scaled by
Lgqq, given by equation (1.3) and given as the Eddington ratio denoted by A. Subscript indicate
the energy range, for example, A>—10kev = Lo-10 kev/LEdd and A1-10 Gev = Li1-10 Gev/LEdd, Where
Lr_10kev and Lj_jg gev are the luminosities in the 2—10 keV and 1-10 GeV. If the energy range is
not indicated by the subscript, the bolometric luminosity is meant.

The accretion rate in the unit of mass per unit time is denoted by M and the dimensionless
accretion rate is 7t = M/Mgaq, where Mgqq = Lgqq/c?. Distance in the physical units is denoted
by R and the distance scaled by the gravitational radius is r = R/Ry, where Ry = GM/c?.

Finally, two phenomenological parameters are used two describe magnetohydrodynamical
(MHD) processes in accretion flows. The ratio of the gas pressure (electron and proton) to the
magnetic pressure is denoted by 5. The fraction of the dissipated energy that directly heats elec-

trons is denoted by 6.






Chapter 2

v-ray detectors

2.1 Detection techniques

y-rays cannot be reflected or focused because they have too short wavelengths. Then, they have to
be detected through their interaction products. The efficiency of different modes of interaction of
y-rays strongly depends on the atomic number of the target material, but in general Compton scat-
tering dominates over photo-electric absorption at energies larger than 1 MeV and pair production
dominates over Compton scattering above ~ (10 — 20) MeV. This determines the energy range
for detectors measuring products of the Compton and pair-production processes. At the same
time, the atmosphere is opaque to y-rays and, then, their direct measurements require space-based
experiments. Yet another aspect concerns the measured fluxes of cosmic y-rays, which rapidly
decrease towards high energies. Then, detections at higher energies require larger effective areas
(given by the product of the geometrical area and the detector efficiency). However, the geomet-
rical area cannot exceed ~ 1 m? due to the cost of space technology, so at very high energies (of
tens of GeV) the space-based detectors become inefficient. At these very high energies ground-
based techniques become more appropriate, as for energies above ~ 20 GeV the electromagnetic
air showers induced by y-rays in the atmosphere become detectable. The shower can be detected
either through observation of Cherenkov radiation of the particles in air (the Cherenkov technique)

or by directly detecting the charged particles reaching ground (the extensive air shower technique).

Figure 2.1 shows the sensitivity of some of the past, current and planned y-ray detectors. The
first attempts to detect cosmic y-rays undertaken in the early 1960s with balloon-borne detectors
failed due to strong background of secondary y-rays produced by cosmic rays in the atmosphere.
The first detections were then provided by y-ray satellites in late the 1960s. In particular, OSO-3
satellite in 1968 detected the first photons with energies above 100 MeV from the Milky Way.
Two later y-ray satellites, SAS-2 operating in 1972-1973 and COS-B operating between 1975 and
1982, revealed the diffuse emission of the Galaxy, discovered the Crab and Vela pulsars and the
first extragalactic y-ray source, quasar 3C273.

The Compton Gamma-ray Observatory (CGRO), taking data from 1991 until 2000, com-
prised four instruments including the Imaging Compton Telescope (COMPTEL) and the Energetic
Gamma Ray Experiment Telescope (EGRET). The final catalog of EGRET, the pair-production
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Figure 2.1: Differential sensitivity of hard X-ray and y-ray instruments; the following observa-
tion times were assumed: COMPTEL and EGRET 9 years, Fermi/LAT 10 years in survey mode,
MAGIC, VERITAS, HESS and CTA 50h, HAWC 5 years, LHAASO lyear, HISCORE 1000h,
e-ASTROGAM 1 year 30 prediction; adopted from De Angelis et al. (2017)

telescope, reports 271 sources, including many AGNs. The current generation of space-based
detectors, AGILE (Astrorivelatore Gamma a Immagini LEggero) and Fermi, started operating a

decade ago.

Ground-based detectors can measure y-rays in the GeV and TeV range. The first Imaging At-
mospheric Cherenkov Telescope, Whipple constructed in Arizona, discovered the first TeV emit-
ter, i.e. the Crab Nebula, in 1989. Imaging analysis allowed by this instrument was crucial for
rejection of background from charged particles using the Hillas parameters method (Hillas, 1985),
which is applied also in the current generation of imaging telescopes including H.E.S.S. in Namibia,
MAGIC in the Canary Islands and VERITAS in Arizona. A major problem for this technique is
that clear and almost dark nights are required for observations due to the faintness of the Cherenkov
light. As a consequence, the Cherenkov telescopes are characterized by a low duty cycle of about
15%.

Finally, the extensive air shower technique observes the shower particles reaching ground by
detecting the Cherenkov light produced by the secondary particles of the shower entering the water
pool equipped with photomultipliers. The currently operating HAWC observatory located at an

altitude of 4100 m a.s.l. in Mexico, using this technique, was completed in 2015.

Two particularly interesting of the future instruments shown in Figure 2.1 are the next gen-
eration of Imaging Cherenkov detectors, i.e. Cherenkov Telescope Array (Actis et al., 2011) and
e-ASTROGAM (De Angelis et al., 2017). The latter, planned for the launch in about 10 years,
will be a dual detector using both the Compton scattering and the pair-production effects (with the
latter channel optimized for lower energies). Its planned sensitivity will improve that of COMP-
TEL by over two orders of magnitude and that of Fermi/LAT below 1 GeV by over an order of

magnitude.

In my study I used data from pair-production telescopes. Below I briefly describe this tech-

nique and the somewhat related Compton technique.
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Figure 2.2: Schema of a Compton telescope, adopted from presentation of COMPTEL!

2.1.1 Compton technique

Compton scattering is the dominant physical process for interaction of photons with energies in
the range from ~ 1 to ~ 20 MeV. Measurement of the direction and energy of an incident y-
ray requires two photon interactions, because the scattered photon carries information about the
incident photon. Compton telescopes then include two sub-detectors, a tracker where the Compton
scattering occurs, creating an electron and a scattered photon, and a calorimeter, where the energy
and absorption position of the scattered photon are measured. The basic principle of the technique
is illustrated in Figure 2.2. If only quantities measured in the calorimeter are available, the initial
direction can be constrained only to the Compton cone shown in the figure. For photons with
energies exceeding a few MeV, measurement of the track of the scattered electron is possible,
providing information needed for improved event reconstruction and then reducing the uncertainty

in the source localization.

Then, COMPTEL, the first Compton telescope, had 2 layers of scintillator detectors, as seen
in Figure 2.2. The first layer consists of low-Z material that allows photon to pass through, and
where the actual scattering takes place. After passing the first layer, scattered photon travels down
in detector into second layer (1.6 m from the first layer in COMPTEL) where it is completely
absorbed via photoelectric effect in inorganic crystal scintillator. In order the photon to be classi-
fied as a valid photon it should be recorded almost simultaneously in both layers. In COMPTEL
photon should travel the distance between layers in time below 5 ns. This maximum allowed time

is called time-of-flight. If time-of-flight is greater than 5 ns the event is rejected.

'http://spie.org/newsroom/1058-new-materials-advance-gamma-ray-telescopes?SS0O=1
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. Field Sky
. . Effective area . Energy
Mission Duration Angular resolution of cover-
at ~200 MeV . range
view age
Nov 1972 2 ~ 2.5° at 100 MeV 35 MeV -
SAS-2 - Jun 1973 0 em ~15°at1GeV | CYT | gev | D%
Aug 1975 2 ~ 3.7° at 100 MeV 50 MeV -
COS-B _Apriog2 | Pem ~12°at1Gev | O s5Gev | 0%
Apr 1991 - 2 ~ 5.5° at 100 MeV 20 MeV
EGRET/CGRO 2000 1300 cm ~13° at | GeV 0.6 sr 30 GeV 100 %
~ 3.5° at 100 MeV 30 MeV
) 2
AGILE/GRID | 2007-now 600 cm ~0.6° at 1 GeV 3sr 30 GeV 100 %
. i 2 < 3.5° at 100 MeV 30 MeV-
Fermi/LAT 2008-now 5000 cm ~06° at | GeV 2.4 sr 300 GeV 100 %

Table 2.1: Past and present pair production telescopes, Schonfelder & Kanbach (2013), SAS-2:
Fichtel et al. (1975), COS-B?

2.1.2 Pair-production technique

Electron-positron pair production dominates the interaction with matter of photons with energies
above ~ 20 MeV. Similarly to Compton telescopes, a pair-production telescope contains two main
sub-detectors, a converter-tracker and a calorimeter. The converter-tracker contains a material in
which a y-ray can convert to an e*e™ pair. The converter planes are interleaved with position-
sensitive detectors that record the passage of charged particles, thus measuring the tracks of the
particles resulting from pair conversion. The calorimeter then measures the energy deposition due
to particles produced in the converter. This above information, i.e. the recorded tracks and energy
deposition, is used to reconstruct the direction and energy of the incident photon.

Construction of the converter requires a compromise between increasing the effective area and
degrading the angular resolution. The effective area depends on the fraction of converted y-rays,
which increases with the amount of material. However, a larger amount of material increases the
number of multiple Coulomb scattering of the ™ and e¢~, which is the main effect limiting the
angular resolution.

the pair-production telescope shown in Figure 2.3 contains a detector layer on the top, where
photon enters and interact with material, and some kind of chamber filled with gas on the bottom.
Such chamber or a tracker is used to measure direction of created pair or further secondary parti-
cles. Since the cross section changes with Z* usually high-Z materials are used e.g. heavy metals
like lead (Pb). After electron and positron are created they travel down the detector and further are
ionizing the gas in spark chamber. This trail of sparks in spark chamber can finally provide three

dimensional picture of electron and positron traversing through chamber.

More sophisticated design consist of interleaved layers of converter planes placed between
detector layers like silicon planes. In that sense they are forming repetitive structure, one on the
other, creating an independent tracker unit. There could be a several of such units to maximize effi-

ciency of detection. They allow to measure direction of secondary particles with greater precision.

*http://sci.esa.int/cos-b/36277-cos-b-gamma-ray-detector-parameters/
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Figure 2.3: Pair-production telescope, adopted from the presentation of LAT3

This type of design is used in modern pair production telescopes like Fermi/LLAT or AGILE/GRID
which are currently operating. Basic properties of these telescopes along with historical ones are
presented in Table 2.1. The last condition that need to be satisfied, is the ability of detector to
identify and to reject background radiation like cosmic-rays. More than 99.9% of events with
energies above 30 MeV are cosmic-rays. To avoid such number of not relevant events, special

anti-coincidence shields are constructed which, protecting detector planes and tracker.

2.2 The likelihood analysis of y-ray data

Statistical techniques are required for analysis of data from y-ray detectors due to their low de-
tection rates and large extents of their point spread functions. The likelihood analysis, proposed
for photon-counting experiments by Cash (1979), has become the prevailing method in this area.
It has been used, e.g., with the COMPTEL and EGRET data (Schoenfelder et al., 1993; Mattox
et al., 1996) and currently it is applied in both the Fermi and AGILE analysis, as described below.
The "likelihood" was introduced by Fisher (1925) to quantify the support in the observed data for a
given hypothesis. The likelihood ratio test used for hypothesis testing (Neyman & Pearson, 1928)
has a convenient interpretation provided by the Wilks’ theorem (Wilks, 1938), which allows to
relate the statistical significance with the computed likelihood ratio.

In applications to y-ray astronomy, the likelihood function, £, gives the probability of obtain-
ing the data with a given input model, which includes the spacial distribution of y-ray sources,
their intensities and spectra. The £ function is constructed by binning the data set into the three-
dimensional cube with two dimensions representing the spatial coordinates and one dimension
representing the energy. Then, £ is given by the product of Poisson probabilities, p;, for detecting

n; events in bin i when the model predicts m; (i labels energy and position in the sky):
£=]]rs @1

where

pi= ; 2.2

Shttps://www.nasa.gov/mission_pages/GLAST/multimedia/pair-production_prt.htm
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or in a simpler form

m;'"i

_£ = e_NexPl_[ ! s (2'3)
I’l,‘!

where Nexp, = 2, m; is the total number of events expected in all bins. Still more convenient form

is given by the logarithm of likelihood:

Inf = Z n; In(m;) — Z m; — Z In(n;). (2.4)

The last term is model independent and it may be neglected for the parameter estimation or for the

likelihood ratio test, then

InL = Z n; In(m;) — Z m. 2.5)

The expected number of detected counts m; is computed by convolving the model spectra of the
source and background events with the instrument response functions (IRFs). Standard numerical
optimization methods are then applied to find the spectral parameters of model components which
give the maximum of the likelihood function. This likelihood spectral fitting yields the best fit
parameter values and their uncertainties.

The significance of a model component is quantified with the test statistic (TS). To estimate it,
we calculate (and maximize with respect to the adjustable parameters) the likelihoods of the data
for the model with or without a source present at a given position on the sky. The test statistic is
expressed as

TS = 2(In Lsource — In Lo), (2.6)

where Lource represents the likelihood with the component included in the model and £y repre-
sents the likelihood of the background model.

According to the Wilks’ theorem, for a large number of counts the TS is asymptotically dis-
tributed as x2, where n is the number of parameters characterizing the additional source. In most

cases the y-ray spectra are described by a simple power-law

= NoET, @7

with two additional parameters, the photon spectral index I" and the normalization Ny related with
the source intensity. Then, TS is distributed as X% and the significance of a source detection is

approximately equal to VTS.

2.3 Fermi

The Fermi satellite was launched in 11 June 2008 and started delivering data on 4 August 2008.
The Fermi mission is a continuation of the goals of CGRO mission in y-ray domain. Originally
named as GLAST (Gamma-ray Large Area Space Telescope) it was renamed to Fermi, to honor

Enrico Fermi, just after it started providing data.

Every orbit takes 96.5 minutes at the altitude of 565 km. The orbit has an inclination of 26.5°
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Figure 2.4: Fermi observatory and its instruments*

with an eccentricity of 0.01. Collaboration that build Fermi is a joint venture of scientific institu-
tions and space agencies from USA, France, Italy, Germany, Japan and Sweden. On board there
are two detectors dedicated to non overlapping different wavelengths and to different scientific
purposes: Gamma-ray Burst Monitor (GBM), operating in the energy range of 150 keV-30 MeV
and the Large Area Telescope (LAT). The whole structure was assembled at Stanford Linear Ac-
celeration Center, with significant parts of hardware delivered by other countries. Communication
to satellite is provided by Tracking and Data Relay Satellite System around 10-11 times per day.
It takes usually 7-8 minutes of direct real time telemetry contact to retrieve the data. No data is
taken when Fermi is passing through South Atlantic Anomaly, which is an area of increased num-
ber of trapped charged particles. It results in the loss of 15% of Fermi observing time. The main
scientific purposes of Fermi include: (i) monitoring variable sources and providing fast instru-
ment response for short bursts, (ii) creating catalog of high energy sources with greater precision
and sensitivity than EGRET, (iii) localizing point sources with accuracy 0.2-3 arc min, (iv) spa-
tial investigation of nearby extended sources like pulsar wind nebulae, closest galaxies, molecular
clouds, (v) studying diffuse background, (vi) potential dark matter imprints and (vii) measuring

spectrum of cosmic-ray electrons.

2.3.1 The Fermi Large Area Telescope

Large Area Telescope (hereafter LAT) on board Fermi satellite is the most complex and modern y-
ray telescope operating in the high energy domain i.e. between 30 MeV and ~ 100 GeV (Atwood
etal.,2009). The principal investigator of LAT is Peter Michelson from Stanford who was awarded

“https://www.nasa.gov/content/fermi-gamma-ray-space-telescope
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Bruno Rossi prize in 2011 together with the whole LAT team.

Parameter Value or Range
Energy range ~20 MeV to >300 GeV
Effective Area >8,000 cm? maximum effective area at normal incidence

< 3.5°, on-axis, 68% space angle containment radius for

Angular Resolution E =100 MeV
& <0.15°, on-axis, 68% space angle containment radius for
E > 10 GeV
Field of View 2.4 sr
Source Location Accuracy <0.5 arcmin for high-latitude source

<6x10~2 ph cm™2 s7! for E > 100 MeV, 50 detection

Point Source Sensitivity after 1 year sky survey (power-law spectrum with index 2)

Dead Time <100 microseconds per event

Table 2.2: LAT characteristics, parameters adopted from NASA LAT webpage’

At every moment Fermi/LAT sees about 20% of the sky. In the survey mode which is the
default mode, it needs 2 orbits to cover the entire sky. Basic features of Fermi/LAT are summarized
in Table 2.2.

Fermi/LLAT is a typical pair-conversion telescope with a structure of components described in
general overview of pair-production telescopes in Chapter 2.1.2. Its dimensions are 1.8 m n both
width and length and 0.72 m in depth with total mass of 2789 kg. Design expectation was to
have operational time more than 5 years, which is almost doubled at this point (over 9.6 years at
beginning of April 2018).

Fermi/LLAT consist of 4 major elements that were built and tested separately: Tracker, Calorime-
ter, Anticoincidence Detector (ACD) and Data Aquisition System. Schema of Fermi/LAT is pre-

sented on Figure 2.5.

Tracker (37 cm? area and 66 cm height) is an autonomous device where the actual pair-
conversion and tracking of secondary particles takes place. In Fermi/LAT there are 16 trackers
grouped in the array of 4 X 4. Each of them is built of layers of tungsten converter foils (incom-
ing photon interacts here) interleaved with silicon-strip detectors. There are exactly 16 tungsten
converters and 18 dual silicon planes in each tracker. Silicon planes are doubled, because one of
them is running in x direction whereas the second one in y direction. Such construction of dense
detector layers allow a precise path reconstruction of secondary particles in silicon detectors stack.

Calculating the direction of electron-positron pair in the first silicon layer (after the conversion),

Shttps://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
Introduction/LAT_overview.html
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Figure 2.5: Structure of the LAT. Credits: NASA®

is limited by angular deflection of pair multiple scattering and also by spatial resolution of the
tracker. Low energies around 100 MeV are most affected by this effect.

Calorimeter is the element that lies exactly below each tracker tower. There are exactly 16 of
them under each tracker. Its goal is to precisely measure incoming energy, time and 3-dimensional
path of charged particles. At this stage the 2 particles created by y-ray photon are totally absorbed.
Material that allow full absorption is cesium iodide (CsI) and it is used in scintillator that produces
flashes of light. Intensity of those flashes is proportional to particle energies. There are exactly
96 Csl narrow crystals in each calorimeter unit formed in 8 layers. Since the pattern of flashes
in crystals is different for cosmic-rays and y-rays, the calorimeter supports the anti-coincidence
shield in rejecting unwanted cosmic-rays.

Anticoincidence detector is a wrapper around the array of towers and one of its goals is to
block cosmic-rays that are constantly hitting the Fermi/LAT surface, Moiseev et al. (2007). This
mechanism allows to reject over 99.97% of not desired events. ACD is built of 89 plastic scin-
tillator planes, where flashes of light appear due to excitation of material after incoming charged
particles. In contrast to charged cosmic-rays, y-rays are electronically neutral and they passes
through anticoincidence detector without any interaction.

Data Acquisition System collects events and signals from the previous 3 elements and classi-
fies them. It works like a dispatcher which filters out the most probable events that are the y-ray
photons and decides whether they are qualified to be send to ground station. Its secondary objec-
tive is to do on-board search for y-ray bursts. Since this element provides both side communication
(down-link and up-link) it allows to monitor other elements performance, change their configura-
tion or update a software. All top parts of Fermi construction are additionally wrapped in a sort of

thermal blanket which defends from micro meteoroids or space debris.

®https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_
Introduction/LAT_overview.html
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2.3.2 Instrument Response Function and event reconstruction

The parameterized representations of instrument performance, i.e. the instrument response func-
tions (IRFs), is a central component for the data analysis. Initial IRFs were derived through Monte
Carlo simulations of the LAT response to signals and backgrounds. The calibration data available
from real flight data-taking indicated some modifications needed for optimization of IRFs. Then,
the LAT event analysis has been substantially improved since the launch. The accumulated up-
dates have been applied in occasional releases of data, each involving reprocessing of the entire
LAT data archive. All data released prior to mid-2011 were based on Pass 6. In 2011 the Pass 7
data, and in 2013 the Pass 7 reprocessed data (known as P7REP data), were released. The cur-
rent release of the Pass 8 data is available since 2015. Each release includes significant analysis

improvements with respect to its predecessors.

P8R2 IRF name Analysis type, description

P8R2_ULTRACLEANVETO_V6 Extra-Galactic Diffuse Analysis

P8R2_ULTRACLEAN_V6 Background rate between CLEAN and ULTRACLEANVETO
P8R2_CLEAN_V6 Hard spectrum sources at high galactic latitudes

PR2_SOURCE_V68 g?ézlllcstéc/;(;ilnytgssource Analysis Off-plane Point Source Analysis Galactic
P8R2_TRANSIENT020_V6 Burst and Transient Analysis (<200s)

P8R2_TRANSIENTO15S_V6 Impulsive Solar Flare Analysis

Table 2.3: List of available IRFs, Credits: NASA, FSSC 7

Taking into consideration different inclination angles of photons versus detector position, wide
range of energies and best known equations representing physics interaction, a set of y-ray events
was simulated. This classification is due to results of on board processing in DAQ together with
ground processing. List of available IRFs together with analysis type recommendation is presented
in Table 2.3. The data type that currently are being released are called Pass 8 (version P8R2 - April
2018). It is a new set of reconstruction algorithms that in the best possible way takes advantage of
hardware specification, on flight calibration and best knowledge of physical interactions. More-
over each class of IRF consist of separate event types selection, called partitions. In previous data
releases (Pass 7 and older) they differed only by either using top part of tracker or by bottom part.
Now in Pass 8 another set of event type partitions were added. Beside FRONT/END event types
which are Conversion Types there are also 4 types of Point Spread Function (PSF) (PSFO, PSFI,
PSF2, PSF3) and 4 types of EDISP (EDISPO, EDISP1, EDSIP2, EDISP3). PSF partition type
refers to different quality of reconstructed direction of photon. The worst classified direction (first
quartile) is named as PSFO, with the best one as PSF3. Whereas EDISP type refers to four level of

quality of reconstructed energy. Similarly EDISPO gather events with worst classified energy, and

"https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/
LAT_DP.html
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EDISP3 with best one (fourth quartile). During final analysis of Fermi data, one of those selections
of IRF and event types should be used, hence all released events by Fermi team belongs to some
class. For typical galactic and extragalactic sources PSR2_SOURCE IREF class is used with event
type FRONT+BACK as a sum of both subsets. For any other analysis an appropriate IRF with
subsequent event types (photons passing a specific criteria) should be applied. Table 2.3 presents
some recommended type of analysis together with corresponding IRF types (e.g. subtle analysis of
extragalactic diffuse sources require most clean photons hence PSR2_ULTRACLEANVETO_V6

class should be used).

2.3.3 Fermi/LLAT data analysis

The LAT data analysis is based on the maximum likelihood method, described in Chapter 2.2. The
Fermi Team distributes publicly the science analysis tools, referred to as Science Tools, that can be
used for standard astronomical analyses. It allows to perform two variants of the analysis, binned
and unbinned. In the first one, events are binned in the grid consisting of spacial coordinates
and the logarithm of energy, and the likelihood is computed strictly following the description
in Chapter 2.2. In the unbinned analysis essentially the same approach is applied, however, it
assumes infinitesimally small bin sizes, so that each detected event corresponds to its individual
bin. Larger bins result in less-time consuming computations but also in a lower accuracy, since
binning destroys information. The unbinned method should produce the most accurate results,
because precise values of quantities describing each event are taken into account, however, the
computations here may be very long (taking even weeks for some data sets considered in this
thesis).

The LAT team assumes that the IRFs can be factorized into three parts (see Ackermann et
al., 2012c): the effective area, the point-spread function and the energy dispersion. The last one,
i.e. energy dispersion, is currently implemented only in the binned version of the publicly available
analysis tools.

The model in Science Tools is built and processed in XML files (eXtensible Markup Language)
and contains: (i) all known y-ray point sources (their positions and spectral parameters, usually the
spectral index and flux), (ii) Galactic diffuse component, (iii) extragalactic isotropic background,
(iv) optional spatially extended sources that have to be included in the analysis. The analysis of a
given object is done on the area around its location, typically constrained by the radius of several
degrees. This area is called the Region Of Interest (ROI). The unbinned and binned likelihood
analysis of the LAT data is performed by the gtlike tool, which provides the fitted spectral param-
eters, its uncertainties and detection significance for each component of the model. However, it
does not fit the coordinate positions. The optimization of point source location can be performed

by another tool called gtfindsrc.

2.3.4 Instrument performance

LAT performance is determined by the design of the hardware, the event reconstruction algo-

rithms, and event selection algorithms. Then, the performance parameters are subjects to im-
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Figure 2.6: 68% and 95% containment angles of the acceptance weighted PSF for both the
FRONT/BACK and PSF event types. Adopted from the Fermi/LLAT performance website®

provements, in particular related with optimizations of the event selection algorithms. The current
performance of the Fermi/LAT is summarized in Figures 2.7 and 2.6, which show effective area
and PSF versus energy. As we can see, the effective area drops rapidly both below 100 MeV, using
the data below 30 MeV or above 500 GeV is in general not recommended. The PSF increases

roughly linearly from 10 GeV with decreasing energy to a value greater than 3.5° below 100 MeV.

2.3.5 Key Fermi results

Fermi results greatly enhanced view about high-energy universe. Soon after its launch huge y-ray
burst was captured by Fermi that had the power of 9000 supernovae, which was the greatest to-
tal energy ever seen (Abdo et al., 2009). Other major discoveries include: detection of pulsar in
2010 in CTA 1 supernova remnant, that emitted radiation only in y-ray band (Abdo et al., 2008);
confirming that supernova remnants act as accelerators of cosmic particles; finding huge y-ray
bubbles (Ackermann et al., 2014) extending over 25 thousand light years above and below the
Milky Way plane. Fermi also looks at Earth close neighborhood and in 2012 it recorded the high-
est energy light (around 4 GeV) originated from solar eruption, Ajello ef al. (2014). Terrestrial
v-ray flashes are also being observed and one of important discoveries was indication of huge
amount of positrons (100 trillion), far more than it was assumed. A recent major discovery con-
cerns detection and localization of a y-ray burst GRB 170817A which occurred 2 seconds before
gravitational wave (GW170817) was captured by detector LIGO, Abbott et al. (2017). Those joint
observations were the first indication of common gravitational and electromagnetic radiation from
the same source. Fermi/LAT detections were systematically published in many catalogs across
years. Current version of catalog of all detected sources in energy range 100 MeV — 300 GeV is
3FGL, Acero et al. (2015). It consist of 3033 sources. The other important are The Third Catalog

8http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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Figure 2.7: Effective area as a function of energy for normal incidence photons. Adopted from the
Fermi/LAT performance website’

of Hard Fermi/LAT Sources (3FHL) for sources detected above 10 GeV with 1556 sources, Ajello
et al. (2017) and Third Catalog of Active Galactic Nuclei (3LAC) Ackermann et al. (2015), (1591
sources) which is a subset of 3FGL catalog. Currently upcoming 4FGL catalog is preceded by
8-year Point Source List (FL8Y)!? released in January 2018. FL8Y is using significant analysis
improvements as well as a twice longer exposure relative to the 3FGL catalog (where Cyg X-1
was not reported). FL8Y has not been officially published; after completing with an improved
model for Galactic diffuse gamma-ray emission it will be superseded in future by an official 4FGL
catalog. It includes 5523 sources above 4-sigma significance based on energy range 100 MeV - 1
TeV.

24 AGILE

2.4.1 General information

AGILE (Astro-Rivelatore Gamma a Immagini Leggero) was sent to orbit one year before Fermi
observatory on 23 April 2007. Comparing to Fermi it is relatively small instrument — 130 kg, with
total mass of 352 kg during launch. It was build by INFN-INAF and is managed by Italian Space
Agency (AS]). Principal investigator is Marco Tavani and co-principal investigator is Guido Bar-
biellini. The mission was proposed in 1997 to ASI within Program for Small Scientific Missions
and soon approved as a first satellite for this program. It took advantage of solid state silicon de-
tector technology, that was developed in INFN laboratories across Italy Barbiellini ef al. (1995a),
Barbiellini et al. (1995c), Barbiellini ez al. (1995b).

“http://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
10https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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Figure 2.8: AGILE satellite'!

The whole idea of building this telescope was to have one integrated instrument made of 3
detectors with broad-band capabilities. On board there are: (i) Gamma-ray Imaging Detector
(GRID) sensitive in ~30 MeV — 30 GeV, (ii) Super-AGILE working in hard X-ray range (18-60
keV) and (iii) CsI Mini-Calorimeter (MCAL) sensitive at 250 keV — 200 MeV and partially
overlapping with GRID. Despite MC is not an imaging detector it can provide timing and spectral
information of transient events supporting GRID. There are many features that are pretty unique
for AGILE comparing to other high energy missions. Previous generation of instruments like
COS-B, EGRET required specific gas operations e.g refilling whereas AGILE does not. Moreover
fast electronic readout doesn’t need high voltages and it has very small detectors’ dead-times.
Combination of y-ray imager and X-ray detector working in 10-40 keV energy range is one of its
kind and allow to precise measure coordinates of point and transient sources within one minute of
arc. Those advantages make AGILE the best possible detector for investigating y-ray transients,
in sub-millisecond time scales in systematic way, for the first time. Its construction is strictly
focused on optimal performance for transient events like y-ray bursts or unknown y-ray sources.
After first two years when AGILE was operating in pointing mode it had to switch to survey mode
on 4 November 2009.

2.4.2 Instrument overview

2.4.2.1 Silicon tracker: part of Gamma-ray Imaging Detector (GRID)

Silicon tracker is the main AGILE instrument that covers the y-ray energy band and it was de-
veloped by INFN-Trieste. The tracker consist of 12 square planes, each composed of two silicon
layers. Every Si-layer is built of 4 x 4 Si-tiles with total covering area of 38 x 38 cm?. Silicon

layers are interleaved with tungsten layers, where the actual pair conversion of high-energy y-ray

""http://agile.asdc.asi.it/topresults.html
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photon takes place. First 10 out of 12 silicon planes are set as follows: first tungsten layer and then
two Si-layers. In order the GRID to be triggered, at least 3 Si-planes need to be activated. That
is why there are 2 more silicon layers inserted at the bottom of tracker construction, without any
tungsten layers. Distance between planes is 1.9 cm and was optimized by performing Monte Carlo
simulations. When AGILE started operating, GRID had the smallest ever measured dead time for
vy-ray detection (lower than 200 us). Sensitivity in on-axis is comparable to EGRET, whereas in
off-axis it is significantly better. GRID has large field of view covering 1/4 part of the sky (~3
steradians) for each pointing, which is 6 times wider than EGRET. Optimal angular resolution is
achieved for very bright sources and its accuracy is between 5 to 20 arc minutes. Comparing to
EGRET it is improvement by factor around 2. On 10 May 2007 first y-ray photon was obtained
on orbit by GRID. Table 2.4 summarize basic technical properties of all 3 AGILE instruments.

Parameter Value or range

Energy Range 30 MeV - 50 GeV

Effective Area >500 cm? maximum effective area at normal incidence
3.5°, on-axis, 68% space angle containment radius for E =

. 100 MeV

Angular Resolution 0.6°, on-axis, 68% space angle containment radius for E =
1 GeV

Field of view ~3 sr

Source Location Accuracy ~5-20 arcmin

. e <3x1077 ph em™2 5! for E > 100 MeV, 50 detection in
Point Source Sensitivity 1065
Deadtime ~200 us

Table 2.4: Properties of AGILE/GRID detector, Credits: AGILE Collaboration 12

2.4.2.2 Hard X-ray Imaging Detector (Super-AGILE)

Super-AGILE is supporting GRID in observations in hard X-ray domain (18-60 keV). It consists
of 4 silicon square detectors 19 x 19 cm? placed on top of GRID tracker structure, and ultra-
light coded mask collimator inserted 14 cm away from silicon planes. Detector was developed in
INAF-IASF Rome. It can provide very precise localization of ~2-3 arc min of GRBs and other
transient events. Hardware offers excellent timing with deadtime about 4 us for each independent
readout unit. Also field of view is quite big for such energy range and can reach ~0.8 steradian.
Super-AGILE allows for simultaneous observation of high energy sources by combining X-ray
imaging with GRID +y-ray imaging for the first time. Moreover, if flaring y-ray source is outside
Super-AGILE FOV (which is ~3x smaller than FOV of GRID) then AGILE can repoint to include
flaring source into Super-AGILE field of view. Super-AGILE general purpose is to discover new
GRBs, monitor AGN sources and galactic transients. Special objects of Super-AGILE interests are
those with shared X-ray and y-ray properties like blazars having strong X-ray continuum (e.g 3C
273, Mrk 501) or galactic jet sources. Figure 2.9 shows schema of AGILE instrument with all its

detectors.

Zhttp://agile.asdc.asi.it/a-science-27.pdf
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Figure 2.9: AGILE payload, AGILE Collaboration Pittori (2003)

2.4.2.3 Mini Calorimeter (MCAL), part of GRID

Mini Calorimeter is supporting GRID silicon tracker by covering lower part of y-ray range up to
200 MeV. It doesn’t have imaging capabilities, but it provides unprecedented timing as well as
spectral information of observed events. It is developed as part of GRID but it works completely
independent of its functions. MCAL is constructed of two planes of 15 Cesium lodide bars each
wrapped in tight diffusion material. After receiving a signal from one of 30 bars, it is collected by
two photo diodes at both ends of detector. MCAL can work in GRID mode and measure energy
deposit after photon conversion pair takes place, which provides additional information about final
properties of particles. In second BURST mode its primary objective is to detect GRBs and weak
transients in dedicated 0.25 -200 MeV range.

2.4.2.4 Anti-coincidence system (AC) and data handling system

Anti-coincidence system is fulfilling two primary objectives. It provides background rejection
of charged particles and passes through only neutral ones, the other is initial reconstruction of
photon direction. AC completely wraps all 3 detectors (GRID, Super-AGILE, MC). Each side
is segmented in three plastic scintillator layers, 0.6 cm thick and they are connected to photo
multipliers at the bottom of instrument. From event handling perspective, processing logic is
divided into 3 levels: Level-1, Level-2 and intermediate Level-1.5. Level-1 involves response from
GRID in at least 3 contiguous silicon planes, combination of proper chip signals and response
from anti-coincidence system. Response from Level-1 is very fast (< 5 us) and is followed by
Level-1.5 (~20 us) when event topology is investigated. Both first stages are providing hardware
mechanisms for eliminating unwanted initial background events. Final on-board Level-2 stage is
the longest one (duration of few ms). It consists of GRID readout of particles trajectories and
proper decoding of top and lateral AC signals. First 2 levels are experiencing most number of
events reaching up to few thousand events/s, whereas goal of Level-2 stage is to reduce the filtered

events further by a factor from 3 to 5. In order to achieve main goal of AGILE (which is looking
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for transients and GRBs) a special burst search algorithms were implemented and appropriate data

buffers developed.

2.4.3 Analysis technique

The AGILE data released by ASI Science Data Center (ASDC) are organized in event files with 4
classes of events (G, P, S, L). For most analysis class G is used (event is y-ray photon), whereas the
rest are: P—charged particle, S-single track (no separation from electron and positron), L-not clas-
sified. To determine where AGILE was pointing at given time, one auxiliary file LOG is needed.
Current software version that allow to perform AGILE analysis is AGILE_SW_5.0 package, built
in 2011. Proper analysis consist of at least 3 steps before the actual fitting model to data procedure
takes place. Step one is creating counts map with AG_ctsmapgen tool. Step two requires exe-
cution of tool AG_expmapgen. It produces exposure map by integrating exposure between start
and end time of analysis. Step three AG_gasmapgen?2 uses exposure map from previous step and
creates diffuse emission map (fits file), where each pixel contains diffuse emission in this pixel.
Finally at the end of process, actual fitting can be done with the tool AG_multi4. It uses the
binned maximum likelihood method described in Chapter 2.2. AG_multi4 uses result files from
3 previous steps and takes advantage of model file, that is build for the desired region of interest.
Model is stored as a text file and every line contain entry about position in galactic coordinates,
spectral index, flux and flag that defines what parameters are frozen and what are left free in the
procedure. In the end user gets a final report with generated flux, spectral index, significance value
of all sources that were left free in the likelihood process. The it AGILE team prepared an online
tool that allow to perform analysis, without downloading large volumes of data, and with no need
to install the software, publicly available at AGILE web site'3.

2.4.4 Key AGILE results

During 10 years of AGILE operation time, it fulfilled many goals and made many interesting dis-
coveries. Surprising discovery of y-ray flares from the Crab Nebula between 19 to 22 September
2011 is probably the biggest achievement of AGILE instrument Tavani (2011). Fermi managed
to confirmed the flare one day later. Crab always used to be treated as a standard candle produc-
ing radiation in a constant way. However variable y-ray flares turned out to be not produced by
the pulsar itself but by pulsar particle wind. It produces strong shocks that accelerate particles in
internal part of nebula. That allow to rethink particle acceleration models, that are still not well
understood. One small mission that only one country managed to construct and maintain, was able
to deliver important contributions for astrophysics and physics of plasma. To honor this discovery
Principal Investigator (Marco Tavani together with AGILE Team) was awarded Bruno Rossi Prize
in High Energy Astrophysics on 10 January 2012. The other discovery was remarkable first ever
direct measurement of neutral pion emission in supernova remnant W44 Giuliani et al. (2011).
Finding evidence of proton acceleration was a "Holy Grail’ of several satellites working at y-ray
domain since studies of W. Baade and F. Zwicky in 30’. AGILE effectively working at energies

close to 100 MeV could measure characteristic spectrum from decay of pions (from proton-proton

Bhttp://www.asdc.asi.it/mmia/index.php?mission=agilelv3mmia
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interactions) and therefore resulting y-rays in super nova remnants. SNRs were predicted to be
natural accelerators of cosmic-rays but this physical process usually is elusive and is covered by

dominated leptonic processes.

Last but not least quite important discovery was also understanding nature of Terrestrial Gamma-
ray Flashes with observations of y-ray emission reaching 100 MeV Marisaldi et al. (2010). AGILE
just like Fermi produced couple catalogs with its detections. The most important is IAGLR Ver-
recchia et al. (2013) which summarizes AGILE/GRID pointing observations from 2 years. It has
54 objects detected in energy range 30 MeV — 50 GeV. Other AGILE/GRID catalog resumes AG-
ILE findings of TeV counterparts in MeV-GeV range based on the same pointing period Rappoldi
et al. (2016) (52 sources). The most important catalogs of AGILE/MCAL detector is The AGILE
MCAL Gamma-ray Burst Catalog (350 keV - 100 MeV) with 84 bursts Galli e al. (2013) and
Terrestrial Gamma-ray (TGF) catalog below 30 MeV Marisaldi et al. (2014) with observations
carried from March 2009 to July 2012.

2.5 Instruments performance

New generation of currently working telescopes had to fulfill several major requirements, one was
to improve y-ray angular resolution around 100 MeV at least by a factor of 2-3 comparing to
EGRET. The other target was to improve flux sensitivity near this energy. Third important condi-
tion was to have large field of view preferably covering 25% of the sky. All these conditions are
met in currently operating telescopes. It is important to highlight AGILE performance especially
against direct predecessor- one of the Great NASA Observatories - EGRET and currently working
Fermi/LLAT. 2 major properties of y-ray telescopes are crucial, when comparing their capabilities.
These are: angular resolution and sensitivity of detectors. From performance tests that were made
both for Fermi/LAT and AGILE/GRID between energies 100 MeV to 1 GeV, the angular resolution
of this detectors is similar. Tests were made for the same object: Crab Sabatini ef al. (2015), with
strong emission in y-rays. Significantly better results are in turn obtained by Fermi/LLAT in higher
energies above 1 GeV. Comparison of angular resolution of those two telescopes shows Figure
2.10. Sensitivity comparison for point sources can be made based on Point Spread Function and
the amount of residual background. Figure 2.1 shows sensitivities for most important missions like
Fermi, EGRET, as well as some other ground TeV telescopes after 10° s of observations. When
looking at common range of AGILE and Fermi it looks that sensitivity is improving when PSF
gets smaller above 100 MeV. Also amount of background counts gets smaller and effective area is
enlarged.

Although there are significant differences in sensitivity between AGILE and Fermi after long
exposure, that doesn’t affect much the ability of AGILE to investigate y-ray transients lasting from
hours to days. Such comparison of detecting flaring y-ray sources above 100 MeV and lasting

a few days was made, and is described at AGILE technical document '#

, on Figure 24. Few
days is typical duration of AGN-flaring time and the analysis was done during first year of Fermi

operation, in its scanning mode compared to AGILE in its initial pointing mode.

“https://agile.asdc.asi.it/a-science-27.pdf
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Figure 2.10: Expected limiting values for the angular resolution (dot—dashed cyan line) to the
measured ones (red points) for: AGILE/GRID (left)- simulated Crab data and Fermi/LAT (right).
Bottom panels shows percentage deviation of the measured angular resolution from the overall
expected limiting value, AGILE Collaboration Sabatini ef al. (2015)
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Chapter 3

Hadronic y-ray emission from hot
accretion flows

In the central parts of hot flows, protons have energies above the threshold for pion production.
Then, these flows may produce considerable y-ray fluxes from the decay of neutral pions. This
property was noted early in the development of the accretion theory, for instance, by Shapiro et
al. (1976), and it was considered for the currently popular advection-dominated accretion flow
models by Mahadevan er al. (1997). As estimated in Shapiro et al. (1976) and Oka & Man-
moto (2003), the y-ray luminosity, L,, of a flow surrounding a rapidly rotating black hole may be
similar to its X-ray luminosity, Lx. However, these studies neglected the general relativistic (GR)
transfer of y-ray photons as well as the absorption of these photons in the radiation field of the
flow. Improved computations by Niedzwiecki ef al. (2013) showed that L, is strongly reduced if
these effects are taken into account (see also Figure 4.3 below for illustration of the magnitude of
these effects). The precise y-ray emission model, however, has not been directly compared with
current observational data.

Below I present the study of the hadronic y-ray emission from accretion flows following the
approach of NiedZwiecki et al. (2013). It relies on a GR hydrodynamic description of the flow
combined with GR, Monte Carlo (MC) computations of radiative processes. Solutions were ob-
tained for a range of accretion rates that allows comparing these results with objects of bolometric
luminosities between ~ 10* and 102 of the Eddington limit (see Chapter 3.4).

After a short overview of the hot flow model in Chapter 3.1, in Chapter 3.2 I present the model
applied in my study and in Chapter 3.3 I discuss the dependence of the predicted L, on various
parameters of the model, which has not been fully explored with precise computations before.

These model predictions are compared with observations in Chapter 4.

3.1 Hot accretion flows

First models of accretion discs were developed in the early 1970s (Shakura & Sunyaev, 1973;
Novikov & Thorne, 1973). They described geometrically thin, cold discs which were not able to
explain large amounts of hard X-ray emission observed from Cyg X-1. This motivated the work
on alternative solutions. The first hot flow model, described by Shapiro et al. (1976), included

basically all important properties of this class of models. The major novelty of the Shapiro et

29



30 CHAPTER 3. HADRONIC y-RAY EMISSION FROM HOT ACCRETION FLOWS

al. (1976) model was the introduction of a two-temperature accreting plasma, where the protons
are much hotter than the electrons. This allowed to explain the geometrical thickness of such flows
(supported by the large pressure of protons) and the related optical thinness. This, in turn, gave
large temperature of the gas, with that of proton approaching the virial temperature. Their particu-
lar solutions were found to be thermally unstable, but it was soon realized that thermal stability is
achieved with an inclusion of advection (Ichimaru, 1977), i.e. in flows with dissipated energy used
to the heating (and then advected with the flow) rather than being radiated away. Similar models
were independently considered by Rees et al. (1982) for explanation of low radiative efficiencies

of the nuclei of some elliptical galaxies with large jet structures.

The current interest in this class of models was initiated in the mid-1990s (Narayan & Yi, 1994;
Narayan & Yi, 1995; Abramowicz et al., 1995). These works introduced the popular in literature
term of advection-dominated accretion flow (ADAF); some authors use also another name of ra-
diatively inefficient accretion flow (RIAF). These names are not fully adequate in the whole range

of parameters, therefore I refer to these models as hot flows.

As noted in Chapter 1, the hot accretion flow model provides the most widely accepted ex-
planation of black hole systems observed at low luminosities. The radiative properties of hot
flows have been studied in a number of works and the model has been applied to various black
hole systems including Sagittarius A* in our Galactic center, low-luminosity AGNs, and BHBs in
their hard and quiescent states, reviews of these results are given e.g., in Yuan & Narayan (2014),
Poutanen & Veledina (2014).

Detailed modeling is, however, subject to theoretical uncertainties on the MHD processes,
with the uncertainty regarding the direct heating of electrons being particularly important for my
study. Early work on the two-temperature flows (e.g. Ichimaru, 1977; Rees et al., 1982; Narayan
& Yi, 1995) assumed that most of the viscous energy goes into the protons and only a small frac-
tion, 6 < 0.01, goes into the electrons. Later works on particle heating by magnetic reconnection
(e.g. Bisnovatyi-Kogan & Lovelace, 1997; Quataert & Gruzinov, 1999), or MHD turbulence (e.g.
Quataert, 1998; Quataert & Gruzinov, 1999; Medvedev, 2000), estimated that a much large frac-
tion of accretion power may go directly to electrons, even comparable to that going to protons, but

this issue remains very unclear.

Another major uncertainty concerns the presence of nonthermal particles. Several acceleration
mechanisms have been considered for a compact region around the black hole, including the shock
acceleration (e.g. Kazanas & Ellison, 1986; Spruit, 1988), magnetic reconnection (e.g. Khiali &
de Gouveia Dal Pino, 2016), stochastic acceleration in the accretion-flow turbulence (e.g. Dermer
et al., 1996; Kimura et al., 2015), or even acceleration by the electric potential difference in the
magnetosphere of a rotating black hole (e.g. Neronov et al., 2005; Ptitsyna & Neronov, 2016).
All these processes are likely to accelerate a fraction of the protons and electrons into a non-
thermal power-law distribution. While details of energy dissipation and particle acceleration are
uncertain, it is clear that Coulomb collisions are too inefficient to thermalize the ions (Mahadevan
& Quataert, 1997) and Coulomb coupling between protons and electrons is also inefficient. Then,

the protons retain the energy distribution acquired through viscous heating.
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3.2 Model of high-energy emission from hot flows

The model applied here was developed in NiedZwiecki et al. (2012); NiedZwiecki et al. (2013);
Niedzwiecki et al. (2014); NiedZwiecki et al. (2015) and Xie et al. (2010). It precisely describes
both the structure and radiative processes of hot accretion flows, taking into account, in particular,
the global Compton effect, which is important in the considered range of 107 to 0.01Lgqq. Cal-
culations are performed in several steps. First, the hydrodynamic structure solution is found for
given parameters and then the energy balance for electrons is iteratively solved. These steps were
done by my co-authors of Paper 1. Then, I used the X-ray radiation field corresponding to the last,

self-consistent iteration to compute the y-ray luminosity affected by yy absorption.

We considered a black hole that is characterized by its mass, M, and angular momentum, J,
surrounded by a geometrically thick accretion flow with an accretion rate, M. The model has
the following free parameters: M, a, ¢ (electron heating parameter), 8 (plasma magnetization), «
(viscosity parameter), 7 and parameters of the energy distribution of protons in the flow, 7, and
s (defined below). The dimensionless parameters a, 5 and iz are explicitly defined in Chapter 1.
The « parameter gives the standard form of the viscous stress, cc ap, where p is the total pressure,
i.e. including contributions of the gas and the magnetic field. All results presented below assume
a = 0.3, which is a preferred value for hot flows at least for large 7, see e.g. Narayan & Yi (1995),
Esin et al. (1997). The density of hot flow solutions approximately follows a simple scaling of

oc ™!, Then, there is a degeneracy between @ and 7.

Given that the thermalization and cooling timescales for protons are much longer than the
accretion timescale, and the distribution of protons is determined by poorly understood heating
and acceleration processes, I considered three cases for the proton energy distribution:

(i) thermal model T in which all protons have a Maxwellian distribution;

(i1) nonthermal model N, where the total power is used to accelerate a small fraction of protons,
for which I assumed a power-law distribution, ny(y) o ¥ up to ymax = 100, where 7y is the
Lorentz factor, and I assumed that the other protons remain cold. The radius-dependent fraction

of the protons with the power-law distribution, ¥, is given by

2
W) = U [Ty0)]. 3.1)

where n, = 1, the left hand side gives the average energy for the power-law distribution and the

right hand side gives the average energy of the Maxwellian proton gas
Un(6p) = Opmpc2(6 +156,,)/(4 + 56p). (3.2)

where 6, = kTp/mpc?, Tp(r) is determined by the global hot flow solution and the simplified
relativistic form of Gammie & Popham (1998) was used for U (6,);

(iii) hybrid model Hy; with 10% of the energy content in nonthermal protons and 90% of the
energy content in thermal protons. For the nonthermal protons I assumed a power-law distribution
oc y~¥ with ymax = 100; the fraction of the protons with the power-law distribution is given by
equation (3.1) with n, = 0.1.
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I took into account the limiting cases for both the electron heating efficiency and the plasma
magnetization. Namely, I considered the case of = 1073, for which electron heating is dominated
by Coulomb interactions, and that of 6 = 0.5, for which electron heating is dominated by MHD
processes. Regarding the magnetic field, I consider weakly magnetized flows with § = 9, i.e. with
the magnetic pressure of 1/10th of the total pressure, and flows with an equipartition between the

magnetic and gas pressures, i.e. with 8 = 1.

3.2.1 Hydrodynamical solution

The computations are based on the global hydrodynamical solutions of the GR structure equations,
including the hydrostatic equilibrium, the energy equations for electrons and protons and the equa-
tions for the radial and angular momenta, following Manmoto (2000) with minor improvements
described in NiedZzwiecki et al. (2012). The solution yields the radial distribution of the density,
height-scale, velocity field, proton temperature and the initial electron temperature. From this, the
self-consistent electron temperature distribution is found, 7(r), for which the electron energy bal-
ance with global Compton cooling is achieved. Finding T¢(r) requires several iterations between
the solutions of the electron energy equation and the MC Comptonization simulations for each set
of parameters. This procedure involves the assumption that the flow structure is not affected by
changes in T., which constrains the range of exact solutions to d_jgrev < (1 —2) x 1073, see
Chapter 3.4.

Most of hydrodynamical properties of hot flows, which are relevant for my results, were de-
scribed in previous works on this subject; the only novelty of computations presented here is taking
into account a purely nonthermal distribution of protons (in model N) and its effect on the equation
of state. Then, I only briefly note the most important properties.

The general property of accretion flows is that lower thickness (i.e. lower H/R ratio, where
H is the height-scale) gives a higher density (e.g. Frank et al., 2002). This, in turn, leads to a
significant dependence on plasma magnetization. Namely, for smaller S (i.e. stronger magnetic
field) a larger fraction of the accretion power is used to build up the magnetic field strength;
therefore, the energy heating the particles, and hence the ion temperature and pressure are smaller.
The contribution of magnetic field to the total pressure is characterized by the adiabatic index
(4/3) smaller than that of the proton gas (5/3; protons are non-relativistic through most of the
flow). Then, a flow with larger 8 is less compressible and has a larger height-scale. Also a flow
supported by the pressure of a nonthermal, relativistic proton gas (as in model N), described by
the adiabatic index of ~ 4/3, is more compressible than a supported by thermal protons. Both
effects, i.e. higher plasma magnetization and relativistic acceleration of protons, result in a smaller

geometrical thickness and, hence, higher density.

The dependence on a involves a well known GR effect of the stabilization of the circular
motion of the innermost part of the flow by the rotation of the black hole, which effect is directly
related with properties of test particle motion, analogous to the well-known dependence of the
innermost stable orbit on a in Keplerian discs. Then, higher a yields both a higher density (because
the stabilization implies a lower radial velocity) and a higher proton temperature (because the
stabilization implies a larger heating rate).
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Figure 3.1: Photosphere radius for photons with energies of 0.1, 1, and 10 GeV from bottom to
top as a function of A»_jgkey. The figure is for § = 1073, a = 0.95, B = 1, but in other models the
dependence of rpp 0n A1 kev 1s similar.

3.2.2 Comptonization and yy absorption

Comptonization is the dominant radiative process in hot flows producing the X-ray radiation in
the considered range of luminosities. As found in NiedZwiecki et al. (2015), the standard hot
flow models for AGNSs, including seed photons only from thermal synchrotron emission, predicts
too hard spectra. Then, in the model applied here, the X-ray radiation is computed taking into
account seed photons for Comptonization from nonthermal synchrotron emission. For § = 1073, a
sufficient amount of seed photons is provided by the synchrotron emission of pion-decay electrons.
For ¢ = 0.5, additional input of seed photons is needed for agreement with the X-ray observational
data. Then, we assumed that 10% of the electron heating power is used for their nonthermal
acceleration and we included their nonthermal synchrotron emission.

Using the MC Comptonization code, I tabulated the angular-, energy-, and location-dependent
distribution of photons propagating in the central region. Then, to compute L, , [ took into account
the absorption of escaping y-ray photons on pair creation in interactions with the (tabulated) target

photons. The interaction probability is given by Equation (9) in NiedZzwiecki et al. (2013).

3.3 Results

Figure 3.1 shows the size, rpp, of the y-ray photosphere (inside which the flow is opaque to y-rays),
which is determined as the radius of the emission point, from which the optical depth along the
outward radial trajectory is 7,, = 1. The dependence of ry, on Az_1¢ kev is similar in all models
(i.e., for different a, S, or 0).

Below I summarize the dependence of y-ray luminosity on various parameters of the model.
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Figure 3.2: 192-1 gev as a function of A;_1¢ xev. All model points are for thermal protons (model
T) with 6 = 1073, The blue line with circles is for a = 0.95 and 8 =1 (rin = 0.033, 0.1, 0.3, and
0.5). The black line with squares is for a = 0.95 and 8 = 9 (rh = 0.1, 0.3, 0.5, 0.8, and 1.2); this
model gives the largest 1p—1 gev that can be observed from a hot flow due to pion production by
protons with thermal distribution of energies.

For thermal protons, the bulk of the hadronic radiation is emitted in the ~ 0.1 — 1 GeV range. The
presence of nonthermal protons is reflected in the production of photons with £ > 1 GeV. Then,
I consider these two regimes separately. All results presented below concern the luminosities
detected far away from the flow, i.e., affected by GR transfer and yy absorption effects. The
luminosities are given as the Eddington ratios defined in Chapter 1.

The presented luminosities are averaged over the observation angle, Gyps. A strong dependence
on Oyps occurs only for a rapidly rotating black hole and only at low A_19 kev < 107> at which the
contribution from the innermost few R, can be directly observed. These luminosities are beyond
the range considered here; I extend this discussion in Chapter 4.2.7. At Ay_j9kev 2 107> the
anisotropic contribution from the innermost part is attenuated by yy absorption and the difference

between y-ray fluxes received at different 6,5 does not exceed a factor of ~ 2.

3.3.1 Thermal protons: 1y,_; gev VS 0, 5, and a

The rate of pion production depends on the number of protons with energies above the pion pro-
duction threshold. For the thermal distribution of protons, this rate is extremely sensitive to the
proton temperature, T},. The pion production rate is low for T}, < 10'2 K and negligible for
T, <4X 10'! K. Then, the predicted Ag»—; gev strongly depends on S, a and 6. This dependence

involves the following effects:

e For a smaller 3, a larger part of the accretion power is used to build up the magnetic field

strength, therefore, the proton heating power is weaker yielding a smaller 7.
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Figure 3.3: A1_19 gev as a function of A3_1¢ kev in models with 7, > 0 and s = 2.1. (a) Model N
with § = 1073, the magenta line with circles is for a = 0.95 and 8 = 9 (in = 0.05, 0.1, and 0.3),
the green line with squares is fora = 0 and 8 = 9 (n = 0.1, 0.3 and 0.5). (b) Model Hy; with
& = 1073, the black line with circles is for a = 0.95 and 8 =1 (m = 0.033, 0.1, 0.3 and 0.5), the
blue line with squares is fora = 0.95 and 8 = 9 (i = 0.1, 0.3, 0.5, 0.8 and 1.2). (c) Model N with
0 = 0.5, the red line with squares is fora = 0 and 8 = 1 iz = 0.004, 0.01, 0.033, 0.1 and 0.3), the
blue line with circles is for a = 0.95 and 8 = 9 (n = 0.003, 0.01, 0.033 and 0.1).

e A larger § implies a stronger electron heating and a weaker proton heating, which obviously

results in the decrease of the L, /Lx ratio.

e A larger a implies that both the viscous dissipation rate (and hence T,) and the density are

larger. Both factors strongly increase Ag2—1 Gev-

Models with large a, small § and large 8 give the largest Ag2-1 gev predicted for hot flows, shown
by the black curve (with squares) in Figure 3.2. This maximum value of dg2-1 gey = 1073 is ap-
proximately constant for A,_g ey between ~ 10~* and 1073, where the increase of the rest-frame
v-ray luminosity is approximately balanced by the increase of the opacity. For these parameters
the y-ray emitting region (i.e. with T}, ~ 10'2 K) extends out to r =~ 20, so even at Ay_jgkev = 107>
some significant emission is produced at r > rpp.

For other values of a, § or S, the predicted g - gev is smaller, even by orders of magnitude,
as shown by the blue curve in Figure 3.2 for 8 = 1. In this case the y-ray emitting region is located

at r < 10, hence, at p_1okey = 1077 the v-ray flux is severely attenuated by yy absorption.

3.3.2 Nonthermal protons: A,_;pgev Vs 0 and 7,

Figure 3.3 shows A;_19 gev in models with relativistic acceleration of protons, efficiency of which
is parametrized by 7,,. I first emphasize that my assumption that 77, does not depend on r expresses
a crucial (assumed) property that the relativistic acceleration occurs in the whole body of the
flow. In such a case some y-ray emission always occurs at r > rpp. Furthermore, the number of
protons above the pion production threshold depends only linearly on the proton heating power.
This means that the y-ray luminosity is much less sensitive to both 5 and a than in model T. It
obviously depends on 7, and the dependence is stronger than linear due to the hydrodynamical
effect noted in Chapter 3.2.1. However, the main effect determining ;19 gev at a given A>_1g kev

concerns the radiative efficiency of electrons. The rest-frame y-ray luminosity depends on the
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square of density, so it is oc 7i2?.

e For low values of ¢ the heating of electrons is dominated by Coulomb interactions, so

2. Then, the rest-frame y-ray luminosity increases roughly linearly with

A2-10kev ¢ 1
Aa_10kev. Combining it with the increase of opacity, we get the dependence shown Fig-
ure 3.3a (for n, = 1) and 3.3b (for n, = 0.1). The former gives the largest predicted from

hot flows value ofd;_19 gev =~ 107> for A»_10 kev between ~ 107 and 1073.

e For larger §, the radiative efficiencies are higher, therefore, 11_19 gev is lower (because of
the lower ri7) at a given Ao kev. Then, in Figure 3.3c I show only results for 77, = 1; for

1np = 0.1 the predicted 1119 gev is below the level which can be probed with LAT. For large

2
2-10 keV>

the fast decrease of 11_19 gev With decreasing A>_1g key seen on Figure 3.3c. Furthermore,

0, Ada—10kev « 12 and therefore the rest-frame y-ray luminosity o A which explains
for large ¢, the radiative efficiency increases with a, as a result, A;_19 gev at a given A_10 kev

is by a factor of several larger for @ = 0 than for @ = 0.95 (somewhat counter-intuitively).

The uncertain value of ¢ introduces the main uncertainty in testing the hadronic emission
model. It may be partially resolved by including spectral information from the X-ray data. Namely,
the Thomson optical depth, 7, of the flow is approximately o 7iz. Then, a larger radiative efficiency
(of a larger ¢ source) implies a lower 7 at a given Ay_1gkev. The value of 7 can be directly mea-
sured in some bright objects, for which the high energy cut-off in their X-ray spectra is observed.
For fainter sources, 7 can be estimated from the presence or lack of the departures of the X-ray
spectrum from a power-law shape. I briefly note the related effects in the next Chapter.

I considered various proton distribution slopes between s = 2.1 and 2.7. In all models, the
lowest A1_19 gev corresponds to s = 2.1; this is related with the assumed yp.x = 100, at which a

large part of energy is radiated above 10 GeV. For s = 2.7, A;_10 gev is larger by a factor of ~ 2.

3.4 X-ray luminosity limits

All model results presented above were computed for a flow extending out to r = 10%, where
an outer boundary condition (relating the flow parameters with the Keplerian values at this r) is
set. For such a large boundary radius the solution is almost independent of the chosen boundary
condition. The computational method applied here allows to investigate solutions with bolometric
luminosities between L ~ 10™*Lgqq and ~ 1072 Lg4q, corresponding to Ay_1g kev between ~ 1073
and ~ 1073,

The maximum value of Ay_jprev ~ 1073 is related with the involved assumptions about neg-
ligible effect of Coulomb cooling of protons. At Ay_jgkev ~ 1073 the Coulomb transfer from
protons to electrons (which depends of the square of density and hence its relative importance
increases with increasing riz) becomes significant. At higher luminosities the flow structure is
characterized by a dramatic dependence on even small changes of 7. (when global Compton cool-
ing is taken into account, cf. Xie ef al., 2010) because the Coulomb cooling rate is oc (7}, —T). This
most likely leads to a collapse of the flow and formation of a standard cold disc beyond several
tens of Ry, where the ratio of the Coulomb to viscous heating rates is the largest. These physi-

cal properties suggest formation of the inner hot flow/outer cold disc geometry, which is indeed
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supported by observations of objects radiating at Ay_1g kv 2 1073. However, physics of transition
between the outer cold disc and the inner hot flow is not well understood. At the same time, hot
flow solutions with a small boundary radius are very sensitive to the chosen boundary condition,
as found in the preliminary investigation of this regime (i.e. with A_1g kev > 1073) in our group in
University of £.6dzZ in collaboration with dr Fu-Guo Xie. One important for my study conclusion
from this investigation is that solutions neglecting the cooling of protons can still be used to assess
radiative properties up to Ay_jggev = 3 X 1073 but not for larger luminosities.

I also note that the dependence in Figure 3.1 suggesting a simple scaling of r,, with luminosity
cannot be simply extrapolated to Ay_19 kev = 1073. These values of rph were computed for a flow
extending out to large r, where the opacity for a y-ray photon escaping from r.p, is dominated by
head-head interactions with X-ray photons produced at r > rep,. If a flow shrinks to a relatively
small size of ~ 100R,, the opacity for y-rays escaping from the outer parts is dominated by much
less efficient head-tail interactions with X-ray photons produced at r < repy,.

The minimum luminosity of Ay_jgxey ~ 107> that can be studied with the computational
method applied here results from the requirement that the energy balance for electrons is deter-
mined by radiative cooling (rather than advection). At A0 kev < 1072 , the differential advective
term dominates in the energy equation for electrons which makes the procedure applied here very

unstable.
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Chapter 4

Gamma-ray activity of Seyfert galaxies
and constraints on hot accretion flows

4.1 Introduction

In this Chapter I present the results of my analysis of the Fermi/LAT data from radio-quiet AGNs.
No prominent y-ray signal from such objects was found e.g. by Ackermann et al. (2012b) and
Ackermann et al. (2015), except for the three X-ray bright Seyfert 2 galaxies, NGC 4945, NGC
1068, and Circinus, discussed in detail in Chapter 5. The upper limits (UL) on the photon flux
in the GeV range, derived in Ackermann et al. (2012b), typically constrain the luminosity ratio
to L,/Lx < 0.1 and in several Seyferts to L, /Lx < 0.01, which shows that the sensitivity of the
Fermi/LLAT surveys has reached the level at which predictions of the hadronic emission from hot
accretion flows can be probed. This motivated the detailed comparison I present here.

I analyzed 6.4 years of Fermi-LAT data of nearby, low-luminosity AGNs, which means that
I use a data set that more than three years longer than the one used by Ackermann et al. (2012b)
and is more than two years longer than the third catalog of AGNs detected by Fermi/LAT (Acker-
mann ef al., 2015). A detailed comparison with the model requires a precisely determined black
hole mass and intrinsic X-ray luminosity, therefore I focus on several best-studied objects. As a
particularly interesting case, I thoroughly examine the data from NGC 4151, for which the ratio
of L,/Lx < 0.0025, found in Ackermann et al. (2012b), is the lowest of the 120 Seyfert galaxies
considered in their work.

My main results are presented in Figures 4.3 and 4.4, where I confront observations with
predictions for the hadronic emission. In Chapter 4.3 I also briefly consider constraints for the

nonthermal acceleration of electrons.

4.2 Sample and data analysis

I considered nearby AGNs with spectral properties consistent with the hot flow model. This in-
cludes several Seyfert 1 galaxies: NGC 4151, NGC 5548, IC 4329a, NGC 6814, NGC 4258 and
NGC 7213. T also took into account the FR I galaxy Centaurus A, whose X-ray radiation may
be dominated by a Seyfert-like emission. These objects show direct evidence of the lack of an

optically thick disc in the central region. For objects with the lowest luminosities (NGC 4258
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Table 4.1: Adopted 2-10 keV Eddington ratio, black hole mass, distance, and references for the
data. The references are given in the order X-ray measurement, M, and (if available) distance.

Source A2-10 keV M D Refs.
x1072 10" My, (Mpc)

IC 4329a 0.48 13+10 684 142

NGC 4151 0.12 54+18 190 3°44

NGC 4258  0.00094 3.6 72 56,7

NGC 5548 0.28 3.24%3 727 89

NGC 6814 0.15 0267912 228 107,911

-0.09
NGC 6814* 0.021 1.9+04 22.8  104,12,11

NGC 7213 0.014 8.07106.0 22.0 13,14,11

Cent. A 0.012 5.5 iéé).O 3.8 15,16,17
Circinus 1.1-23 0.17+£0.03 42 18,19,11
NGC 1068 1.7 1.0 144 20,21,11
NGC 4945 1.8 0.14 3.6 222324

Notes. A,_jgkev given in the second column involves rescaling (based on the Swift/BAT data, see text) of
the average intrinsic luminosity given in the reference by a factor of ¥ 1.3; ® 1.2;© 2; @ 15,

References. (1) Brenneman et al. (2014), (2) Markowitz (2009), (3) Lubifiski ef al. (2010), (4) Honig et
al. (2014), (5) Reynolds et al. (2009), (6) Miyoshi et al. (1995), (7) Herrnstein et al. (1999), (8) Brenneman
etal. (2012), (9) Pancoast et al. (2015), (10) Walton et al. (2013), (11) Tully (1988), (12) Bentz et al. (2009),
(13) Lobban et al. (2010), (14) Schnorr-Miiller et al. (2014), (15) Fukazawa et al. (2011), (16) Cappellari
et al. (2009), (17) Harris et al. (2010), (18) Arévalo et al. (2014), (19) Greenhill et al. (2003), (20) Bauer
et al. (2015), (21) Greenhill et al. (1996), (22) Puccetti et al. (2014), (23) Greenhill et al. (1997), (24) Tully
et al. (2009)
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Figure 4.1: X-ray photon spectral index as a function of intrinsic A>_1g kev. The observational data
correspond to the best fits of the high-quality observations described in Sect. 4.2. The gray regions
indicate the location of solutions for the model with seed photons from thermal synchrotron only
(lower) and including nonthermal synchrotron (of pion-decay or directly accelerated electrons;
upper). The thick vertical line indicates the maximum luminosity of flows not affected by the
Coulomb cooling of protons. The extent of the gray regions to Ap_jgkev = 3 X 1073 corresponds
to the approximate applicability of our model. Ticks in the top axis show the approximate value
of the truncation radius of a cold disc (see text), which likely gives the size of a hot inner flow.
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and NGC 7213) studies of the Fe Ka line place the inner edge of optically thick disc between
e ~ 10° and ~ 10* (Reynolds et al., 2009; Lobban et al., 2010). In more luminous objects (NGC
4151, NGC 5548, IC 4329a, and NGC 6814), the measured Fe Ka line widths, < 100 eV (Lu-
binski et al., 2010; Walton et al., 2013; Brenneman et al., 2012; Brenneman et al., 2014), indicate
truncation of the disc at ry > 100; a similar location of an optically thick disc is indicated by
reverberation measurements (Edelson et al., 2015).

I also considered three Seyfert 2 galaxies, NGC 1068, Circinus, and NGC 4945. All three are
observed with high bolometric luminosities, above the range that can be precisely studied with the
current version of our model. Nevertheless, comparing their y-ray luminosities with properties of
their active nuclei appears to be interesting.

For most AGNs in my sample, direct measurements of the masses of their supermassive black
holes are available, only for IC 4329a and NGC 7213 I used estimates based on the velocity
dispersion. The adopted M and distance values are given in Table 4.1. For NGC 5548 and IC
4329a I assumed the luminosity distances for the following cosmological parameters: Q. = 0.27,
Qx = 0.73, and Hy = 71 km s™! Mpc~!. The error bars on the values of A in Figures 4.1 and
4.3 are mostly due to uncertainties in the determination of M. For NGC 4258, NGC 1068, NGC
4945 and Circinus precise measurements of M based on H,0 megamaser kinematics are available.
For NGC 6814 the difference of measurements of M between Bentz er al. (2009) and Pancoast
et al. (2015) amount to an order of magnitude, so I present results for both values; the case with
the higher value of M is denoted by a star superscript in Tables 4.1 and 4.2 and Figures 4.1 and
4.3.

Table 4.2 shows the results of my analysis of the Fermi/LAT data, described below, except
for Centaurus A, for which I used the results of previous studies collected from literature. For
NGC 1068, Circinus and NGC 4945 I used results of my analysis of 8 years of observations,
presented in the next Chapter. Figures 4.3 and 4.4 show the measured Ag2-1 gev and A1-19 Gev,
or their ULs, as a function of the intrinsic A>_1gkev. To find the latter, I used results of detailed
X-ray spectral studies (specified below) of high-quality data from Suzaku, NuStar, or simultaneous
XMM and INTEGRAL observations, which allow to disentangle the primary X-ray emission from
the reflection or absorption components. The parameters of these fits are shown in Figure 4.1.
Using the Swift/BAT (Krimm et al., 2013) light curves', I found that even for the most variable
objects (NGC 7213, IC 4329a, and NGC 6814; their light curves are shown in Figure 4.2) the
adopted X-ray observations correspond to the flux levels close to the average Swift/BAT flux during
the analyzed 6.4 years of Fermi/LLAT observations; in some objects I used the intrinsic A>_jg kev
rescaled to account for a small deviation from average, see Table 4.1.

We see in Figure 4.1 that spectral parameters of the intrinsic X-ray emission, measured in
AGNs with - jprev < 3 X 1073, agree with our model of thermal Comptonization in hot flows.
The two gray regions shown in that Figure indicate the location of model solutions that include a
significant input of seed photons from nonthermal synchrotron radiation (upper gray region) and
solutions with only thermal synchrotron emission (lower gray region). We see that typical Seyfert
spectra clearly agree with the former solutions, however, they are also occasionally observed with

parameters corresponding to inefficient cooling (NGC 6814 and one of NGC 5548 data points).

Thttp://swift.gsfc.nasa.gov/results/transients
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Figure 4.2: Small black circles with error bars show Swift/BAT 15-50 keV light curves in seven-
day bins for NGC 7213, NGC 4151, IC 4329a, and NGC 6814. The red vertical line in each
panel shows the average flux during the 6.4 years of analyzed Fermi/LLAT observations. The large
orange circles in panels (acd) show the times of the adopted Suzaku and NuStar observations and
the average flux in time bins equal to the duration of these pointing observations. The red vertical
line in panel (b) indicates the end of the three-year period used for comparison with Ackermann
et al. (2012b). The blue line in the bottom of panel (b) delineates period S (see Sect. 4.2.2). The
flux levels of dim (D), medium (M), and bright (B) states, defined in Lubinski et al. (2010), are
shown in the left part of panel (b).

These rarely observed hard spectra may by related with changes of MHD parameters of the flow,

e.g. plasma magnetization or acceleration efficiency.

4.2.1 LAT data analysis

For NGC 4151, NGC 5548, NGC 4258, NGC 6814, NGC 7213, and IC 4329a I analyzed 6.4 years
of the Fermi/LAT data, comprising observations carried out between 2008 August 4 and 2015
January 10. For each object, events were selected from a region with a radius of 15° centered on the
position of the analyzed source. I performed the unbinned likelihood analysis using the v9r33p0
Fermi Science Tools with CALDB instrument response functions. I used the standard templates
for the Galactic (gl1l_iem_vO@5_revl.fits) and the isotropic (iso_source_v05_revl.txt)
backgrounds. In the likelihood analysis I took into account all sources reported in the Fermi/LAT
Third Source Catalog (Acero et al., 2015: hereafter 3FGL) within a radius of 15° around the
analyzed object. Each of the catalog sources was modeled with a best-fit spectral function (as
specified in the catalog, in most cases a power-law) with parameters left free in the model fitting.

Except for NGC 6814 I did not find statistically significant signals. Then, I derived the 95%
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Table 4.2: Integrated photon flux, F,, and the photon index, I', of power-law fits, or 95% confi-
dence level ULs with the assumed I', and the corresponding Eddington ratio for 1-10 GeV (upper
part) and 0.2—-1 GeV (lower part).
Source r F, 4y
10719 ph/ecm?/s  x1073
Energy range: 1-10 GeV

IC 4329a 2.7 < 0.46 < 049
IC 4329a 2.1 < 0.68 < 0.88
NGC 4151¢ 2.7 <12 < 023
NGC 4151¢ 2.1 <13 < 031
NGC 4151° 2.1 < 18 < 043
NGC 4151¢ 2.1 <18 < 043
NGC 41514 2.1 <20 < 0.48
NGC 4258 2.7 < 11 < 0.043
NGC 4258 2.1 <15 < 0.067
NGC 5548 2.1 <03 < 18
NGC 5548 2.7 < 0.6 <29
NGC 6814 2.6+0.1 3.0+0.7 18+ 10
NGC 6814* 26+0.1 3.0+0.7 261
NGC 7213 2.7 < 04 < 0.07
NGC 7213 2.1 <05 < 0.11
Cent. AV 21+02  18.0+27 0.17+07
Circinus® 24+0.1 14714 3107
NGC 1068° 2.5+0.1 92+0.8 37+08
NGC 4945° 23+0.1 14712 2906
Energy range: 0.2-1 GeV
IC 4329a 4.0 <33 < 051
NGC 4151 (1) 4.0 < 45 < 0.13
NGC 4151 (2) 4.0 < 20 < 0.52
NGC 4258 4.0 <17 < 0.044
NGC 5548 4.0 < 12 < 84
NGC 7213 4.0 < 171 < 0.18

Notes. “ using the full data set of 6.4 years and including source S in the model; ¥’ ~ 4.9-year data set (6.4
years without period S), source S not included; ' data from the first three years, S included in the model;
@ data from the first three years, S not included in the model; ' results of my analysis in Chapter 5.

References.
(1) Sahakyan et al. (2013), parameters of the second’ component above 4 GeV.

confidence level ULs for the photon flux using the Bayesian method.

I first checked how the use of both an extended data set and improved models (based on 3FGL)
of the celestial regions of interest affects the UL values. Assuming the y-ray photon spectral index
I' = 2.5, I found ULs for F-¢ 1 gev lower by a factor ~ 4 (for NGC 7213 and IC 4329a) and ~ 2
(for NGC 5548) than the corresponding UL in Ackermann et al. (2012b). For NGC 4151 the UL
value is somewhat dependent on the approach to modeling (as discussed below), but in general, I

was not able to reduce it significantly below the value quoted by Ackermann et al. (2012b).

The 7°-decay spectra can be described by a simple power-law only in limited energy ranges.

For the thermal distribution of protons, the spectrum can be very roughly approximated by a very
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Figure 4.3: 11_19 gev as a function of A;_1¢ kev, see Tables 4.1 and 4.2 for the observational data;
Aa_10kev corresponds to the average X-ray luminosity during the Fermi/LAT observations (see
text). The solid lines are for model N with § = 1073, a = 0.95, 8 = 9 (triangles) and model
Ho; with 6 = 1073, a = 0.95, B = 9 (squares). The former model significantly exceeds the
ULs for three AGNs, which rules out a scenario with most of accretion power used for relativistic
acceleration of protons. The dashed line with open squares is for the rest-frame luminosity in
the latter model (i.e., Hp.1). Such y-ray luminosities, neglecting yy absorption and GR transfer
of radiation, were studied by Mahadevan et al. (1997) and Oka & Manmoto (2003). We see that
simplified treatment in their works overpredicts the observed luminosities even by two orders of
magnitude and significantly affects the comparison with observations.

soft power-law, with I ~ 4, above ~ 0.2 GeV. For the power-law proton distribution, it is a power-
law above ~ 1 GeV. Then, to compare with predictions of model T, I assumed I' = 4 to find UL for
Fo2-1 Gev. To compare with predictions of models with n, > 0, I found UL for F|_j gev assuming
different values of I between 2.1 and 2.7. For all AGNs, except for NGC 5548, the highest ULs
correspond to I' = 2.1 (the difference for other values of I' does not exceed a factor of 2), and
I used them in Figure 4.3. The comparison in Figure 4.3 is presented in the most conservative
manner, meaning that I used the lowest ;109 gev predicted by the model (for s = 2.1) and the
highest UL value (for I' = 2.1).

4.2.2 NGC4151

At the position of NGC 4151 I found a signal with the test-statistic significance TS ~ 17 for
E = 0.2 - 6 GeV, see Figure 4.5d. It most likely contains a contribution from a new 7y-ray
source, denoted below by S, found in my analysis. It is shifted by only ~ 0.5° from NGC 4151.
Interestingly, however, the Fermi Science tool, gt findsrc, searching for the most likely position
of the source of this signal (assuming that it comes from a single source) indicates NGC 4151
rather than S. Namely, the best-fit position (shown by the black cross), is shifted from NGC 4151
by only 8’. Source S is strongly variable, which hinders a proper assessment of its contribution to

the y-ray signal. The details of my analysis are as follows.
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Figure 4.4: Ap»-1 gev as a function of A;_1¢ kev, see Tables 4.1 and 4.2 for the observational data.
The solid lines are for model T with § = 1073; the same as in Figure 3.2. The dashed line with
open squares shows an approximate extension to lower m (see text) for an edge-on observer for
B =9 @ =0.033,and 0.1).

I first examined the significances of y-ray signals around NGC 4151 by means of their TS
values. This revealed three new sources in the region, which were not reported in the Fermi/LAT
Second Source Catalog and hence not included in the model used in Ackermann et al. (2012b).
For each of these sources I used the gt1like and gtfindsrc tools to find their significance, best-fit
position, and spectral parameters. Two of them (indicated by the red symbols in Figure 4.5a) have
been recently reported in 3FGL, with parameters approximately consistent with those estimated
in my analysis. They are 3FGL J1220.2+3434, shifted from NGC 4151 by ~ 5°, for which my
analysis gives 7S ~ 164, ~2.2+0.1 and Fs( 1 Gev = (8.4 +1.5)x 107 phs~! cm~2, and 3FGL
J1203.2+3847, shifted from NGC 4151 by ~ 1.5°, for which I derived TS ~ 32, T" ~ 2.3+0.2 and
Fo01Gev =~ (3.5 +1.4)x 107° phs~! cm™2. These sources are included in the model used for all
results presented in this work.

The position of the third source, S, ~ 0.5° from NGC 4151, is determined by several pho-
tons with energies between 10 and 20 GeV, which arrived from the same direction (within ~ 8”)
between December 2011 and June 2013; I assume that the source exhibited an outburst activity
during this 1.5-year period, which I denote as period S. Source S is clearly seen in the TS map
built for period S alone, see Figure 4.5c, whereas the map built without this period shows only a
weak residual, centered on NGC 4151 and not on S, see Figure 4.5a. After subtracting all 3FGL
sources, I find for source S (1) TS =~ 30, = 1.78 +0.37, Fo01 Gev = 1.2x 107 ph sTlem™2 using
the data from period S, and (2) TS =~ 22, T = 2.17 + 0.20, Fs01 Gev = 2.1 x 107 ph s™! cm™
using the full 6.4-year data set. Source S is not reported in 3FGL, which was built using data up to
2012 July, that is, covering only ~ 30% of period S. For the data from period S, gtfindsrc gives
the location of S at a o000 = 12M11™275, 82000 = 38°56’48”". A possible candidate for this source
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Figure 4.5: TS maps for the region around NGC 4151; in all panels the green cross shows the
location of NGC 4151 and the orange cross shows the location of source S. In all panels only
the 3FGL sources were subtracted from the maps, except for panel (b), where an additional point
source was added at the position of NGC 4151. (a) The 8° x 8° degrees region with a pixel size
of 0.2°. The map was built for the energy range 0.2 — 30 GeV, neglecting period S (see text); the
red and white crosses indicate the location of 3FGL sources. (b) The same as in (a), but the model
includes a point source at the position of NGC 4151 to compensate for the residual seen in (a).
(c) The 2.55° x 2.55° degree region with a pixel size of 0.075° for 0.2-30 GeV for period S. (d)
The 4.8° x 4.8° region with a pixel size of 0.075° for 0.2 - 6 GeV and the full period of 6.4 years;
the black cross shows the location of a point source found with gtfindsrc under the assumption
that the residual seen in the map is produced by a single source; source S is not seen in this map
because photons with £ > 10 GeV are excluded.

is a BL Lac object, 2E 1209.0+3917, only ~ 4’ from this location.

For a 4.9-year data set, without the period S, gtlike shows no signal (TS =~ 1.5) at the S
position. The residual seen in the TS map for this data set, Figure 4.5(a), can be fully compensated
for by adding the point source at the position of NGC 4151 (compare with panel b), and gtlike
gives TS ~8,I'=27+03and Fspgev = (1.5 £0.6) X 102 for this source.
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The presence of a variable source S results in an ambiguity for the UL on the y-ray flux from
NGC 4151, especially below 1 GeV, where the point spread function of LAT is much higher than

the angular separation between S and NGC 4151. In my analysis I considered two variants:

(1) assuming that S strongly softened before and after period S, but still provided some contribution
at low energies, I used the full 6.4-year data set and included source S in the model in addition to
the 3FGL sources, which yielded the UL values denoted by superscript *a’ in Table 4.2;

(2) assuming that S completely faded away before and after period S, I used the data for 4.9 years
without period S and included only the 3FGL sources in the model (i.e., without source S), which

yielded the UL values denoted by superscript ’b’ in Table 4.2.

ULs on 4p»-1 gev in these two variants differ by a factor of ~ 4, both values are shown in Figure
4.4, The UL on A;_19 gev is much less model-dependent. In Figure 4.3 I use the UL obtained for
the above case (1), other ULs for this energy range differ by at most 50% which does not affect my
conclusions. I also note that adding source S in the model for the first three years has a negligible
effect, see cases 'cd’ in Table 4.2. I also checked that my results are not changed if I introduce
additional sources to account for several weak residuals located at ~ 1° to ~ 4° from NGC 4151,

seen in Figure 4.5(a).

I used the recent dust-parallax distance measurement and the implied stellar-velocity-based
mass (see Table 4.1), both higher by ~ 50% than assumed in previous works on high-energy
emission from NGC 4151. NGC 4151 shows a moderate X-ray variability with changes of the
X-ray flux by up to a factor of ~ 4 between the dim and bright states. Using the adopted distance
and M values and the power-law fits of Lubirski e al. (2010), I found the intrinsic Ay—jg kev =
(0.5,1,2) x 1073 for the (dim, medium, and bright) state; the parameters of these three states are
shown in Figure 4.1). The average Swift/BAT flux during the considered Fermi/LLAT observations
is higher by a factor 1.2 than the flux of the medium state, see Figure 4.2b.

As we see in Figures 4.3 and 4.4, the ULs on both 19— gev and 4;-1¢ gev found for NGC 4151
give some interesting constraints on the parameters of the hot flow model. For § = 1073, model
N overpredicts A;1-19 gev by a factor of several, regardless of a or 8 values. Then, if the accretion
power is provided mostly to protons (and then transferred to electrons in Coulomb interactions)
the efliciency of relativistic acceleration of protons is limited to 77, < 0.2.

For ¢ = 0.5, the model predictions for 4;_19 gey are below the UL value (except for model
N with a = 0). However, as noted in Chapter 3.3.2, the much lower A;_1ggev predicted by
large-6 models is accompanied by much lower 7. The X-ray spectrum of NGC 4151 is precisely
measured, at least in the bright state, and allows testing this property. Fits of the bright-state
spectrum with the slab compPS model in Lubinski et al. (2010) give *5 ~ 1.3. To compare it
with my model predictions, I simulated the X-ray spectra for my models with A>_19 key =~ 0.002;
I used the INTEGRAL/ISGRI response function and assumed the normalization corresponding to
the bright state of NGC 4151. Then, the simulated spectra were fitted with the slab compPS model.
For § = 1073, the best fit has 7> ~ 1.1 (model Ho; with a = 0.95, 8 = 1, iz = 0.65). For § = 0.5,
all simulated spectra were fitted with 7*> < 0.5. I conclude that large-6 models appear to be

inconsistent with the X-ray data.

The above conclusions favor models with mostly thermal distribution of protons. Figure 4.4

shows that Ag»-1 gev predicted by model T, compared with with the Fermi UL for the above case
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(1), disfavors models with both a large a and a large 5. For case (2), however, the UL is above the
model prediction. Unfortunately, NGC 4151 radiates at Ay_jggev = 1073, at which I'ph 18 close to
the size of the y-ray emitting region for thermal protons, so the escaping flux of y-rays is severely
reduced. Stronger constraints on the model can be obtained if NGC 4151 enters the flux level of

the dim state (implying a higher transparency to y-rays) for a period of at least 1 year.

4.2.3 Updated analysis of NGC 4151 using an extended dataset

Hint of a ~ 30 signal found in my analysis of NGC 4151, noted above and published in Paper 1,
motivated me to update this analysis by using a longer dataset. I used data from LAT observations
performed between 2008 August 4 and 2017 September 26, which extends the previously used
observing time by 2.7 years. I also used here Pass 8 data containing significant improvements over
the P7REP release used in my previous analysis. The recently announced FL8Y (Chapter 2.3.5)
reports a new source (i.e. not reported in 3FGL), FL8Y J1211.6+3902, at the position of the source
S found in my previous analysis. It is associated with the BL Lac object, which was suggested in
my analysis in Chapter 4.2.2. For brevity and consistency with previous notation I refer to it also
in this Chapter as source S. FL8Y based on eight years of LAT observations reports it with the
detection significance of 5.50- and spectral index I' = 2.05 + 0.19.

Results of my unbinned analysis are presented in Table 4.3 and Figure 4.6. I first note that the
TS map, built by subtracting only 3FGL sources (i.e. S is not subtracted), shows a signal which
below 1 GeV (left panel in Figure 4.6) is clearly concentrated around NGC 4151 rather than S. In
the 1 — 10 GeV range (right panel in Figure 4.6), the signal appears broader (despite a lower PSF)
and covers positions of both NGC 4151 and S.

Source r F, TS
10~ ph/cm?/s

NGC 4151 246+0.15 240+0.79 17.6

S 1.65+0.29 025+023 182

Table 4.3: The photon spectral index, I', photon flux above 100 MeV, F,, and TS values of power-
law fits to NGC 4151 and S using unbinned analysis in the 0.1 — 100 GeV range of 9.1 years of
Fermi/LAT data.

Table 4.3 shows the power-law fits in the model including both NGC 4151 and S. For NGC
4151, the fit gives a ~ 4.20 signal, with an increase of the TS value by a factor of ~ 2 compared to
my previous findings, despite extending the observation time by less than 50%. S is fitted with a
much harder spectrum and a lower significance than given in FL8Y. All these results are consistent
with NGC 4151 being an actual, but much softer than S y-ray source. When both sources are
included in the model, they are both fitted with similar TS values which are slightly lower than
the formal detection threshold of 5o In turn, blind searches used in the catalog construction find
the source at the position of S, whose hardness implies that its high energy photons dominate
localization of the y-ray signal. Then, the fit of S with the model neglecting NGC 4151, such as in
FL8Y, includes a strong contribution of low energy photons likely emitted by NGC 4151, which
gives both an apparently softer spectrum and a larger detection significance for S than my analysis
including both sources. I also investigated individual photons from NGC 4151, as facilitated by the
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Figure 4.6: TS maps for the 4.25° x 4.25° region around NGC 4151 built using 9.1 years of LAT
observations for photons in the 0.3 — 1 GeV (left) 1 — 10 GeV (right) energy range. In both panels
only the 3FGL sources were subtracted from the maps. Crosses indicate locations of NGC 4151
and S (which is my model name for FL8Y J1211.6+3902). The pixel size is 0.17°.

gtsreprob tool of the Fermi Science package. In particular, it gives 5 photons with energies above
3 GeV and probability of being emitted by NGC 4151 larger than 50% (and probability of coming
from S lower than 1%), with the largest energy of about 8 GeV and the probability of 75%. Three
of these photons were detected during the additional time included in this updated analysis, i.e.
after MJD 58017, which is consistent with the significant increase of TS compared to my previous
study. As seen in Figure 4.7, the X-ray flux of NGC 4151 was typically lower than its average
value during this additional time. As I discussed in Chapter 3, lower X-ray luminosity makes an

accretion flow less opaque to yy absorption and, then, favors the escape of y-ray photons.
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Figure 4.7: The 15 — 50 keV light curve in seven-day bins for NGC 4151 from Swift/BAT ob-
servations, similar to Figure 4.2b but including an extended LAT observation time considered in
Section 4.2.3.

To estimate typical contribution from background in this region of the sky I also made a similar
analysis for a fake source inserted in the position of (RA=184°, DEC=40°), i.e. shifted by 1.2°
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from NGC 4151. No high energy photons were found at this location; all photon probabilities are
lower than 0.1%.

4.2.4 NGC 6814

The y-ray signal from the direction of NGC 6814 with TS = 25.6 was found by Ackermann et
al. (2012b). However, the source is not reported in 3FGL. It may not have passed the TS > 25
criterion, assumed in 3FGL, as the above value is close to the limit. My analysis, using data for 6.4
years, confirms the signal with TS =~ 32.3, and my best-fit parameters for a power-law spectrum
(see Table 4.2) are approximately consistent with those of Ackermann et al. (2012b).

In Figure 4.1 I show the parameters of the intrinsic X-ray emission from spectral fits to Suzaku
observations in 2011 (Walton et al., 2013). Interestingly, the source is located in the region for
an inefficient (thermal synchrotron) source of seed photons. During this observation the source
was in a relatively dim state, with the average Swift/BAT flux lower by a factor of ~ 1.5 than the
average during the Fermi/LLAT observations, see Figure 4.2d.

As noted above, I considered two values of M for NGC 6814. For both, the measured F|_1g Gev
gives A1_10 gev €xceeding the maximum value predicted for the hot flow (in models N with 6 =
1073), which rules out an origin of the observed y-ray signal in an inner hot flow. If the y-ray
signal indeed comes from this AGN, one possibility to relate it with the active nucleus involves
escape of accelerated protons and their interaction with circumnuclear matter. About 0.1% of the
accretion power would need to be carried away by escaping protons to explain the observed y-ray

flux.

4.2.5 NGC 5548 and IC 4329a

The likelihood analysis of the Fermi/LAT data does not reveal any significant signal around these
two X-ray-bright Seyfert galaxies (in both TS < 1) and therefore I computed the ULs given in
Table 4.2.

For NGC 5548, I show in Figure 4.1 the parameters of the power-law fits from Brenneman et
al. (2012) for seven Suzaku observations in 2007. The average Swift/BAT flux during the 6.4 years
of Fermi/LAT observations is equal to the average flux during the Suzaku observations, and I used
the intrinsic Ay-1g kev from the fit of Brenneman ef al. (2012) for the average Suzaku spectrum.

For IC 4329a, I show in Figure 4.1 the parameters of the power-law fits from Brenneman et
al. (2014) for lower and higher flux states during Suzaku and NuSTAR observations in 2012. T used
Ar-10 kev larger by a factor 1.3 to account for the difference between the average Swift/BAT flux
for 6.4 years and the flux from measurement simultaneous with Suzaku/NuSTAR observations, see
Figure 4.2c.

Both sources are observed with large A>_g ey corresponding to only approximate applicabil-
ity of our model. During one observation, NGC 5548 is seen in the area of hot flow solutions with
inefficient cooling.

For both objects the ULs on the y-ray photon flux is lower by a factor of 2-3 times than for
NGC 4151. In addition, both sources have a similar L, /Lx ratio to NGC 4151 (for IC 4329a it is
even lower). However, we see in Figure 4.3 and Figure 4.4 that they insignificantly constrain the

hot flow models.
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4.2.6 NGCT7213

Despite the large uncertainty in M, NGC 7213 gives interesting constraints on the hot flow model;
crucially, it is observed at Ay_1g kev = 1074, between the X-ray bright Seyfert 1 galaxies discussed
above and NGC 4258. The likelihood analysis of the Fermi/LLAT data does not reveal any signifi-
cant signal around NGC 7213 (TS < 1), and I computed the ULs given in Table 4.2. In Figure 4.1
I show the parameters from a Suzaku observation in 2006 Lobban ef al. (2010) during which the
average flux level was similar to the average during 6.4 years, see Figure 4.2a.

Conclusions from the comparison of the derived UL with the model predictions are similar
to those for NGC 4151. As seen in Figure 4.3, the UL for A;_jg gev constrains the nonthermal
energy content to 17, < 0.1 for 6 = 1073, Models with § = 0.5 predicts A;_19gev below the
Fermi limit, but again this case may be probably tested using the X-ray data. Namely, these (large-
0) models predict 7 < 0.1 for the luminosity of NGC 7213, and at such low optical thickness
the thermal Compton spectra deviate significantly from a power-law shape, whereas the Suzaku
spectrum between 0.6 and 50 keV is described by a simple power-law (Lobban et al., 2010).
However, quantitative assessment of the potential disagreement requires a direct fitting of the X-
ray data, which is outside the scope of my study.

The UL for Ags-1 gev rules out a weakly magnetized (high §) flow around a rapidly rotating
(high a) black hole, similarly as for NGC 4151.

4.2.7 NGC 4258

The precisely determined parameters of this AGN made it an essential object for the development
of the hot flow models (e.g., Lasota et al., 1996). However, it has not been included in previous
analyses of the Fermi/LAT data. At the position of NGC 4258 I found a weak y-ray excess above
the background, with TS = 9.4. A likelihood analysis of the signal with gtlike gives ' = 2.5+0.2,
F ~(2.8+1.2)x 107 phs~! cm~2. Despite the presence of this weak residual, the derived ULs on
the photon flux yield the tightest constraint on A1_19 gev and Ag2-1 gev of all considered objects,
see Table 4.2.

In Figure 4.1 I show parameters of the analysis reported by Reynolds et al. (2009) of the
Suzaku observation in 2006, who also noted that during this observation NGC 4258 increased its
intrinsic X-ray luminosity by a factor of ~ 2 relative to the average from Swift/BAT measurements.
Then, predictions of the model are compared with the LAT ULs using A>_0 kev from the Suzaku
fit reduced by a factor of 2.

For§ = 1073, model N predicts 4119 gev strongly exceeding the derived UL, ruling out 77, ~ 1.
For 6 = 0.5, the predicted y-ray flux is an order of magnitude below the UL value. Again, the X-
ray spectrum can be possibly used for an independent assessment of the value of 4.

At b jokev = 107 photons with E < 1 GeV are weakly affected by yy absorption and
may escape from the ergosphere (the extremely relativistic region located within r < 2). Then,
some specific effects of the Kerr metric can be observed, including the gravitational focusing of
the photon trajectories toward the equatorial plane which enhances the flux received by edge-on
observers - which is likely the case of NGC 4258. Taking it into account, I show the estimated

maximum Ago-1 Gev that can be expected at Ap—jgkev ~ 1073 by the dashed line in Figure 4.4.
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For 8 = 9 this A>_10 kev is in the regime where advection of electron energies dominates, i.e. this
estimation is not based on a precise solution of our model; I used the scaling of radiative efficiency,
oc %7, found in Xie & Yuan (2012) for low iz, to roughly estimate the X-ray luminosity. We see
that even this strongest expected signal is only at the level of the LAT UL.

Finally, I note that similarly as in the case of NGC 4151, for NGC 4258 I also found an
increased significance of the y-ray signal in a longer dataset, however, I also found that in this
object the influence from nearby objects is more complex than in NGC 4151, therefore, I skip the
discussion of these results here.

4.2.8 Circinus, NGC 1068 and NGC 4945

For the Seyfert 2 galaxies I used the parameters of my analysis in Chapter 5. Of these three AGNSs,
only NGC 4945 shows rapid variability in the hard X-rays, which indicates that it is a transmission-
dominated source and we can directly probe the nuclear emission. In Figure 4.1 I show fits from
Puccetti et al. (2014) for NuSTAR observations in 2013. The average Swift/BAT flux agrees with
the average flux during the NuSTAR observations.

In NGC 1068, the direct X-ray emission is completely obscured along our line of sight and we
only see the reflected component. Then, the assessed intrinsic emission is strongly model depen-
dent. I used Ay_19 kev corresponding to the best-fit of Bauer ef al. (2015). This assessment, based
on the observed reflected component, gives the level of emission from the active nucleus averaged
over a long time, possibly over hundreds of years, because a significant fraction of reflection arises
ata ~ 100 pc scale (see Bauer et al., 2015). Similarly, the X-ray emission from Circinus is reflec-
tion dominated; I used results from Arévalo et al. (2014). NGC 1068 and Circinus are not shown
in Figure 4.1 because the estimates for their intrinsic I'x are model dependent.

Figure 5.2b shows that all three y-ray-loud Seyfert 2 galaxies agree remarkably well after
scaling by their central black hole masses, with Ay_19kev = 0.02 and 1119 gev = 3 X 1073 in all
three. I also note that their Li_19 gev/L2-10 kev ratio does not exceed the limit on the luminosity
ratio in other AGNss, except for that corresponding to the UL in IC 4329a for I' = 2.7.

4.2.9 Centaurus A

The interpretation of the high-energy spectrum of Cen A has some open questions. Its X-ray
emission may contain contribution from both the jet and the accretion flow. The latter origin is
supported e.g. by the thermal-like cutoff, claimed in Beckmann et al. (2011). As seen in Figure
4.1, Cen A is located in the area of the A;_jpx.v—Ix plane occupied by Seyfert galaxies. In
Figure 4.1 I show the parameters from three Suzaku observations in 2009 (Fukazawa et al., 2011).
Fukazawa et al. (2011) also noted hints for a harder power-law component, with I'x < 1.6, weakly
contributing below 100 keV, which may represent emission from the jet. The main contribution
to the y-ray emission of Cen A most likely comes from the jet. However, Sahakyan et al. (2013)
found evidence for a second component, an order of magnitude less luminous than the main y-ray
component. This weaker component has a hard spectrum and dominates above ~ 4 GeV. Assuming
that this component extends down to 1 GeV with the same slope, I find A;_j9gev = 1.7 X 107°.
Based on a comparison with predictions of model Hy; , this component can be emitted from a

flow with small 6 and 17, ~ 0.1 — 0.2 (slightly dependent on plasma magnetization).
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The Swift/BAT flux level during the 2009 Suzaku observations is equal to the average flux
during the Fermi/LAT data-taking period used for the analysis in Sahakyan et al. (2013).

4.3 Nonthermal electrons

I now briefly discuss constraints on the acceleration of electrons resulting from the Fermi/LAT
ULs. Here I assume that the electrons are accelerated to the power-law distribution with the accel-
eration index s. and that their acceleration efficiency is 7., i.e. the power used for the nonthermal
acceleration is Qucc = 1700 Qudiss, Where Qyigs is the total power dissipated in the flow.

Conditions in the inner parts of hot flows surrounding supermassive black holes allow for
acceleration of electrons to GeV energies; for instance, using equation (7) from Zdziarski et
al. (2009) for the maximum Lorentz factor limited by the synchrotron losses I found ypax ~
10° — 10° for the typical magnetic field strength of B ~ (10> — 10%) G. The synchrotron emission
of these electrons extends up to ~ 10 MeV, so they can produce photons in the LAT energy range
only by Compton scattering. The description of nonthermal Compton emission was implemented
in our MC code and I performed simulations with yp,x = 2 X 10*, for which the nonthermal
Compton spectrum extends up to ~ 10 GeV.

The level of y-ray emission from the nonthermal Compton scattering in the LAT energy range
depends primarily on s.. I found that for s, > 2.4 and 1. = 1, the predicted values of both
Ap2-1Gev and Aj-19 gev are below any UL derived in my analysis of the LAT data. For s. < 2.4,
the y-ray Compton component for . = 1 exceeds the ULs for NGC 4258, NGC 7213 and NGC
4151, then, for such s, the fraction of accretion power used for nonthermal acceleration can be

constrained. For example, it is limited to < 0.05Q4;ss (i-€. e < 0.1 for 6 = 0.5) if 5o ~ 2.

4.4 Discussion

Observational assessment of nonthermal acceleration processes in astrophysical plasmas is an es-
sential issue. Hot flows in which ultra-relativistic acceleration of protons takes place can be con-
sidered a source of neutrinos detected by IceCube (e.g., Kimura et al., 2015). Accretion flows
should also be strong acceleration sites according to hybrid thermal and nonthermal Comptoniza-
tion models (e.g., Vurm & Poutanen, 2009; Malzac & Belmont, 2009; Veledina et al., 2011) that
are widely applied to explain X-ray spectra of accreting black holes.

Observational evidence of the presence of non-thermal particles in accretion flows includes
detection of MeV tails (e.g., Droulans et al., 2010; Zdziarski et al., 2012) and patterns of opti-
cal/infrared evolution (Poutanen et al., 2014), both observed in stellar black-hole systems. How-
ever, these features are produced by nonthermal electrons, which may come from pion decay, and
in principle, they do not require direct acceleration.

Observations in the GeV range provide the means to directly measure the efficiency of proton
acceleration in hot flows. The obtained ULs for Fi_ip gev in NGC 4258, NGC 7213 and NGC
4151 constrain the fraction of accretion power used for relativistic acceleration of protons to at
most 17, = 0.1 if 6 is small. Remarkably, these three AGNs allow probing various parts of the flow

because at their A>_gev ~ 107>, 107 and 1073, the GeV radiation produced at a few, about ten,
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Figure 4.8: A;-10 gev as a function of Ay_jg ey, similar to Figure 4.3, but instead of the UL for
NGC 4151 here I show A1_19gev of the ~ 40 fit from the updated analysis in Chapter 4.2.3. 1
also show here A;_19 gev for Cen A (see text) and for Cyg X-1 in the hard state. Parameters for
the latter, adopted from Malyshev et al. (2013), are consistent with more recent measurements
discussed in Chapter 6. The solid line with squares is for model Hy; with § = 1073, a = 0.95
and 8 = 9, the same as in Figure 4.3. The solid line with circles is for the only model with
large 6 which predicts ;10 gev comparable with the current LAT sensitivity for some Seyferts;
specifically, model N with 6 =0.5,a=0,8=9.

and several tens of R, respectively, would dominate the 1-10 GeV flux predicted by the model.

The component dominating the core emission of Centaurus A above ~ 4 GeV may come from
a hot flow in which 77, ~ 0.1 — 0.2. If it does, the efficiency of nonthermal processes in this AGN
would be higher at least by a factor of ~ 2 than in NGC 7213 (see Figure 4.8), which has similar
Az-10 kev- This might reflect differences between flows powering radio-loud and radio-quiet AGNS.

Interestingly, the y-ray flux corresponding to my ~ 4o fit of NGC 4151 in Chapter 4.2.3,
shown in Figure 4.8, agrees with our model prediction for n, =~ 0.1. Also interestingly, its
L1-10Gev/La-10kev ~ 1073 is almost the same as in the y-ray loud Seyfert 2s.

In Figure 4.8 I also show the measurement for Cyg X-1 discussed in Chapter 6. However, I
note that in this source the transition between the hard and soft state occurs at relatively low A
(see Chapter 6) and the cold disc in its hard state may extend already quite close to the black hole.
Then, comparison with our model prediction should be made with some caution. In particular, the
GeV photons may be strongly absorbed in the soft X-ray radiation of such a disc.

Finally, the y-ray loud Seyfert galaxies, NGC 4945, NGC 1068 and Circinus, appear to be
the most active AGNs in the local Universe (as measured by 1). All three exhibit starburst ac-
tivities, which likely explains enhanced fueling of their active nuclei, as Seyfert galaxies show a
strong correlation between nuclear star-formation and the AGN luminosity (e.g., Diamond-Stanic
& Rieke, 2012). Masses of supermassive black holes in Circinus, NGC 1068 and NGC 4945 are
precisely determined by H,0 megamaser measurements. These measured M imply an interesting

similarity of the values of both A;_19kev and A;_jg gev in all three objects, which motivates my
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analysis in the next Chapter.
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Chapter 5

The X/y-ray correlation in NGC 4945
and the nature of its y-ray source

5.1 Introduction

NGC 4945 is one of the nearest AGNs (D = 3.8 Mpc), with the black hole mass of M = 1.4x 1060,
from megamaser measurements (Greenhill ez al., 1997). It is the brightest Seyfert 2 galaxy in the
hard X-ray range, radiating at a variable rate of L/Lgqq ~ 0.1 (Madejski et al., 2000). Its X-ray
spectrum shows a strong photoelectric absorption, with a column density Ny =~ 4 x 10?4 cm™
(Done et al., 2003), at which its nucleus can be directly seen above ~ 8 keV. The observed hard
X-ray radiation is highly variable, by a factor of several on a time scale of days, confirming that it

is a transmission-dominated Compton-thick AGN.

NGC 4945 is also one of a few radio-quiet AGNs detected by Fermi/LAT (Abdo et al., 2010b;
Lenain et al., 2010). The origin of this y-ray signal is unclear, as this galaxy hosts a circumnuclear
starburst (e.g. Lenc & Tingay, 2009) which may also account for this emission (e.g. Ohm, 2016).
Variability studies are crucial to disentangle the role of the AGN and starburst activities, but over-
coming the weakness of the y-ray signal is a major issue for such studies. The apparent lack of
the y-ray variability, assessed in Ackermann et al. (2012a), could favor the y-ray production domi-
nated by starburst processes. However, the 3-month intervals used in Ackermann et al. (2012a) are
too short to accumulate a statistically significant y-ray signal from this galaxy, whereas its AGN

exhibits an approximately constant activity on such a time-scale.

In this Chapter I revisit the issue of y-ray variability in NGC 4945 and I search for a correlation
between its X-ray and y-ray emission. I did not attempt to find it in observations carried out
continuously over the time sufficient for an adequate significance of the LAT measurement (i.e. at
least a year), as this could only probe the averaged out X-ray as well as y-ray emission, even if
the latter followed the changes of the former. Instead, I considered intermittent data sets including
LAT data corresponding to different X-ray flux levels. This allowed us to reveal the change of
the y-ray spectrum related with the change of the X-ray flux. The implied constraints on the y-
ray source, and comparison with other radio-quiet galaxies detected in y-rays, are discussed in
Chapter 5.4

57
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5.2 Observational data

I use the Fermi/LAT and Swift/BAT data from observations performed by these detectors between
2008 August 4 and 2016 August 15. NGC 4945 exhibits hard X-ray flux variations of a factor of
two on a timescale of 2 x 10* s and of a factor of five on a timescale of several days (Madejski
et al., 2000; Puccetti et al., 2014). Then, the daily count rate values, ¥x, from the BAT survey
program (Krimm et al., 2013) are convenient to probe changes in this source. Using them I divide
all days with contemporaneous LAT and BAT measurements into MJD sets comprising days with
various Fx ranges, which then allows us to study the y-ray spectral parameters corresponding to
different activity levels of the AGN.

5.2.1 BAT

The good quality data (with DATA_FLAG=0) from BAT light curves' in the 15-50 keV range allow
to determine Fx for 2783 days out of 2821 days in the considered period of time. I split them into
two approximately equal MJD sets, containing days with Fx lower (set L; 1393 days) and higher
(set H; 1390 days) than 1.71 x 1073 cts cm =2 s~!. To test the effect of possible misclassification of
the X-ray flux level due to a short exposure time, I also define sets denoted by L5,H5 and L10,H10,
using a similar procedure but only for days with the total exposure time of at least 5 and 10 ksec,
respectively. Here, with the median rate of Fx = 1.67 x 1073 cts cm™2 s~!, T get 920 days in both
L5 and HS, and with Fx = 1.69 x 1073 cts cm™2 57!, I get 418 days in L10 and 420 days in H10.
The average BAT count rate for each set, Fx, computed using equations A2 in Ajello et al. (2008),
is given in Table 5.1. Fx in L,L5,L10 is lower by a factor of ~5 than in H,H5,H10.

5.2.2 LAT

I performed the maximum likelihood analysis using Pass 8 LAT data in the 0.1-100 GeV range
and v10r0®p5 Fermi Science Tools with the PSR2_SOURCE_V6 instrument response function. I
used the standard templates for the Galactic (gl1_iem_v06. fits) and the isotropic
(iso_P8R2_SOURCE_V6_v06. txt) backgrounds.

My results presented in Chapter 5.3 were obtained using unbinned likelihood analysis, for
which events were selected from the region with the radius of 10° centered on the position of
NGC 4945. I took into account all sources reported in the 4-year LAT Catalog (Acero et al., 2015:
3FGL) within the radius of 15° around NGC 4945. To check the effect of energy dispersion?,
which currently cannot be included in the unbinned analysis, I also performed the binned analysis,
using 20° x 20° square region centered on NGC 4945. I found that the dispersion correction
insignificantly affects my results.

In the TS maps of the region of interest, obtained by subtracting the best-fit model from the
data, I do not find residuals indicating presence of unmodeled sources which could affect my
analysis. However, I note contamination of the y-ray signal below 1 GeV, resulting in an appar-
ent extension toward the bottom left corner in Figures 5.1ab, by 3FGL J1251.0-4943 (the y-ray
counterpart of BL Lac object PMN J1326 5256) located at (R.A., Decl.) = (201.7°, —52.9°).

'http://swift.gsfc.nasa.gov/results/transients
http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/ Pass8_edisp_usage.html
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Figure 5.1: TS maps for the region around NGC 4945 built using the events detected during the
low (dataset L; left maps) and high (dataset H; right maps) X-ray flux levels. Top maps are for
events with £ < 1 GeV with a pixel size of 0.17°; middle maps are for events with E between 1
and 3 GeV with a pixel size of 0.17°; bottom maps are for events with E > 3 GeV with a pixel
size of 0.075°. In all panels the green cross shows the location of NGC 4945. In all panels, the
3FGL sources were subtracted from the maps (except for 3FGL J1305.4-4926 which is the y-ray
counterpart of this galaxy).
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It is a factor of ~ 2.6 brighter in y-rays than NGC 4945 and at the distance of 4.8° it may
weakly contribute to the flux below 1 GeV measured in NGC 4945. The fitted parameters of this
source are the same in all considered data sets, so its presence does not affect my conclusions on
spectral changes in NGC 4945.

Results reported in Chapter 5.3 were obtained in models with spectral parameters of all sources
adjusted to maximize the likelihood of the fit for a given dataset. The spectral energy distributions
(SED) were obtained by fixing the spectral index, I', for NGC 4945 to the value from the power-
law fit to a given dataset. However, to verify if variability in nearby sources could affect my results,
I also repeated the analysis for datasets L, L5, L10, H, HS5, and H10 using the model with spectral
parameters of the background sources frozen to the values of the best-fit model to the total LAT
data set (i.e. 2821 days; dataset T); below I refer to this variant as model T. For SEDs computed
with model T I also fixed I" = 2.33 (from the power-law fit to dataset T) for NGC 4945. I found that
it did not affect my results, i.e. using model T for the background sources I obtained parameters
of the power-law fits consistent with those given in Table 5.1 as well as TS maps consistent with
those shown in Figure 5.1 (i.e. showing similar TS values at the position of NGC 4945). Also
SEDs (Figure 5.2b) are weakly affected by applying model T, except for the lowest bin, 0.1-0.3
GeV, which shows a moderate dependence on the applied model. The difference of fluxes between
L and H in this (0.1-0.3 GeV) bin decreases from a factor of =~ 2.5 (in the best-fit models shown in
Figure 5.2) to 1.7 (with model T). The change resulting from applying model T to SED of dataset

L is shown in Figure 5.6.
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Figure 5.2: NGC 4945 spectral energy distributions for the total LAT dataset T (panel a) and
datasets resolved by the X-ray flux (panel b); SED for L is shown in black and SED for H is
shown in red. The dashed green line in (b) represents the y-ray spectrum of M 82 (the power-law
fit in Table 5.1) scaled by the difference of IR luminosities (linear scaling with Lijgr assumed) and
distances between M 82 and NGC 4945.

For a comparison of y-ray loud galaxies in Chapter 5.4, I analyzed the LAT data from 8 years
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Table 5.1: Results of the power-law fits in the 0.1-100 GeV range to NGC 4945 using data sets
defined in Section 5.2 (the number of days is given in parentheses) and to other starbursts and

Seyfert 2 galaxies.

Fx r 7y TS
NGC 4945 data sets

L(1393) | 0.54+0.03 | 247+0.07 | 2.6 £0.3 | 221
H(1390) | 2.87+0.04 | 2.11+0.08 | 1.2+0.2 | 189
L5(920) | 0.57+£0.04 | 246+0.09 | 25+04 | 136
H5(920) | 2.75+£0.04 | 205+0.09 | 1.1 £0.2 | 140

L10 (418) | 0.60+0.04 | 256+0.10 | 3.1 +04 | 80

H10 (420) | 2.66+£0.05 | 2.07+0.11 | 1.0+£0.2 | 46
T(2821) | 1.59+0.02 | 233+0.05 | 1.9+0.2 | 410

other objects

M 82 228 +0.04 | 1.8+0.1 | 1010
NGC 253 2.14+0.05 | 1.1+0.1 | 616
Circinus 243+0.09 | 20+03 | 103
NGC 1068 247+0.05 | 1.6+0.1 | 357

Fx is the average BAT count rate in the 15-50 keV range in units of 1073 cts cm™2 s~!; T is the
y-ray power-law photon index and ¥, is the photon flux in the 0.1-100 GeV range in units of 1078
phcm™2 57!

of observations of NGC 253, M 82, NGC 1068 and Circinus; in the model for NGC 1068, in
addition to 3FGL sources, I included the new y-ray source, at the distance of ~ 4°, found in
Lamastra ef al. (2016). My luminosities in the 0.1-100 GeV range, L,, for NGC 4945 and NGC
1068, placing them at/above the calorimetric limit in Figure 5.7, are by a factor of 1.5 and 1.7,
respectively, larger than found in Ackermann et al. (2012a). The difference results from analysis
improvements in Pass 8 data with respect to Pass 7 data used by Ackermann et al. (2012a). For
NGC 1068 I note a marginal hint for the change of the y-ray spectrum. For the first 3 years of
LAT observations, the same as used in Ackermann et al. (2012a), I found I' = 2.37 = 0.09 and
Fy=(1.3+0.2)x 108 ph cm™2 57!, whereas for the last four years of my dataset (i.e. after August
2012),T' =251 +0.08 and 7, = (1.7 £ 0.2) x 1078 phcm™2 57!

5.3 Results

My main results are presented in Figures 5.1 and 5.2 and Table 5.1. All my results indicate that
the y-ray spectrum of NGC 4945 changes with the change of its hard X-ray flux. The significance
of the spectral difference between the power-law fits for datasets H and L is ~ 50~. SEDs shown in
Figure 5.2b indicate that a large difference of the detection significance between H and L should
be seen both below 1 GeV and above 3 GeV. Indeed, with an equal exposure time in both datasets,
the change of the y-ray signal is seen in the TS maps (see Figure 5.1) for both 0.1-1 GeV and 3—
100 GeV with a formal statistical significance of ~ 90 (determined as V|TS;, — TSy, where TSx
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is the test statistic at the position of NGC 4945 in dataset X). Note that these results, indicating the
change of the y-ray signal at low and high energies, are mutually independent. My results for data
sets L5/HS and L10/H10 are consistent with those shown in Figures 5.1 and 5.2, see e.g. Figure
5.3 (NGC 4945 is not detected below 1 GeV in H10 and above 3 GeV in L10, so SEDs cannot be

shown in full energy ranges for the 10 ks datasets).
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Figure 5.3: SEDs for X-ray flux resolved datasets, similar to Figure 5.2, but for L5 (black) and
H5 (red).

I also performed the division of LAT observations into datasets corresponding to smaller
ranges of Fx than those of L and H. Again, I find a systematic indication of hardening of the
y-ray spectrum with the increase of the X-ray flux, see Figure 5.4, although obviously the sta-
tistical uncertainty on spectral parameters increases with a decreasing size of datasets. Using all
fitting results shown in Figure 5.4 I find the Pearson correlation coefficient for the [-Fx relation,

weighted by the inverse of spectral index uncertainty, of  ~ —0.97 with the p-value of ~ 2 x 1075,

I have made a number of tests for LAT datasets selected without the X-ray flux criterion and
in all cases I found that they are consistent, within uncertainties, with the results for the total
LAT dataset T. An example is shown in Figure 5.5b, were power-law fits to datasets of 800 days
randomly drawn from set T are compared with fits to datasets of 800 days randomly drawn from set
L or H. We see that the latter, i.e. black and red points, occupy two separate areas in the parameter
plane. The green points for datasets mixing various X-ray flux levels have a larger spread of fitted
parameters than those for NGC 253 and M 82 (whose y-ray signals should be constant in time;
Figure 5.5a), reflecting larger uncertainties on I" in 800-day datasets for NGC 4945. However, it

is much smaller than the overall spread of parameters for Fx-resolved datasets.
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Figure 5.4: Photon spectral index of power-law fits in the 0.1-100 GeV range as a function of Fx.
The yellow points are for datasets containing 620 days in consecutive, non-overlapping ranges
of Fx. The green points are for datasets containing 900 days in similar but partially overlapping
ranges of Fx. The black, blue and red point is for dataset L, T and H.
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Figure 5.5: Parameters of the power-law fits in the 0.1-100 GeV range. Panel (a) is for datasets
comprising 800 days randomly drawn from the total LAT dataset of NGC 253 (magenta) and M
82 (green). Panel (b) is for datasets comprising 800 days randomly drawn from set T (green), L.
(black) and H (red) in NGC 4945. The blue, orange and cyan points in (b) show parameters of
power-law fits to dataset T, L and H, respectively, as given in Table 5.1.

Using additional 10 datasets of 400 days drawn from set L and 10 such datasets drawn from
H, which again give parameters distributed in separate areas in the parameter plane similar to that
shown in Figure 5.5b, I find that these two samples (i.e. drawn from either L. or H) are signifi-
cantly different, with the p-value of ~ 107 from the two-dimensional Kolmogorov-Smirnov test
(Fasano & Franceschini, 1987; Press et al., 1992). Although dataset L or H could be affected by

a background fluctuation or short time-scale outbursts of nearby sources (on a time scale of days,




CHAPTER 5. THE X/y-RAY CORRELATION IN NGC 4945 AND THE NATURE OF
64 ITS y-RAY SOURCE

longer outbursts should give similar contribution to both L and H), it is highly unlikely that such a

fluctuation/outburst affects also all these shorter data sets in a manner illustrated in Figure 5.5.
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Figure 5.6: SED for dataset L. The black and blue points are for the best-fit model; the gray points
below 1 GeV are obtained with model T (see Chapter 5.2.2).

Finally, I note hints for departures from a simple power-law shape of the y-ray spectrum for
dataset L. Figure 5.6 shows the SED with energy bins twice smaller than in Figure 5.2, indicating
the break at ~ 800 MeV, and an additional very soft component below ~ 200 MeV. Testing the
reality of the latter, I used two bins in the 80-200 MeV range, which consistently indicate an
excess increasing toward low energies (the blue points in Figure 5.6). Power-law fits for dataset
L givel' =19+ 0.2 in the 0.2-1 GeV and I' = 2.7 + 0.2 in the 1-100 GeV range. Interestingly,
the spectral break at ~ 800 MeV seen in Figure 5.6 is characteristic for pion-decay emission.
However, I found only TS¢yrve = 10 for this departure from a power-law, where TS¢ve is defined
as in 3FGL, i.e. using the difference of the likelihoods for a simple power-law and double-broken
power-law fits. Then, the significance of these spectral features is rather low. For dataset H I did

not find signatures of departure from the simple power-law spectrum.

5.4 Discussion

Apart from NGC 4945, two other Seyfert 2 galaxies, NGC 1068 and Circinus, have been detected
by LAT (Hayashida et al., 2013; Lenain et al., 2010). Similar to NGC 4945, these galaxies exhibit
a composite starburst/AGN activity and the interpretation of their y-ray emission is uncertain.
Among the three y-ray loud Seyfert 2s, the X/y-ray correlation can be investigated only in NGC
4945, which has the largest y-ray detection significance, and whose variable X-ray emission from
the nucleus can be directly observed. In contrast, the X-ray radiation from NGC 1068 is fully
reflection dominated and no variability is observed. Circinus, in turn, is strongly contaminated
by the Galactic plane and its detection significance is too low to search for changes of the y-ray
spectrum.

The correlation revealed in my study implies that the y-ray production in NGC 4945 is dom-
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inated by the active nucleus. On the other hand, at the supernova rate estimated for NGC 4945
(Lenc & Tingay, 2009), the injected cosmic ray power is sufficient to produce the observed L,
through n°-decay emission (cf. Lenain et al., 2010; Eichmann & Becker Tjus, 2016). Below I
briefly discuss this issue in the context of y-ray observations of other Seyfert and starburst galax-
ies.

The GeV and TeV detections of two nearby starburst galaxies, M82 and NGC 253 (Acero
et al., 2009; VERITAS Collaboration et al., 2009; Abdo et al., 2010a), have confirmed the link
between the star-formation activity and the y-ray emission likely related to pionic interactions of
cosmic rays with the interstellar medium; a universal scaling of L, with the star-formation rate
was then proposed in Ackermann et al. (2012a). However, an efficient y-ray emission in this
class of objects appears to be not as ubiquitous as could be expected after these first detections
(cf. Rojas-Bravo & Araya, 2016) indicating that non-radiative losses (i.e. diffusive or advective

escape) dominate in some starbursts.
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Figure 5.7: Comparison of the y-ray (0.1-100 GeV) and IR (8-1000 um) luminosities for star-
forming and Seyfert galaxies. I adopted data from Tang et al. (2014) for NGC 2146, Griffin et
al. (2016) for Arp 220, Ackermann et al. (2012a) for IR luminosities and Milky Way y-ray lumi-
nosity, upper limits (green arrows) from Rojas-Bravo & Araya (2016) for non-detected galaxies
and I used my results for NGC 4945 (dataset T), NGC 1068, Circ, M 82 and NGC 253 (Table 5.1).
The blue line shows the calorimetric limit.

Figure 5.7 compares the y-ray luminosity of star-forming galaxies with their IR luminosity,
which is a good tracer of the star-formation rate (e.g. Kennicutt, 1998) and, hence, estimates the
injected cosmic ray power. The blue line corresponds to the calorimetric limit, in which the total
energy of cosmic rays is used for the pion production and assuming that each supernova injects
10°Y ergs of cosmic ray energy (e.g., Ackermann et al., 2012a). The y-ray luminosities of starburst
galaxies, M 82 and NGC 253, a factor of ~ 2 below this limit, indicate that ~ 50% of cosmic ray
energy is channeled for pion production, as also found in the starburst models for these objects
(e.g., Lacki et al., 2011; Yoast-Hull et al., 2014). These starbursts have harder y-ray spectra than

the Seyfert galaxies, so the (energy-dependent) diffusive losses would be more important in the
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starburst scenario for the latter. Yet, Seyferts are at or above the calorimetric limit, which presents
a major problem for the starburst model (cf. Hayashida et al., 2013) and points toward a significant
contribution from their AGN components. Studies of y-ray emission from NGC 1068 (e.g., Lenain
et al., 2010; Yoast-Hull et al., 2014; Eichmann & Becker Tjus, 2016) indeed find that it cannot be

explained by the starburst activity and indicate the active nucleus as the primary source of y-rays.

A constant in time contribution of the starburst component in NGC 4945, which obviously
cannot exceed the level of y-ray emission found in X-ray resolved data sets, can still significantly
contribute to the total L,. For parameters similar to those of M 82 (the dashed line in Figure 5.2b)
such a diffuse emission would only slightly over predict the flux above 10 GeV in dataset L. Then,
with a small reduction of the y-ray production efficiency, it could fully account for emission above
10 GeV measured for low X-ray flux levels and give a ~ 20% contribution to the total L,. For
much lower efficiencies of y-ray production, e.g. such as assessed for M 83, which has a high
surface density (but lower than NGC 4945; cf. Lacki et al., 2011), contribution from the starburst

component would be insignificant.

The Seyfert galaxies exhibit also an interesting similarity of their Eddington-scaled X-ray and
y-ray luminosities, as discussed in the previous Chapter, with L, /Lggq ~ 1074 (0.1-100 GeV) and
Ax = Lx/Lgqq ~ 0.02 (2-10 keV) in all three objects. These are the largest values of Ax observed
in nearby AGNs. At such Ax transition between the hard and soft spectral state is observed in
black-hole binaries; softening of the X-ray spectrum with increasing luminosity observed in NGC
4945 (Puccetti et al., 2014; Caballero-Garcia et al., 2012), see Figure 4.1 resembles the behavior

of black-hole transients during this spectral state change.

A prominent y-ray signal has not been detected from other radio-quiet Seyfert galaxies (Ack-
ermann et al., 2012b). However, in the context of high-energy emission from accretion flows,
the available LAT upper limits provide only a moderate constraint of < 10% on the fraction of
accretion power which can be used for acceleration of protons and/or electrons emitting in the
GeV range, as found in the previous Chapter. Presence of such nonthermal particles in accretion
flows can be expected both from a theoretical point of view (e.g., Kimura et al., 2016) and from
modeling of some observed spectra (e.g., Poutanen & Veledina, 2014), but any y-ray radiation
produced within accretion flow, or in its vicinity, would be strongly attenuated by yy interactions

with the ambient radiation field.

I used the model of internal yy absorption, described in previous Chapters, to assess possi-
ble locations of the y-ray emitting site in the NGC 4945 active nucleus. Geometry of the inner
accretion flow and the nature of the X-ray source are highly uncertain for NGC 4945 due to the
obscuration of its nucleus. I considered the case of an optically thick disc extending down close
to the black hole, motivated by the commonly accepted model of black-hole binaries relating tran-
sition to the soft spectral state, at L ~ 0.1Lgqq, with rebuilding of such a disc, as described in
Chapter 1.

Due to paucity of photons with £ > 10 GeV I was not able to rule out or confirm a presence
of a spectral break at these energies. Using gtsrcprob I found that the largest photon energy
detected from NGC 4945 with high probability (> 80%) is E ~ 40 GeV. Below I assume that
the y-ray spectrum of the high X-ray flux levels does not possess a high-energy cut-off up to at

least a few tens of GeV. This requires the source to be at least ~ (103 — 104)Rg away from the
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inner accretion disc, depending on inclination, where R, = GM/ c? is the gravitational radius; the
distance may be lower than 103Rg if we observe the accretion disc from a face-on direction, which
is unlikely for a Seyfert 2 galaxy. I assumed that the y-ray source is located at the symmetry axis,
and I used the standard disc model of Shakura & Sunyaev (1973). To assess the maximum effect
of y-ray attenuation in thermal-radiation field of such a disc, I assumed that it accretes with the
rate M = Lggq/c?, and extends down to the innermost stable circular orbit (ISCO) at 6R;. I took
into account a compact, centrally located X-ray source matching the internal X-ray luminosity and
spectral index reported in Puccetti ef al. (2014); the exact geometry of this source is not important
for opacity to y-rays emitted far from it. Due to anisotropy of the radiation field, the cut-off energy
related with yy absorption depends on the viewing angle, see e.g. Cerutti ef al. (2011), but note
that the inner disc of the binary system considered in that work emits in soft X-rays whereas that

in NGC 4945 nucleus would emit in UV, so quantitative results are different.

On the other hand, by the causality argument, the y-ray source located more than ~ 1 light day
away from the X-ray source would not be able to respond to its changes in the manner indicated by
my results. Again assuming that the X-rays are produced by a compact source close to the black
hole, this constrains the distance of the y-ray source to < 104Rg. This, in turn, rules out edge-on
observing directions, with inclination angles > 70°, for which a larger distance is required by
the y-ray transparency condition. I note also that a detection of NGC 4945 above 100 GeV, with
a power-law spectrum extending from the LAT range, would contradict my findings, as photons
with such energies cannot escape from the region within 1 light day. In this context it is interesting
to note that NGC 4945 (as well as the other two Seyferts) has not been detected in this range so
far, although a detection is within reach of currently operating imaging atmospheric Cherenkov

telescopes.

A y-ray source located ~ (103 — 104)Rg from the central engine would be possibly related with
formation of a weak jet. A jet-like structure is indeed observed in NGC 4945 nucleus, and also
in NGC 1068 and Circinus, but such nuclear jets are commonly found in other Seyfert galaxies
as well (e.g. Gallimore et al., 2006; Elmouttie et al., 1998; Lenc & Tingay, 2009). The specific
conditions underlying the y-ray loudness of NGC 4945, NGC 1068 and Circinus may then involve
their high L/Lgqq values and the related changes in accretion flow. In particular, it may involve a
rapid increase of the jet velocity occurring when an inwards-moving inner disc edge in a source
making a hard to soft state transition approaches the ISCO, which is the preferred interpretation of
the disc-jet coupling, well-established in black-hole X-ray binary systems (e.g. Fender et al., 2004)
and observed also in AGNs (e.g. Marscher et al., 2002). Particles would then be accelerated by
an internal shock formed in the collision of a fast jet with a previously existing slower outflow.
Notably, Cerutti er al. (2011) estimate a similar distance (in units of R,) of the y-ray source for Cyg
X-3, where the y-ray emission is related with hard/soft state transitions (e.g. Corbel et al., 2012)
occurring at L/Lgqq similar to that of NGC 4945.

The y-ray spectrum of the low X-ray flux levels can be observed from a source located at
a smaller distance, ~ IOZRg; more precise estimates depend on the assumed geometry. E.g.,
the y-rays may come from an inner optically-thin flow, located within a few tens of R, if the
starburst activity of this galaxy accounts for the emission above ~ 10 GeV (see above). I note that

similar signals, pronounced only below ~ 1 GeV, cannot be excluded in other Seyfert galaxies,
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as presence of nearby sources often does not allow for a proper assessment of a signal at such
energies. Such a signal indeed may be present in the brightest in hard X-rays Seyfert galaxy NGC

4151, as discussed in the previous Chapter.




Chapter 6

10 years of AGILE observations of
Cygnus X-1

In this chapter I describe my search of a y-ray signal in AGILE data from the direction of Cyg X-
1. Between July 2007 and October 2009 AGILE operated in the pointing mode and it performed
several pointing observations of Cyg X-1. Since November 4 2009 AGILE has been operating in
a spinning mode, yielding a continuous increase of the accumulated dataset.

There have been several studies of Cyg X-1 data based on the first few years of AGILE ob-
servations (Sabatini et al., 2010; Del Monte et al., 2010; Chen et al., 2011; Piano et al., 2012;
Sabatini et al., 2013). They found no significant signal, except for three short flares described
below. Sabatini et al. (2013) considered observations performed until 2012 and no later analyses
can be found in literature. Motivated by the recent detection of y-rays from Cyg X-1 in LAT data,
I investigated the data from observations performed by AGILE over the time almost =~ 3.5 times
longer than in data used in previous studies, with about twice larger exposure time (details of this

estimation are explained in Chapter 6.3).

6.1 Cygnus X-1

Cyg X-1 is an archetypal (as described in Chapter 1), persistent black-hole binary, powered by
accretion from the OB supergiant HDE 226868. The binary is located at a distance of 1.86 + 0.12
kpc from the Earth (Reid et al., 2011), has a 5.6-day period and an inclination angle of the orbital
plane to our line of sight of (27.1 + 0.8)° (Orosz et al., 2011). The plausible mass ranges are
21-35 My, for the donor star and 10-23 M, for the black hole, with the most likely values of 27
Mg and 16 Mg, respectively (Zidtkowski, 2014). Cyg X-1 is the only high-mass X-ray binary in
our Galaxy with the compact object identified as a black hole. Being persistent and one of the
brightest X-ray sources, Cyg X-1 is an excellent object to study accretion processes.

As outlined in Chapter 1, Cyg X-1 displays the two main spectral states, hard and soft, which
are observed also in black-hole transients. In Cyg X-1, however, changes of the observed lumi-
nosity between the two states are small, by a factor of ~ 3. The isotropic bolometric luminosity is
estimated to Ligrg ~ 2% 1037 erg/s for the hard state and Lgof; =~ (6—7) X 10%7 erg/s for the soft state
(e.g. Gierlinski et al., 1997; Gierlifiski et al., 1999; Frontera et al., 2001; Zdziarski et al., 2002).

The corresponding Eddington ratios are estimated to Apaq =~ 0.01 and Agog =~ 0.03.

69



70 CHAPTER 6. 10 YEARS OF AGILE OBSERVATIONS OF CYGNUS X-1

Cyg X-1 is a variable radio source. In the hard state, the radio emission is produced by syn-
chrotron emission in a jet, which has been resolved at the milliarcsec scale and extends ~ 15 mas
from the source (Stirling et al., 2001). In the soft state, the radio emission is suppressed, indicat-
ing that the radio jet is not produced. A similar radio suppression in the soft state is observed in
other black hole binaries (e.g. Fender et al., 2004). Cyg X-1, however, does not show the radio
flaring (probably related with ejections of radio-emitting blobs) which is seen in other black-hole
systems. The jet likely inflates a shell-like structure aligned with it (Gallo et al., 2005), with a ~ 5
pc diameter. The total kinetic power of the jet estimated from measurements of the jet-powered
nebulae is (0.9 — 3) x 10%7 erg/s (Russell et al., 2007), which is comparable to Lyaq.

6.2 vy-ray observations

6.2.1 Persistent emission

y-ray emission from Cyg X-1 was first observed in the soft-state by CGRO/COMPTEL, which
measured the high-energy tail with a photon index of I' ~ 2.5 extending up to ~ 10 MeV (Mc-
Connell et al., 2002). The energy up to which the soft-state tail extends was unknown. The upper
limit for the soft state from AGILE, reported by Sabatini et al. (2013), ruled out extension of this
tail above 100 MeV.

A ~ 40 hint of y-ray signal from Cyg X-1 above 100 MeV was found by Malyshev et
al. (2013) in 3.8 yr of Fermi/LAT data. The signal appeared only when the source was in the
hard state. A significant, 8c-level, evidence for a persistent y-ray emission was later confirmed
by Zanin et al. (2016) and Zdziarski et al. (2017), who used 7.5 yr of Fermi/LAT data; again,
the signal above 100 MeV was found only for the hard state. They also found hints of y-ray
orbital modulation, which rules out production of y-rays in interaction between the jet and the
surrounding medium at large scales, and which could indicate that the y-rays are produced in
the jet through (anisotropic) inverse Compton scattering of stellar blackbody photons. However,
Zdziarski et al. (2017) found that the observed modulation is significantly weaker than that pre-
dicted if this was the dominant source of y-rays and favor production of y-rays by the synchrotron-
self-Compton process. Zdziarski et al. (2017) also claim a detection of Cyg X-1 in both the soft
and hard state in the 40-80 MeV range, which emission is interpreted as the high-energy tails of
the emission of the accretion flow; in both states the spectra are very steep and may correspond to
the high-energy cutoffs of the tails due to photon-photon absorption.

Although the 8 year LAT catalog has not been officially published yet, the FL8Y source list
(see Chapter 2.3.5) reports parameters of sources present in the region relevant for the analysis
of Cyg X-1 which consistent with those found by Zanin et al. (2016) and Zdziarski et al. (2017).
Then, I use them in my analysis. In particular, FL8Y includes the source FL8Y J1958.5+3512,
with o = 8.1 and I' = 2.29 + 0.12, found at the position of Cyg X-1 in the total 8-years dataset
(i.e. without the spectral state criterion).

Searches for steady signals at very high energies (above ~ 100 GeV), reported for 40 hr of
observations in 2006 with the first stand-alone MAGIC telescope by Albert et al. (2007) and for
97 hr of observations between 2007 and 2014 in the MAGIC stereo mode by Ahnen et al. (2017),
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yielded no positive results. However, the published upper limits are rather weakly constraining and

do not exclude extension of the power-law component measured by LAT into this energy range.

6.2.2 Flares

Strong hard X-ray flares are observed in Cyg X-1 on timescales of days and hours in both the soft
and the hard states (Cui et al., 2002; Golenetskii et al., 2003; Stern et al., 2001). There have been
several claims of flaring y-ray activity of Cyg X-1. Albert et al. (2007) reported a ~ 40 evidence
for an 80-minutes flare seen by MAGIC on September 24, 2006 from the Cyg X-1 direction. The
flare took place close to the superior conjunction (with the black hole behind the massive star),
when the opacity to photon-photon absorption in the stellar photon field is the highest. This makes
a detection of TeV photons produced in the jet within the binary system very unlikely, and favors
the emission originating far from the compact object, e.g. due to interactions of the jet with the the
surrounding medium. Then, mechanism producing the TeV photons would have to be different
from that producing GeV photons detected by LAT.

Three cases of transient emission were reported for AGILE observations, each lasting ~ 1 day.
In each case the reported photon flux above 100 MeV was about two orders of magnitude larger
than AGILE upper limits for steady emission. The first two events occurred in the hard state on
October 16, 2009 (Sabatini et al., 2010) and on March 24, 2010 (Bulgarelli et al., 2010). The
third one took place during the transition from the hard to soft state on June 30, 2010 (Sabatini
etal.,2013).

About 20 flares with TS > 9 where also found in the LAT data by Bodaghee et al. (2013). Inter-
estingly, three of them took place one or two days before the flares reported by AGILE. However,
Bodaghee et al. (2013) found that their distribution is consistent with that of random fluctuations

and concluded that those low-significance detections are likely spurious.

6.3 Data analysis

I analyzed Cyg X-1 observations including all the available data gathered between the beginning
of AGILE operation in July 2007 and September 2017. I took into account three datasets: (1)
the total dataset including all available data, (2) the dataset including data collected during the
hard state and (3) the dataset including data collected during the soft state. I used the criterion
for distinguishing the soft state from the hard state defined by Grinberg et al. (2013), indicating
the source to be in the soft (hard) state when the publicly available Swift/BAT daily count rate! is
lower (higher) than 0.09 counts/cm?/s. The resulting time intervals for the soft and hard state are
given in Table 6.1. My analysis extends previous studies of GRID data by including observations
performed after mid-2012. As seen in Figure 6.1, Cyg X-1 spent roughly equal amount of time in
the soft and hard states during this additional time.

Sensitivity of GRID observations depends on the off-axis angle (i.e. the angle between the
source position and the field-of-view center); see e.g. Tavani et al. (2009b) for the dependence
of the effective area on the off-axis angle. Due to the AGILE pointing strategy, the off-axis angle
of Cyg X-1 during the pointing observations ranges between 2.4° and 33°, (see (Del Monte et

'https://swift.gsfc.nasa.gov/results/transients/CygX-1/
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al., 2010)). During the spinning observations, the Cygnus region is most of the time in the field-
of-view of GRID, however, the sensitivity is reduced (due to larger, on-average, off-axis angle)
compared to the pointing observations, see Bulgarelli et al. (2012).

The effective exposure (taking into account off-axis angles, occultation by the Earth etc.) in
observations mixing the pointing and spinning modes can be compared using the output of the
AG_multi4 tool of the AGILE analysis software (see below), which gives the product of the ex-
posure time and the effective area averaged over the energy range (for an assumed shape of y-ray
spectrum). Using this information I found that the effective exposure for data used in my anal-
ysis is larger by a factor of ~ 1.8 for the hard state, compared to previous studies by Sabatini
et al. (2010) and Del Monte et al. (2010), and by a factor of ~ 2.5 for the soft state compared to
the previous study by Sabatini et al. (2013). Observations in the hard state contribute about 75%

and those in the soft state about 25% to such estimated effective exposure of the total dataset.
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Figure 6.1: Swift/BAT lightcurve of Cyg X-1 during the AGILE observations; the daily count
rate was taken from the BAT webpage (see text). AGILE observations in pointing and spinning
mode are indicated by the red and green color, respectively. The three flare events observed by
AGILE are indicated by the blue arrows. The black horizontal line represents the level used to
distinguish the hard (above the line) and soft (below the line) spectral states due to the counts
criterion described in Grinberg et al. (2013).

In the analysis I used the latest available version, AGILE_SW_5.0, of AGILE multi source
analysis software?>. GRID data are released with 2 available filters: FT3AB and FM (Chen et
al., 2013). Both filters have been used in published analysis results, e.g. Sabatini et al. (2010)
apply the former, while Sabatini ez al. (2013) apply the latter filter®. Both filters take into account
the South Atlantic Anomaly event cuts as well as 90° Earth albedo filtering. The AGILE Team
recommends the use of the FM filter*, which applies a more advanced background events selection,

for a standard likelihood analysis. However, the FT3AB filter, which is more permissive and keeps

Zhttp://agile.asdc.asi.it/publicsoftware.html
3Early publications, e.g. the first AGILE/GRID catalog (1AGL) Pittori et al. (2009), used another filter, F4.
4http ://www.asdc.asi.it/doc/AGILE_data_release_note_v14.0.pdf
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Hard state

Soft state

54435-55375
55672-55790
55889-55945
56020-56086
56718-56753
56759-56839
57009-57053
57103-57265
57325-57980

55391-55672
55797-55889
55945-56020
56086-56330
56338-56718
56839-57009
57053-57103
57265-57325
57980-58028

Table 6.1: MJD intervals for hard and soft states.

a larger set of events, is considered to be more effective in detecting sources with soft spectra
(which may be the case for Cyg X-1, given its LAT index of ~ 2.4). I used both filters in my
analysis. In some cases they gave different results, so below I present results obtained with both.
In both versions of the analysis I used only events confirmed as y-rays>. Count maps and exposure
maps were built for the 30° x 30° area, centered on the position of Cyg X-1 (Galactic coordinates
[ =71.335° and b = 3.067°), with the bin size of 0.3°. For each filter the corresponding calibration
and diffuse model files were used.

The analysis software gives the photon flux for model components fitted with VTS > 2 and
95% ULs for lower detection significance values. I follow this convention and in the next Section
I present the fitted flux for all cases with VTS > 2.

Models used in my analysis to fit the GRID data take into account y-ray sources located within
the radius of 10° around Cyg X-1. I considered two basic models of this region. The first one,
referred to as model G, includes only sources detected by GRID. This allows to compare my
results with previous studies of the AGILE observations. The second model, referred to as model
L, takes into account additional sources detected by LAT. This allows to investigate contamination
by all nearby y-ray sources.

Sources included in the models are shown in Table 6.2 and in the map in Figure 6.2. Note that
unlike TS maps for LAT observations, presented in Sections 4 and 5, the intensity maps produced
by the AGILE software do not subtract contribution from the background. Therefore, only strong
sources are visible on these maps.

Model G includes 5 sources, S1-S5, from the updated AGILE/GRID catalog® (1AGLR) of
bright y-ray sources Verrecchia et al. (2013). I included also 2 sources, detected after the publi-
cation of this catalog, S6 and S7, which are added into the model by the automatic LV9 AGILE
online pipeline tool’, but they appear unimportant for the results. On the other hand, I neglected
in model G source S15, which has been detected in the GRID data in the study of Cygnus region
by Bulgarelli ef al. (2012) (however, it is not reported in 1 AGLR), but it has not been included in
previous studies of Cyg X-1. This is a relatively bright source located about 2.5° from Cyg X-1,

and its inclusion in the model could affect the comparison with previous studies of the AGILE ob-

by setting filtercode=>5 in AG_ctsmapgen
®http://www.asdc.asi.it/agilelrcat
"http://www.asdc.asi.it/mmia/index.php?mission=agilelv3mmia



http://www.asdc.asi.it/agile1rcat
http://www.asdc.asi.it/mmia/index.php?mission=agilelv3mmia
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Figure 6.2: Intensity map of Cygnus X-1 for the total dataset with sources used in models G and
L, computed for the pixel size of 0.1° using filter FM, displayed with 3-bin Gaussian smoothing.
1AGLR sources are marked in black, FL8Y sources are marked in cyan, see Table 6.2. The scale

is in the units of counts cm™2 s~ sr™!. The circle around Cyg X-1 has the radius of 1.5°, which
corresponds to AGILE/GRID 68% point spread function at ~300 MeV, Sabatini et al. (2015).

servations. The remaining AGILE sources are concentrated in the region clearly visible in the left
bottom corner in Figure 6.2 and their distance from Cyg X-1 exceeds 4 degrees, so they should not
contaminate strongly the signal. Following the procedure used in 1 AGLR (and the previous 1AGL
catalog Pittori et al., 2009), 1 fixed the spectral indexes of all model G sources to 2.1, except for
the three brightest sources, S1-S3, for which spectral indexes were adopted from FLS8Y, see Table
6.2.

Model L includes additionally all known y-ray sources located within the radius of 3° around
Cyg X-1. FL8Y?® reports 9 sources in this area (apart from FL8Y J1958.5+3512, which is the
y-ray counterpart of Cyg X-1). Sources S15 and S16 were reported already in 3FGL (3FGL
J1952.9+3253 and 3FGL J2004.4+3338). Sources S8, S9, S12, S13 and S14 were detected in
Zanin et al. (2016) and Zdziarski et al. (2017) and they were included in previous analysis of LAT
data of Cyg X-1. S10 and S11 are new sources.

All bright y-ray sources located close to Cyg X-1 are young pulsars, some associated with
supernova remnants resolved by LAT, which are not expected to be variable. The most prominent

flaring source is S3 (i.e. Cyg X-3) located ~ 9° from Cyg X-1.

®https://fermi.gsfc.nasa.gov/ssc/data/access/lat/f18y/



https://fermi.gsfc.nasa.gov/ssc/data/access/lat/fl8y/
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Model name Catalog name r G L Counterpart name
AGILE Sources from 1AGLR

S1 1AGLRJ2021+4030 241 v v PSR J2021+4026
S2 1AGLRJ2021+3653 2.37 v v PSR J2021+3651
S3 1AGLRJ2033+4057 261 Vv V/ Cyg X-3

S4 1AGLRJ2031+4130 2.1 Vv V

S5 1AGLRIJ2016+3644 21 V V/

S6 AGLJ2024+4027 21 Vv

S7 AGLJ2019+3816 21 Vv

LAT sources from FL8Y

S8 FL8Y J2009.9+3544 2.20 v

S9 FL8Y J2004.8+3427 2.67 v

S10 FL8Y J2005.8+3356 2.07 v

S11 FL8Y J2002.4+3247 2.44 v

S12 FL8Y J1955.1+3322 2.47 v

S13 FL8Y J1948.9+3412 2.38 v

S14 FL8Y J1950.6+3456 1.85 v

S15 FL8Y J1952.9+3252 2.30 v/ PSR J1952+3252
S16 FL8Y J2004.3+3339 2.34 v

Table 6.2: List of sources used for modeling the area around Cyg X-1, including the AGILE-
detected sources and FL8Y sources located closer than 3° from Cyg X-1. The third column shows
the value of I" fixed for the source in the analysis. Columns G and L indicate, whether the source
is included in the corresponding model.

Table 6.3 shows the fitting results for sources with significant detections in my analysis of the
total dataset, and compares them with GRID and LAT catalog parameters. The remaining sources
were typically fitted with TS < 1. Among these sources not revealed in the GRID data, only S16
is reported in FL.8Y with both the photon flux and detection significance larger than those of Cyg
X-1 (and with a similar spectral index). This source is located at b ~ 1°, hence it is affected by
a stronger contamination by the Galactic background. Interestingly, although it is not detected in
fitting the total dataset, the intensity maps for the soft-state dataset in Figures 6.4 (dominated by
low energy photons) and 6.5 show a signal at its position. The remaining LAT sources which were
non-detected in my analysis are weaker than Cyg X-1, with only marginal detection significances
(5 60) reported in FL8Y.

yray | VTS Fy VTS Fy VIS Fy
source my analysis 1AGLR FL8Y

S1 539 172+04 | 153 15813 | 123 51.1+08
S2 337 94+03 85 6509 | 1756 334+05
S3 13.6 33x03 55 79%1.7 6.9 1.6 £ 0.3
S15 9.4 1.7+ 0.2 - - 109.3 9.3+0.2

Table 6.3: The detection significance and the measured photon flux for strong y-ray sources from
my analysis with filter FM of the total dataset in the energy range 0.1-50 GeV, compared with the
results from 1AGLR and FL8Y. F, is the photon flux above 100 MeV in the unit of 1077 ph/cm?/s.




76 CHAPTER 6. 10 YEARS OF AGILE OBSERVATIONS OF CYGNUS X-1

Filter T VIS ULorF, | VIS ULorF,

model G model L
hard state
M 21 1.1 <5.5 0 <28
FM 2.4 1 <173 0 <3
FT3AB 2.1 0 <31 0 <1.7
FT3AB 24 0 <43 0 <25
soft state
FM 211 25 7.6+32 1.4 <11.1
FM 24| 51 21.8+46 | 1.8 <17.7

FT3AB 21| 24 89+£39 | 0.8 <11.2
FT3AB 24| 43 21.7+5.1 3 190+ 6.4

total
FM 2.1 1.5 <53
FM 2.4 1 <6.1
FT3AB 2.1 | 0.3 <4
FT3AB 24 0 <58

Table 6.4: The detection significance and either the photon flux, F, (for VIS > 2), or 95%
confidence level UL on F), (for VTS < 2) in 0.1-50 GeV energy range, for the hard and soft state
and the total GRID dataset for Cyg X-1, analyzed using two GRID filters, two values of I fixed
for Cyg X-1 and two models of the region. F,/UL is given in the unit of 1078 ph/cm?/s.

For the strong y-ray pulsars, S1, S2 and S15, we see in Table 6.3 a large increase of the
statistical significance of GRID detections corresponding to the increase of the exposure time
compared to 1AGLR, which was constructed using only the pointing observations. S3 is a flaring

source, which likely affects the comparison with previous results.

6.4 Results

Tables 6.4 and 6.5 show results of my analysis of the three GRID datasets for Cyg X-1 with both
filters, FT3AB and FM, and for two values of spectral index, I' = 2.1 and 2.4; the former was used
in previous works on AGILE observations, the latter is close to the value measured by LAT in the
hard state.

Neither of the fitting results for the hard state shows any significant signal and the results are
consistent with previous studies, e.g. the UL for the hard state with model G, filter FT3AB and
I' = 2.1 in Table 6.5 is the same as found in Sabatini et al. (2010) for the same energy range
and using the same filter, I' and model components. We can also see that including additional
y-ray sources, known to be present close to Cyg X-1, in model L, allows to reduce the UL by a
factor of ~ 2 as compared to the values obtained with model G. Then, I use model L to compare
GRID upper limits with the LAT SED, adopted from Zdziarski et al. (2017), see Figure 6.3. We
can see that, below 1 GeV, the GRID upper limits for the hard state are by a factor of ~ 2 larger
than the flux measured by LAT. I conclude that AGILE is approaching the sensitivity needed for
detection of Cyg X-1 in the 0.1-1 GeV range and it could possibly be done with a few more years
of observations in the hard state.
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Filter r VIS ULorF y VTS ULor F,
model G model L

hard state

FM 2.1 1.3 <5.7 0 <25

FM 2.4 1 <171 0 <2.7

FT3AB 2.1 0 <35 0 <23

FT3AB 24 0 <52 0 <32
soft state

FM 21| 21 6532 07 < 8.7

FM 241 22 92+43 | 04 < 10.8

FT3AB 21| 22 79+38 0 < 8.2

FT3AB 24| 24 126 +£5 0 <11.5

Table 6.5: Similar to Table 6.4 but in 0.1-3 GeV energy range. This range was used in some
previous works, e.g. Sabatini et al. (2010). Results for the total dataset are the same as shown in
Table 6.4.

As noted above, the total dataset is dominated by observations performed in the hard state,
therefore, the fitting results as well as the intensity maps for these two datasets are similar.

Surprisingly, a weak y-ray signal is revealed in the soft state in some variants of the analysis.
However, these results are model-dependent, in a manner pointing to the influence of neighboring
sources. Fitting of model G with I' = 2.4 set for Cyg X-1 indicates a marginal detection with
VTS > 4 for both filters. Model L, however, reduces the significance of Cyg X-1 detection to
VTS < 2, except for filter FT3AB and I' = 2.4 in the 0.1-50 GeV range, where it is still ~ 3. I
found that the reduction of the signal from Cyg X-1 is most likely due to a proper inclusion of

S15, which is fitted in model L with parameters similar to those fitted for the total dataset.
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Figure 6.3: AGILE/GRID ULs for the energy flux, calculated with model L, compared with LAT
measurements of Zdziarski et al. (2017). The GRID data for the soft state were computed with
filter FM, filter FT3AB gives similar results. LAT data kindly provided by Andrzej Zdziarski.

Results of fitting in narrow energy ranges presented in Table 6.6, and consistently the com-
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parison of results presented in Tables 6.4 and 6.5 (higher TS in the former, including events with
energies above 3 GeV), indicates that the y-ray signal in the soft state of Cyg X-1 is mainly in-
duced by contributions of both photons with £ < 0.3 GeV and those with E > 3 GeV. Contribution
of the lowest energy photons, with E < 0.3 GeV, is significantly reduced in model L. compared to
model G. This again reflects a contaminating effect of S15, whose distance of ~ 2.5° is compara-
ble to the GRID PSF below 300 MeV. Interestingly, though, the intensity map for the soft state in
Figure 6.4, which is dominated by the (most numerous) low energy photons, shows a clear signal®
concentrated on the position of Cyg X-1. Also the UL for the soft state in the 0.1-0.3 GeV range,
shown in Figure 6.3, is a few times larger than the UL in the hard state, although both were derived
using the same model L (taking into account presence of S15).

Events with energies above 3 GeV are sparsely detected and even a single photon with such
energies can significantly affect the results. The AGILE analysis software does not allow to ex-
amine individual events in a manner similar, e.g., to gtsrcprob of the LAT analysis package.
Therefore, I was not able to investigate the nature of signal at £ > 3 GeV in more details (number

of events, their energies, distance from Cyg X-1, time of detection).

Energy VIS ULorF y VIS ULorF v
GeV model G model L
0.1-03 | 44 18508 | 0.6 < 16.5
0.3-1 0 <22 0 < 1.7
1-3 0 < 0.7 0 < 0.6
3-10 27 04+02 26 04+02
10-50 0.7 <39 0 <29

Table 6.6: The detection significance and either the photon flux, F, (for VTS > 2), or 95%
confidence level UL on F, (for VTS < 2) for the soft state with the assumed I'=2.4 for 5 energy
bands performed with FM filter for model G and L. F,/UL is given in the unit of 108 ph/cm?/s.
The corresponding ULs on the energy flux are shown in Figure 6.3.

As discussed above, inclusion of additional y-ray sources, most importantly S15, in modeling
the region around Cyg X-1, significantly affects the fitting results. This motivated me to revisit
also the three AGILE flares noted in Chapter 6.2.2. Results of my analysis are shown in Table 6.7.

I first fitted the GRID data for the flares using model G and for flares 1 and 2 I obtained
parameters similar to those reported by Sabatini et al. (2010) and Bulgarelli ef al. (2010). For flare
3 1 did not find a significant detection; Sabatini ez al. (2013) notes a low statistical significance for
their results concerning this flare candidate, but they do not report the flux or specific TS value.
With model L I found that the significance of flare 2 is also reduced below the detection threshold.
For flare 1 the signal remains marginally significant.

Then, I also analyzed the LAT data for the three Fermi 30 flares, reported by Bodaghee et
al. (2013), approximately coincident with the AGILE. In all three cases I found that using an
updated model of the region, i.e. including all FL8Y sources, gives TS=0.

-1

°this apparent signal, at the level of 3.5 x 10~* counts cm™ s™! sr™!, is better visible on the electronic version of this

figure
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Figure 6.4: Intensity maps of the Cyg X-1 region computed with filter FM for the hard (top) and
the soft (middle) spectral states and the total dataset (bottom) with the pixel size of 0.1°, displayed
with the 3-bin Gaussian smoothing. The circle with the radius of 1.5° around the position of Cyg

X-1 is the same as in Figure 6.2.
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Figure 6.5: Intensity map of the Cyg X-1 region computed for the soft spectral state, similar to
the middle panel of Figure 6.4 but using only events with £ > 1 GeV.

Fiter ~ TI' | VIS  F, VIS F,

model G model L
Flare 1
FM 211 38 1.6+06| 29 13+0.6
FM 241 37 2107 | 28 1.7x0.7

FT3AB 21| 48 25+08| 3.1 1.7+x0.7
FT3AB 24| 47 32+09] 29 23+09
Flare 2
FM 211 45 47+02 1

FM 241 44 59+02 | 0.8
FT3AB 2.1 | 2.3 3+1.9 0.9
FT3AB 24| 24 43+25]| 0.8

Flare 3
FM 2.1 2.0 <3.3 2.0 <16
FM 241 19 <4.1 1.9 <4.1

FT3AB 2.1 0.8 <27 0.7 <2.6
FT3AB 24| 0.7 <3.5 0.6 <34

Table 6.7: Fitting results for the three GRID flares, observed on 15/16 October 2009 (flare 1),
24/25 March 2010 (flare 2) and 30 June/2 July 2010 (flare 3), see Chapter 6.2.2, for two values of
I' fixed for Cyg X-1 and both GRID filters. The photon flux above 100 MeV, F), (for VTS > 2),
or UL (for VTS < 2), are given in the unit of 10°¢ ph/cm?/s.
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6.5 Summary and discussion

Recent detection of y-ray emission from Cyg X-1 by LAT motivated me to search for a signal
in the AGILE data. I extended previous works by including about 5 years of GRID observations
which were not analyzed before. I have not found a signal in the hard state and the lack of
detection is likely mostly due to a smaller effective area of GRID. Cyg X-1 is located in the
Galactic plane, therefore, details of modeling of the Galactic background may also affect the
analysis results. Here it is worth noting that LAT analysis uses probably a more accurate model
of ISM distribution, which is calculated on a finer spacial grid with 0.125° x 0.125° binning,
as compared to 0.25° x 0.25° bins used for GRID analysis; also, the ISM templates used for both
instrument use the CO 2.6-mm line as a tracer of ISM, but the LAT model improves it by including
an additional tracer involving the dust distribution!.

The effective area of LAT!! is by a factor of ~ 5 — 10 larger than that of GRID (given, e.g., in
Chen et al., 2013) below 1 GeV, and the difference increases with increasing photon energy above
1 GeV. Still, there were some cases when simultaneous observations gave detection by GRID
and no signal in LAT data, most notably for MWC 656 (see Chapter 1.4). Munar-Adrover et
al. (2016) argue that this may be explained by a favorable exposure in GRID, as both instruments
are characterized by a significant dependence of their effective areas on the off-axis angle.

AGILE is optimized for observations in the 100-400 MeV range. Indeed, my results presented
in Figure 6.3 indicate that the sensitivity of the accumulated GRID observations approaches the
level needed for a detection most closely in this energy range and the detection could be achieved
with a few more years of hard state data (assuming that LAT measurement properly represents the
persistent y-ray flux in this state).

A particularly interesting result could be obtained by including in my analysis the data for
energies below 100 MeV, where Zdziarski et al. (2017) claim a detection of Cyg X-1 in the LAT
data in both the hard and soft state (see their discussion of related uncertainties and of the physical
interpretation of this component), see Figure 6.3. However, the LAT PSF of several degrees in this
energy range makes this result subject to significant uncertainty related with confusion by nearby
sources and an independent hint for this y-ray flux would valuably complement this LAT finding.
The GRID effective area at 60 MeV is by less than a factor of 2 lower than at 100 MeV, then,
looking at LAT flux values and GRID ULs in Figure 6.3 it seems that a detection might be within
reach of GRID. Unfortunately, the GRID data below 100 MeV are not publicly available.

I updated the model of the region by including all y-ray sources reported by LAT. Actually, the
y-ray pulsar PSR J1952+3252 (S15) which has been detected in some previous studies of GRID
data, but missed in the studies of Cyg X-1 (see e.g. an explicit discussion of this issue in Del Monte
et al., 2010) appears the most important for the fitting results. Taking into account the presence of
this source, I obtained significantly undermined detection of the previously reported AGILE flares,
with a marginal ~ 30 significance remaining only for the first flare, observed in October 2009.
Crucially, only this flare was detected in the pointing mode.

Interpretation of the y-ray signal revealed in the soft state is somewhat ambiguous. After

subtracting the contribution from PSR J1952+3252, its significance is lower than 30, indicating

https://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/FSSC_model_diffus_reprocessed_v12.pdf
Thttp://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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that it can be a statistical fluctuation. Nevertheless, a clear concentration of the low energy photons
around Cyg X-1, seen in the intensity map, accompanied by detection of some events with £ > 3
GeV, is worth noting and encourages to search for flare events in the soft state data added in my

analysis.




Chapter 7

Summary and conclusions

The most widely accepted model of accretion at low accretion rates is that of optically-thin, hot
flows. Such flows are supported by the proton pressure, so proton energies must be high. Then, the
production of pions in collisions of these energetic protons should be the generic property of such
flows. If this is true, a lack of detection of a related y-ray signal could be regarded as an argument
against this class of models. In Chapter 3 I thoroughly investigated this prediction, considering
the dependence on several phenomenological parameters of MHD processes as well as black hole
spin and accretion rate. This was the first such a detailed study in literature. I found that although
indeed large amounts of y-ray photons are produced in hot flows, their escaping flux is severely
reduced by internal yy absorption. I conclude that the apparent y-ray quietness of low-luminosity
systems in general does not contradict the model predictions.

Still, for some parameters the predicted fluxes can be probed with the current sensitivity of
LAT. The major uncertainty of the model concerns the direct heating of electrons, which deter-
mines the accretion rate (and hence the density) for a given X-ray luminosity. I noted some effects
which seem to disfavor a strong direct heating (however, a conclusive estimation of this property
would require a direct X-ray fitting, which is beyond the scope of my thesis). The discussion be-
low assumes that the accretion power goes mostly to protons (and I emphasize that it is not valid
if this assumption is incorrect).

In Chapter 4 I compared the prediction of the model with several well-studied AGNs, for which
the available data allowed a robust determination of the nuclear luminosity scaled by the Eddington
value. I found that if most of the accretion power is used for the relativistic acceleration of a small
fraction of protons, the predicted y-ray flux exceeds the LAT upper limit for NGC 4258, NGC 7213
and NGC 4151 by a factor of several. Thus, the Fermi upper limits provide an interesting constraint
on the MHD processes that convert the accretion power into the kinetic energy of protons. Namely,
it should uniformly heat all protons rather than relativistically accelerate some of them (at most a
few per cent of the power may be used for such processes). Again, this is the first observational
estimation of such effects in literature.

If the nonthermal acceleration is weak, observable fluxes of y-ray photons are predicted for
weakly magnetized flows around rapidly rotating black holes. I found that for two Sefert galaxies,
NGC 7213 and NGC 4151, the LAT upper limits rule out this combinations of parameters.

For NGC 4151 I found a y-ray signal with over 40 significance in the LAT data. This result is

somewhat ambiguous due to the presence of nearby BL Lac object, but I note further arguments
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(in particular, a clear concentration of the signal below 1 GeV around NGC 4151) supporting the
reality of the y-ray signal originating from NGC 4151. I note that future observations with e-
ASTROGAM can verify if the signal is related with hadronic processes, as characteristic 7°-decay
features below 1 GeV would be easily measured with the planned sensitivity of this instrument.

The y-ray loud Seyfert 2 galaxies radiate at a much higher Eddington ratio than other nearby
AGNs, possibly as a result of enhanced fueling that is related with starburst activity in their nuclear
regions. I considered in detail one of these galaxies, NGC 4945, where X-ray emission from the
nucleus can be directly probed. In Chapter 5 I presented a novel approach to investigate its y-ray
variability by analyzing the LAT data selected based on the X-ray flux level. The y-ray spectrum
appears to be correlated with the X-ray luminosity, with changes of the y-ray signal independently
seen at low and high y-ray energies. The X/y-ray correlation is indicated by all datasets (compris-
ing between ~ 1 and 4 years of LAT data) selected using the X-ray flux criterion, while datasets
neglecting this criterion are consistent with representing a non-varying y-ray emission. I have
thoroughly tested the dependence of my results on the approach to data analysis.

The correlation implies that dominating contribution to the observed y-ray emission comes
from the active nucleus of NGC 4945 and this constrains the efficiency of y-ray production related
with starburst activity. The implied limit on the radiative efficiency (with < 20% of the cosmic ray
power lost in pionic interactions, if the IR luminosity is used as a measure of the star-formation
rate) is slightly lower than the efficiencies assessed for NGC 253 and M §2.

The nature of this nuclear y-ray source may be different at low and high X-ray luminosities.
At the latter, the y-ray transparency and the causality conditions require the source to be located
~ (10° - 104)Rg away from the central black hole, if an inner optically-thick disc is present and
the X-ray source is close to the black hole. I speculate that such a y-ray emitting site may appear
as a result of an inwards collapse of accretion disc, associated with the increase of luminosity.
Then, it may manifest the disc-jet connection established in other accreting systems. At low X-ray
luminosities, the source may be located much closer to the black hole.

I noted similarities between NGC 4945, NGC 1068 and Circinus (similar Eddington ratios
of high-energy emission, lack of TeV detections, unlikely high efficiencies of y-ray production
in starburst scenario) which I regard as a further argument for a dominating contribution of their
active nuclei to the y-ray emission.

I also took into account observations from the second operating y-ray satellite, AGILE. Al-
though I used data set for Cyg X-1 about twice longer than used in previous studies, I found that
it is still not sufficient to confirm the LAT detection of this source. I investigated and discussed
effects related with a proper modeling, including all y-ray sources in this region of sky, which

affects, in particular, parameters of flares previously reported from this black hole binary.




Symbols, definitions and abbreviations

Symbols and constants

L Luminosity; bolometric luminosity is meant if the energy range is not specified by the
subscript

a Dimensionless black hole spin parameter, equation (1.1)

B The ratio of the gas pressure (electron and proton) to the magnetic pressure

o The fraction of the dissipated energy that directly heats electrons

p Energy content of nonthermal protons; it also gives the efficiency of their relativistic

acceleration, because protons retain the distribution achieved in the heating/acceleration

process
r y-ray photon spectral index
Fy Integrated photon flux in the y-ray range; the flux above 100 MeV is meant if the

energy range is not specified

Fx» Fx Daily and average, respectively, BAT count rates, used in Chapter 5

oT Thomson cross-section for electron scattering
T Thomson optical depth

Mg Mass of the Sun

Lggq Eddington luminosity, equation (1.3)
my Proton mass

G Gravitational constant

c Speed of light

Z Atomic number

Mg = Lgga/c?

A = L/Lgdd

M Accretion rate in physical units

85



86 CHAPTER 7. SUMMARY AND CONCLUSIONS

1 = M/Mgad

Ry Gravitational radius, equation (1.2)
R Distance in physical units

r = R/R,

Abbreviations

1AGLR  Updated catalog of AGILE/GRID bright y-ray sources

3FGL The Third Fermi Gamma-Ray LAT Catalog

AGN Active Galaxy Nucleus

BAT hard X-ray detector on board Swift satellite
BHB Black hole binary

CTA Cherenkov Telescope Array

FL8Y Fermi/LLAT 8-year Point Source List; see the note in Chapter 2.3.5
FOV Field of view

FT3AB, FM Filters used in AGILE/GRID data analysis

GR General relativity

GRID Gamma-ray Imaging Detector on board AGILE satellite

HMXB High-mass X-ray binary

IACT Imaging Air Cherenkov Telescope

IR Infrared
IRF Instrument response function
LAT v-ray detector on board Fermi satellite

LMXB Low-mass X-ray binary

MC Monte Carlo

MHD Magnetohydrodynamic

P7REP Fermi/LLAT data releases, see Chapter 2.3.3
Pass 7 =

Pass 8 =

PSF Point Spread Function
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ROI

SED

TS

UL

Region of interest
Spectral energy distribution
Test statistics

Upper limit, 95% confidence level ULs given in all cases
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