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Abstract

Despite the long history of studies of active galactic nuclei (AGN), details on the

structure of the accretion mechanism are far from clear. The work presented in this

thesis is directed at unveiling properties of the structures in AGN through broad-

band X-ray spectroscopy, with particular emphasis on broad X-ray band using XMM-

Newton+NuSTAR+Swift (0.5–110.0 keV) data. With its unprecedented spectral sensi-

tivity in this energy band, the combination of these telescopes provides the key obser-

vational diagnostics of the properties of the AGN X-ray source, the corona, and the

surrounding gas in the accretion disk and the torus.

In this thesis we focused on the study of of Low-luminosity AGN (LLAGN),

aiming at disentangle their inner structure, with emphasis on the reflection and the

accretion mechanism. The first part of the document is centered on the develop-

ment of the methodology and its application to one particular LLAGN, NGC 3718

(L/LEdd ∼ 10−5). Developing a methodology to study properties of potential reflec-

tors and explore the improvement in the spectral index estimation considering high

energy data and torus or disk like reflection models. We found that the inclusion of

these models and high energy data allows to place strong constraints on the geometry

and physical features of the surroundings as well to obtain more restricted values of

a torus and a disk reflector.

Then we applied this methodology to a sample of 17 LLAGN from BASS/DR2

combining observations from XMM-Newton, NuSTAR and Swift and applying the

same methodology that was previously developed in the first work in NGC 3718.

From the analysis of the X-ray data of the AGN sample, we found a relation which

is indicative of a change in the column density of the torus like reflector at lower ac-

cretion rates. Also, we confirm an anti-correlation between Γ-Eddington ratio with

smaller scatter than previously reported, thanks to the inclusion of high energy data

and the reflection models. The change in the correlation Γ-λEdd at ∼10−3 that we

found is in agreement with a different accretion mechanism compared with higher

accretion AGN as was previously reported in the literature.
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CHAPTER 1

Introduction

Just over a century has passed since the first observations of active galactic nuclei

(AGN) were recorded. As AGN continued to be discovered over the following years

it became clear that they were among the most powerful energy of persistent objects

in the Universe and we now know that they are extremely luminous over the whole

electromagnetic spectrum. For many decades these energetic phenomena, residing at

the centre of galaxies, were largely considered rare, yet fascinating, objects to study.

It is supposed that AGN are powered by matter falling into supermassive black

holes (SMBH) with masses that can be of 108M⊙ or more (Rees, 1984). These powerful

engines undergo one of the most efficient processes to convert matter into energy.

The study of their emitted radiation can be used to probe general relativistic effects

and to study black hole (BH) growth. Especially at X-ray wavelengths, thought to be

emitted in the direct proximity of the central SMBH, we can learn about the behavior

of matter and radiation in extreme gravitational fields. Despite the fact that these

exotic objects have been known for more than a century, many mysteries connected

to AGN accretion and evolution remain unsolved, making this one of the most active

research fields in Astrophysics.

In addition, in order to explain the variety of AGN observed in the universe, a

Unified Model (UM) for AGN was proposed (Antonucci, 1993), where the idea is that

AGN can be unified through an orientation based scheme where a toroidal structure

(usually known as the torus) plays a key role. According to this model, AGN can be
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CHAPTER 1. INTRODUCTION

classified as type I or II depending of the inclination relative to the obscuring torus. If

we observe the AGN through the torus, the emission of the inner source will be atten-

uated and several emission features may be missing, then they are classified as type

II. In the opposite case, if we get a direct view of the inner AGN source and the torus

contributes to the observed spectrum only through its emission, and they can be clas-

sified as type I. However, this simplistic model cannot explain certain characteristics

observed in the variety of the AGN family. For instance the decrease of the fraction

of absorbed objects with the luminosity (and the accretion rate) of AGN (Ricci et al.,

2017a), and consistent with the scenario in the infrared, (González-Martı́n et al., 2017),

who found a relation between the luminosity of the AGN and the covering factor of

this toroidal distribution. In fact, these authors found that there is a decrease in the

torus emission in the low luminosity regime, pointing to a possible disappearance of

the torus in low luminosity sources. However, it is not clear how change the properties

of the torus in the X-rays in this luminosity regime. We can use the X-ray spectra also

to study the properties of the gas geometry and to put constrains in properties of this

structure analysing the reflection. In this thesis we are going to study changes on the

gas in the torus with the accretion rate, using the reflection to infer properties as the

column density or the covering factor and study their evolution with the luminosity

in a sample of AGN.

In this chapter, I provide an overview of AGN as a phenomenon. In the first sec-

tion I will give a brief summary of the steps in astronomy history that lead us to the

knowledge on AGN we have today (see Sec. 1.1). In the sections afterward I will ad-

dress the physics behind AGN and SMBH (see Sec. from 1.3 to 1.5). I end the chapter

with a discussion of the X-ray observed in AGN (sect. 1.6) and an overview of astro-

nomical X-ray instruments, discussing the observatories most relevant in this thesis,

in particular XMM-Newton, NuSTAR and Swift (see Sec. 1.7).

1.1 Active Galactic Nuclei

The term AGN is used to define the center of galaxies containing a SMBH (MBH ∼106-

109 M⊙, where M⊙ is the solar mass) that is efficiently fed by material through an

accretion disk (e.g., Kormendy & Richstone 1995; Kormendy & Ho 2013). As the name

implies, AGN are stronger emitters (∼1036 - 1048 erg s−1, Peterson 1997) than the nuclei

of “normal” galaxies, as for example the Milky Way, which releases ∼1034 erg s−1

(van den Bergh, 1999) and it is assumed, that accretion onto a supermassive black hole

2



1.2. A PANCHROMATIC VIEW OF AN AGN

(SMBH) is the mechanism responsible for such a high energy release (Rees, 1984).

AGN have many interesting properties, including: (1) they emit across the whole

electromagnetic spectrum, from γ rays to sub-mm, and can be detected up to high

redshifts (currently z = 7.1: Mortlock et al. 2011); (2) rapid variability of their nuclei at

different frequencies from radio to gamma rays (e.g., Hernández-Garcı́a et al. (2014));

(3) Its spectrum contains strong emission lines, mainly found in the infra-red and opti-

cal/UV part of the spectrum, with line ratios that are typical of excitation by no stellar

radiation field; and (4) an unresolved nucleus with small angular size.

The most notably distinct observational characteristic of AGN is the presence of

emission lines with widths upwards of thousands of km s−1. Also, the presence of

narrow, non variable forbidden emission lines is a distinguishing observational fea-

ture of some AGN. Another observational aspect of AGN is that the continuum spec-

tral distribution is very distinct from an integrated stellar continuum characteristic of

normal galaxies. From the Observational point of view, AGN are very blue.

As you can see, AGN are very complex and interesting objects. Then, in the fol-

lowing I introduce how AGN look at different wavelengths (Sect. 1.2), then their clas-

sification (Sect. 1.4), the different components that constitute an AGN (Sect. 1.4), then

the unified model (Sect. 1.5), the X-ray properties of AGN (Sections 1.6 and 1.7), and

the context and focus of this thesis (Section 1.8).

1.2 A panchromatic view of an AGN

The emission of AGN cover the entire electromagnetic spectrum ranging from radio

emission right up to γ-rays. The spectral energy distribution (SED) of AGN is complex

because their spectra are due to a combination of various physical processes that take

place in different regions around the SMBH. Then, different wavelength regimes pro-

vide different windows of AGN physics. In the the optical/ultraviolet (UV) band, the

thermal emission from the accretion disk is observed, the infrared (IR) band is mostly

sensitive to thermal emission from the dust heated by the primary UV radiation, while

the X-ray band traces the reprocessed emission of the primary optical/UV emission

from hot gas; the radio emission, due to synchrotron radiation, which can be relatively

strong (radio-loud AGN) or weak (radio-quiet AGN). The sum of the different com-

ponents emitting at these wavelengths give place to the typical SED of AGN, which is

shown in Fig. 1.1 as a schematic representation from radio frequencies to hard X-rays.

In the following I will describe some of the most prominent characteristics of AGN in

3



CHAPTER 1. INTRODUCTION

Figure 1.1: Schematic representation of the AGN SED (black curve), based on the observed

SEDs of radio-quiet quasars (e.g., Elvis et al. 1994). The different colored curves (with an

arbitrary offset) represent the physical components (see Section 1.2). Note that the primary

emission from the AGN accretion disk peaks in the UV region. Radio loud AGN have radio

emission that can be several orders of magnitude higher than radio-quiet AGN (shown with

the labeled red).

different wavebands.

1.2.1 Radio emission

The dominant emission process in the radio band is synchrotron emission, i.e. radi-

ation by charged particles gyrating at relativistic velocities through magnetic fields.

Being of non-thermal origin, this emission is parameterized by a power law of the

form Sν ∝ ν−α where Sν is the flux density [expressed in Jy] at frequency ν, and α is

the spectral index.

It is found that ∼10% AGN are strong radio sources (radio loud - RL) while other

have much weaker emission at radio wavelengths (radios quiet - RQ) (Padovani et al.,

2011). Historically, the distinction between radio-loud and radio-quiet objects is based

on the radio loudness parameter Kellermann et al. (1989), R = FR/Fo, which is defined

as the ratio of monochromatic luminosities at the radio (5 GHz) and optical (B band

at 4400 Å), where RQ objects are characterised by relatively low radio-to-optical flux

density ratios (R≤10) .

4



1.2. A PANCHROMATIC VIEW OF AN AGN

1.2.2 Infrared emission

The emission in the infrared (IR) has a thermal origin and is due to dust grains that

re-radiate the absorbed optical and ultraviolet photons emitted by the AGN as well

as by stars in their host galaxies. (Perez Garcia et al., 1998) using Infrared Space Ob-

servatory (ISO) observations showed that the integrated mid-infrared (MIR) and far-

infrared (FIR) thermal emission of some AGN, can be modeled with a combination

of three different components: warm (T∼150 K), due to dust heated by the AGN. The

cold component (T∼ 40-50 K) comes from dust heated by star-forming regions and the

very cool component (T∼ 10-20 K) arises from dust heated by the general interstellar

radiation field of the galaxy. The IR spectrum is consistent with thermal emission from

dust forming a torus around the SMBH, where the dust is heated by the ionizing ra-

diation from the accretion disk. Also, superimposed to this continuum, the polycyclic

aromatic hydrocarbons (PAH) features are observed and which can be considered to

be originated in very small amorphous carbon dust grains or very large carbon-rich

ring molecules (e.g. Draine & Li 2001). The most prominent, well-known PAH emis-

sions, are the 6.2µm, 7.7µm, 8.6µm, 11.2µm and 12.7µm bands (e.g. Weedman et al.

2005).

In addition, The IR continuum seems to vary in the same manner as the optical/UV

emission, but with a time delay corresponding to the light travel-time between the

central, compact optical/UV-emitting region and the much more distant dust grains

(e.g., Clavel et al. 1989). Then, from the observed delays, we can infer the position

of the emitting dust from the nucleus (See for example, Arévalo et al. 2009; McHardy

et al. 2014; Lira et al. 2015).

Furthermore, observations at the end of the far-infrared band show a sub-

millimeter break, which is normally attributed to the rapid loss of efficiency of dust

grains at longer wavelengths.

1.2.3 Optical-UV emission

The most notable feature observed in the optical/UV spectra in AGN is the so-called

big blue bump (BBB). Its origin is attributed to the thermal emission, very likely from

the accretion disk surrounding the black hole (e.g., Shields 1978; Malkan & Sargent

1982), and it is modeled as a multi-color blackbody spectrum, as can be seen in the

dot-dot-dashed dark blue line in Fig. 1.1.

A detailed analytical description of the disk structure has not been possible so
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CHAPTER 1. INTRODUCTION

far. The main reason for that is the lack of a proper understanding of the viscous

processes that lead to the transport of angular momentum. Nevertheless, Shakura &

Sunyaev (1973) proposed a useful approximate solution to the problem of the angular

momentum transport, applicable to geometrically thin but optically thick accretion

disks, with a constant rate of accretion. In this model, the rotation is assumed to be

Keplerian and the disk is in a steady state and the viscosity (called alpha viscosity)

can be approximated as v = αcsH, where cs is the speed of sound, H the disk thickness

and α is a parameter between zero (no accretion) and approximately one (maximum

rate of accretion). This parametrisation has been useful in algebraically expressing the

disk properties.

According with Pringle (1981), in a geometrically thin, optically thick disk, and

assuming the conservation of mass and angular momentum, the energy dissipated

per unit surface per time in the disk can be expressed as:

D(R) =
3GMBHṁ

8πR3

[
1 −

(
RISCO

R

)1/2
]

(1.1)

Where G is the gravitational constant, ṁ denotes the rate of matter being accreted,

MBH is the black hole mass and RISCO is the radius of the innermost stable circular

orbit.

According with this equation, the dissipated energy does not depend explicitly on

viscosity. This allows us to study the emission of AGN and derive results without

the need to understand in detail the exact energy dissipation mechanism. Assum-

ing, in addition, that the liberated energy can be dissipated locally, meaning that the

disk is optically thick at every radius, and as a result, each disk annulus at radius R

emits a black body radiation, the disk temperature can be estimated using the Stefan-

Boltzmann law. Combining this with equation 1.1, the disk temperature profile is,

hence, given by:

T(R) =

{
3GMBHṁ

8πR3σ

[
1 −

(
RISCO

R

)1/2
]}1/4

(1.2)

where σ is the Stefan-Boltzmann constant1. For large radii, R≫RISCO, the above

equation is simplified to:

T(R) =
{

3GMBHṁ
8πR3σ

}1/4

(1.3)

1σ = 5.67×105 erg cm2 s1 K4

6



1.2. A PANCHROMATIC VIEW OF AN AGN

which shows that the disk temperature increases closer to the black hole, having

the radial dependence of T∝ R3/4. This is an important prediction which can be tested

by observations. Expressing the various parameters in terms of typical AGN values,

the equation above can be further reduced to:

T(R) ≃ 2.8 × 105
(

ṁ
˙mEdd

)1/4 ( MBH

108M⊙

)−1/4 ( R
6Rg

)−3/4

[K] (1.4)

Thus, for a a given accretion rate, the disk temperature is larger for less massive

black holes, while for a given black hole mass, the disk temperature increases with the

accretion rate. For typical values of the accretion rate and the black hole mass, the disk

temperature reaches values of the order of 105 K. Such large temperatures can explain

the BBB in the optical spectra of AGN.

Finally, we will see the predicted spectrum of the accretion disk emission. Fol-

lowing the assumptions made above, one may conceptualise the disk radiation as the

sum of black body emissions, each originating from a disk annulus with radius R and

width ∆R. Subsequently, the total disk emission is given by:

Fν ∝
∫ RISCO

Rout

Bν(T(R))2πRdR (1.5)

where Bν is the Planck function describing the black body emission and T(R) is

the temperature at each radius as given by equation 1.2. For frequencies hν≫ kTmax,

where k is the Boltzmann constant, h denotes the Planck constant, and Tmax is the

maximum temperature of the disk, the disk emission follows a Wien-like exponential

drop, which corresponds to the high-energy spectral emission of the hottest annuli.

hν≪ kTout, where Tout is the temperature at the outer disk, the disk emission follows

the Rayleigh-Jeans tail of the coolest annuli. Finally, in the intermediate range k Tout

≫hν≫ kTmax one, starting from equation 1.5, may show that the disk emission follows

a power-law distribution of F∝ ν1/3.

A typical disk spectrum is shown in Fig. 1.2. The spectrum increases with energy,

exhibiting a hump feature in the ultraviolet before dropping exponentially. The accre-

tion disk emission has been found to reproduce well the observed spectrum of high

luminosity AGN as quasars (Malkan & Sargent, 1982).

To sum up, the black hole/accretion disk assumption has been quite successfully

in explaining several observational characteristics of AGN, among which the emission

of large luminosities from a small region and the BBB.

Also, The optical/UV emission of obscured AGN, is affected by contamination
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Figure 1.2: The spectrum of an accretion disk that emits locally a black body. The

units along both axes are arbitrary. T0 represents Tout and Ti is Tmax. Taken from:

https://personal.sron.nl/

from the host galaxy and intrinsic reddening caused by dust. In the most obscured

galaxies the main component of the optical continuum is the starlight from the host

galaxy, although a featureless emission is also found to contribute significantly to the

spectrum. In addition, the optical spectrum shows strong broad permitted emission

lines in some types of AGN as well as narrow forbidden and permitted emission lines

superposed on the continuum.

1.2.4 X-rays and γ-ray observations

Active galactic nuclei are generous emitters of X-rays and up to γ-rays, with some of

them being luminous X-ray Sources (Elvis et al., 1978). The X-ray emission come from

the central engine: the inner region of the accretion disk or from the corona (see section

1.6, for more details). On the other hand, γ-rays are linked to the presence of relativis-

tic jets, they are thought to be produced by inverse Compton effect on synchrotron

photons within the jet (Zhang & Cheng, 1997). Both X-ray and γ-ray emission can be

modelled with a power-law (Fν ∝ ν−α, where α is the energy index), being described

with an spectral index (Γ, where Γ=α+1).
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1.2.5 Indicators of bolometric luminosity

The luminosity over the full electromagnetic spectrum by the AGN is defined as the

bolometric luminosity LBol . The characterization of LBol is a challenging task for sev-

eral reasons. For example, we need to take into account the contamination from the

host galaxy to the nuclear emission. The main limitation is that much of the rest-frame

UV SED is hidden, either due to galactic absorption in low redshift objects, or inter-

galactic absorption in high redshift objects, then, this is a source of uncertainty and

specially relevant for low luminosity AGN (LLAGN). Additionally, due to the nature

of the multi-wavelength feature of the AGN emission, observations from a variety of

telescopes are necessary in order to build up complete and detailed SED.

Unless a wealth of multi-photometric data are available, it is necessary to use the

so-called bolometric correction to derive the AGN bolometric luminosity. This param-

eter is defined as the ratio between the bolometric luminosity and the luminosity in a

given spectral band, b, i.e. Kb = LBol/Lb. One of the first attempts to derive the bolo-

metric correction was carried out by Elvis et al. (1994), who estimated the bolometric

correction in different bands using a mean energy distribution from a sample of 47

AGN. Later, Shankar et al. (2004) gave a preliminary estimate of the hard X-ray bolo-

metric correction, while Marconi et al. (2004) derived an estimate of the bolometric

corrections in the optical B, soft and hard X-ray and IR bands, similarly to Hopkins

et al. (2007). However Vasudevan & Fabian (2007) studied a sample of 54 X-ray bright

(LX > 1043 erg s−1) AGN, pointing out that particular classes of sources (as radio-loud

or X-ray weak sources) might have different bolometric correction relations than the

rest of the AGN population. Lusso et al. (2012) analyzed a sample of about 900 X-ray

selected AGN deriving the bolometric corrections in the same bands as Marconi et al.

(2004), separately for type 1 and type 2 sources, and valid for approximately three

orders of magnitude in luminosity. Netzer (2019) provided simple power-law approx-

imations of the bolometric corrections in the optical and hard X-ray bands, obtained

by combining theoretical calculations of optically thick, geometrically thin accretion

disks, and observational X-ray properties of AGN. Very recently, Duras et al. (2020)

analysed a sample of ∼1000 type 1 and type 2 AGN, obtaining two bolometric cor-

rections in agreement in the overlapping luminosity range. They found a K2−10 =

LBol/L2−10 constant at log(LBol/L⊙) <11, while it increases up to about one order of

magnitude at log(LBol/L⊙) ∼14.5.
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Figure 1.3: Typical structure (not on scale) of an AGN. Adapted from:

https://www.isdc.unige.ch

1.3 Anatomy of an AGN

In the following we specify the main components of AGN, from the smallest scales

outward and illustrated in Fig. 1.3:

The Supermassive Black Hole:

It is now widely accepted that most massive galaxies contain a SMBH at their center

and this is the source of gravity powering the nuclear activity. From the short time

scales variations observed in AGN it is possible to obtain an upper limit on the size of

the central source, which together with mass estimates point towards very high densi-

ties, in a relatively tiny place. In fact, some AGN are near and massive enough which

make possible to measure the angular size. For instance, the Event Horizon Telescope

used interferometry at sub-mm wavelengths to image the black hole shadow in M87

(Goddi et al., 2019) and, recently Sgr A* (Event Horizon Telescope Collaboration et al.,

2022).

The estimation of the black hole mass is a very complex process as the SMBH

is invisible. In the following we summarize some approaches used to estimate this

parameter:

1. Reverberation mapping: it is based on the time delay (or lag) between flux vari-

ations in the ionizing continuum of the AGN and flux variations from the sur-

rounding region being irradiated (the broad line region - BLR) (Blandford & Mc-
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Kee, 1982; Kaspi et al., 2000; Peterson & Horne, 2004). Changes in the radiative

flux lead to changes in the reprocessed emission, so the light curves of the two

regions should be strongly correlated. However, since the light from the repro-

cessed emission has to travel an additional distance to get to us, the variations in

the reprocessed emission will arrive later than the variations in the ionizing flux.

The supermassive black hole mass, MSMBH, can be estimated using the following

equation:

MSMBH =
RBLRv2

G
∝

cτv2

G

Where RBLR is the distance from the central source to the BLR, c the speed of

light, v the cloud velocity and G is the gravitational constant.

2. The BLR size-luminosity relationship: measure the BLR size with the reverber-

ation mapping technique requires long-term monitoring of the continuum and

emission line fluxes, then it was proposed by Kaspi et al. (2000) using obser-

vational data from 34 nearby AGN, an empirical relation between the BLR size

(RBLR) and the optical continuum luminosity at 5100 Å (L
5100Å

). This relation

has often been used to estimate the BLR size and then MSMBH. The connection

between the black hole mass and L
5100Å

is given by:

MSMBH = 4.817 ×
(

λL
5100Å

1044[ergs−1]

)0.7

FWHM(Hβ)
2

where FWHM refers to the full width at half maximum of the broad component

in the Hβ emission line. Due to observational limitations, this relation can only

be used for objects at low redshift. At high redshift, the line is present in the

near-infrared band, so other emission lines such as MgII and CIV are used (see,

e.g., Netzer et al. 2007 for more details).

3. The MSMBH-σ relation: MSMBH, has been found to correlate with several global

properties of their host galaxies (see, e.g., Kormendy & Ho 2013; Ferrarese &

Ford 2005; Shankar 2009; for reviews), including bulge mass and stellar velocity

dispersion, suggesting a link between galaxy growth and the SMBH. All studies

point to a connection between these quantities as MSMBH ∝ σ4.
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Corona

It is widely accepted that the primary X-ray emission from the AGN arises from opti-

cal/UV photon inverse Compton scattered by a corona of hot and relativistic electrons

situated above the SMBH. This Comptonized emission has the shape of a power-law,

of the form:

Nph[photonss1] = AEΓ

where Nph is the number of photons emitted per unit time and energy, with a

photon index of typically Γ ∼1.8 - 2 (Nandra et al., 1997). A is a constant and E

represents the energy. The power-law continuum shows in most cases a high energy

roll-over located at a few hundred keV and is mainly related to the temperature of the

electron plasma in the corona (Liu et al., 2003).

There are several possible scenarios to describe the nature and morphology of the

corona (see Figure 1.4). One possible scenario is the lamp-post model, in which the

corona is a point-like source above the SMBH and along its spin axis (see Niedźwiecki

et al. 2016 and references therein). This configuration could arise at the base of a jet,

for example (Vincent et al., 2016). If the corona is formed instead in the atmosphere

of the accretion disk, we would observe a sandwich corona configuration. Another

possibility is a spherical or toroidal corona, which could be formed by the accretion

flow from the disk to the black hole (Bambi et al., 2017).

The Accretion Disk:

The most accepted theory is that accretion onto the SMBH is the mechanism respon-

sible of the high energy in AGN (Rees, 1984), where in an optically thick and geo-

metrically thin rotating disk formed from in-falling material and looses its angular

momentum through friction within the disk. It radiates thermally (with the innermost

regions being hottest) and is the primary source of electromagnetic radiation due to

accretion.

The accretion is limited by the radiation pressure. At high accretion rates the lu-

minosity increases and so does the outward force exerted by the radiation (Frad). On a

free electron this force is:

Frad =
LσT

4πr2c
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Figure 1.4: Examples of possible corona geometries: lamp post geometry (top left), sandwich

(top right), toroidal (bottom left) and spherical (bottom right) (Bambi et al., 2021).

where L is the luminosity, r is the radii, c is the speed of light and σT = 6.65 × 1025

cm2 is the Thomson cross-section. The radiation pressure balances the gravitational

force (FG = G M mp/r2, where mp is the mass of the proton) at the so called Eddington

luminosity. For a fully ionized medium in a spherically symmetric geometry such a

luminosity is

Ledd =
4πMmpc

σT
≃ 1.5 × 1038(M/M⊙)[erg s−1]

The Eddington luminosity can be written, in terms of accretion rate as LEdd =

ηṀEddc2. Thus, the accretion rate of a disk radiating at the Eddington luminosity is

ṀEdd =
Ledd

ηc2 =
4πMmp

ηcσT
≈ 1.5 × 1038(M/M⊙)[M⊙ yr−1]

The ratio between the bolometric luminosity of an object, LBol , and its Eddington

limit is called the Eddington ratio:

λEdd =
LBol

LEdd

Objects with λEdd <1 are accreting in the sub-Eddington regime, while those with

λEdd >1 in the super-Eddington one. Although this derivation of the Eddington lu-

minosity is limited by the spherical symmetry approximation, which clearly does not
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represent the physical situation of an accreting disk, it still provides an useful approx-

imation of the limit of the luminosity for an accreting system.

According with the formula given by Eracleous et al. (2010):

λEdd =
LBol

LEdd
= 7.7 × 10−7

(
LBol [ergs−1]/1040

MBH [M⊙]/108

)
In the following, we describe different kinds of energy emission from the different

accretion disks, which are classified according to their shape into thin, slim, and thick

disks:

1. Shakura-Sunyaev accretion disks: Matter falling onto a compact object from in-

finity acquires kinetic energy as its gravitational potential energy decreases. In

order to conserve the angular momentum the matter cannot fall directly into the

compact object, but it is commonly believed to form an accretion disk. The sim-

plest case of accretion disks are the disk described by Shakura & Sunyaev (1973).

In this picture, the matter is supposed to form a geometrically thin and optically

thick disk, and follows Keplerian orbits at any radius (v∼ (MSMBH/R)1/2). The

fundamental parameters governing their properties are λEdd, MSMBH, and the

spin, determine the geometry of the disk, the gas temperature, the overall lu-

minosity and the spectrum (Netzer, 2013). This kind of disks are considered

cooling dominated flows, where the cooling is very efficient because there is a

balance between losing angular momentum and increasing kinetic energy due

to local viscosity. The most accepted theory is that it may be emitting mostly UV

because their temperatures are around 105 K for MSMBH = 108M⊙, where M⊙ is

the solar mass .

2. Inefficient accretion flows: Advection-dominated accretion flows (ADAFs; for

reviews see Narayan et al. (1994); Yuan et al. (2007)) are very hot, geometri-

cally thick, optically thin flows which are typically at low radiative efficiencies

(L≪0.1Ṁc2) and occur at low accretion rates (Ṁ ≤0.01ṀEdd). The optically thick

advection-dominated accretion flow (or optically thick ADAF, also called, Radia-

tively Invefficient accretion flow, RIAF) solution was found for objects accreting

at super-Eddington accretion rates (Abramowicz et al., 1988). In this scenario,

the large optical depth of the inflowing gas traps most of the radiation, advect-

ing it into the central SMBH.

In many LLAGN, another component in the accretion flow besides the ADAF is

required in order to account for a number of observations, including a promi-
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Figure 1.5: Cartoon illustrating the model for the central engines of LLAGNs. It consists of

three components: an inner ADAF, an outer truncated thin disk and a relativistic jet. Taken

from: Nemmen et al. (2013)

nence in the mid or near-IR and steep fall-off of the spectrum in the optical/UV

region – a “red bump” (Nemmen et al., 2006; Ho, 2008a) – as well as the pres-

ence of double peaked Balmer emission lines (e.g., Storchi-Bergmann et al. 2003;

Eracleous et al. 2009): the emission from a thin accretion disk whose inner ra-

dius is truncated at the outer radius of the ADAF (two-temperature ADAF). In

this scenario, the accreting gas has a very low density, and is unable to cool ef-

ficiently within an accretion time. The viscous energy is therefore stored in the

gas as thermal energy instead of being radiated, and is advected into the central

object, then, the gas is optically thin, and has a two-temperature configuration.

The accretion flow may begin as a standard thin disk but somehow at a certain

transition radius it gradually switches from a cold to a hot ADAF mode. The

details on how this transition might happen are still not well understood (Man-

moto et al., 2000; Yuan & Zdziarski, 2004; Narayan & McClintock, 2008), but it

seems to be analogous to the transition between the different spectral states in

black hole binary systems (Done et al., 2007).

The Broad Line Region:

Broad emission lines are one of the dominant characteristics of AGN spectra. These

lines are assumed to be Doppler-broadened, and are thought to be produced in a re-

gion close to the black hole, normally referred as BLR. The bulk motions in the BLR are
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regulated by gravity (due to the black hole) and radiation pressure (from the accretion

disk), although the influence of outflows should probably also be taken into account.

The widths of AGN broad lines span over two orders of magnitude and range from a

minimum of FWHM ∼ 500 km s−1 to FWHM ∼ 104 km s−1. The strongest lines ob-

served in the typical spectrum of an AGN are the hydrogen Balmer-series lines (Hα,

Hβ and Hγ), the hydrogen Lyα, and lines from abundant ions (Mg II, C III, and C IV).

The line emission from the BLR arises in photoionised gas, illuminated by the

far/extreme UV and X-ray continuum radiation, originating in and above the accre-

tion disk (e.g. Davidson & Netzer (1979)). However, the nature and structure of the

BLR is still not fully understood. There is some suggestion that the BLR is related

to the accretion disk. Theoretical models based on accretion disk outflow scenarios

suggest that the broad line emission originates in a wind emerging from the accretion

disk (e.g. Murray et al. 1995; Proga et al. 2000; Kollatschny 2003; Elvis 2017), or that

the accretion disk, BLR and obscuring medium (also known as the equatorial, dusty

torus) are individual parts of a dynamical structure that changes as a function of AGN

luminosity (Elitzur & Shlosman, 2006). Other theoretical models propose that the BLR

is part of a large continuous obscuring structure with the broad emission lines origi-

nating from within the dust sublimation radius (Netzer & Laor, 1993).

Narrow Line Region:

The narrow-line region (NLR) is the most extensive component of AGN, and the only

one which can be resolved by optical observations. Unlike the BLR, in the NLR the

electron density is low enough that many forbidden transitions are not collisionally

suppressed. Also, this region consists on gas and dust with smaller column densities

than the BLR (∼ 1020−21 cm−2) and low densities (∼104 cm−3) located at about 100-

1000 pc from the nucleus. Typical velocities of the clouds are about 500 km s−1. Due to

the low densities, the observed spectrum of the NLR includes intense forbidden lines

(Netzer, 2013).

The NLR is normally found to be axisymmetric rather than spherically symmetric.

One of the most interesting features of AGN are the ”ionization cones” (e.g., Pogge

1988) which are clearly detected in maps of high-excitation lines as [O III]λ5007 Å

These cones have a [OIII]λ5007/Hα flux ratio higher than one, which is characteris-

tic of low-density gas ionized by the AGN continuum. Outside the cone the ratio is

instead lower than unity,implying that the gas is mostly ionized by starlight.
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Relativistic jets:

After the first observations of radio lobes in galaxies in the early 50’s (Jennison &

Das Gupta, 1953), it was thought that these structures were ejected and completely

detached from the host galaxy. It was not until the late 1960’s that it was realized

(Rees & Sciama, 1966) that they could actually be powered through jets emitted from

the center of galaxies. In the last few decades, in particular thanks to the development

of radio interferometry techniques, it has been possible to detect jets in many sources

and to resolve even their inner parts (e.g., Chang et al. (2010)). This is a high-velocity

stream of particles launched in opposite directions perpendicularly to the accretion

disk and radiating non-thermally via synchrotron and inverse-Compton processes.

In about 10% of AGN, the relativistic jet is so strong and so well collimated that it

propagates out to distances of ∼100 kpc.

Jets are now known to extend on scales from parsec to Mpc, are highly collimated

and can have continuous appearance or can present knots. The production, accelera-

tion and collimation of jets is still poorly understood. Some of the most popular mod-

els are based on magnetohydrodynamics, and involve the presence of strong electro-

magnetic fields that convert the rotational kinetic energy of a rotating black hole into

an outflow through coupling with differential rotation.

The torus:

The dusty molecular torus surrounding the central engine of AGN is expected to con-

sist of molecular gas as well as of warm and hot (T∼ 100-1500 K) dust. The simplest

torus is made of a smooth matter distribution. More elaborated structures, made of

clumps and inter-clump material, are preferred by observations. The gas at the inner

radius of the torus is ionized by the central source. Deeper in, the torus contains dusty

molecular gas. Its inner radius is set by the dust sublimation temperature (see e.g.

Netzer & Laor 1993; Netzer 2015), and its geometry is subject to extensive research.

The torus has been proposed to be clumpy (Nenkova et al., 2008; Hönig & Kishimoto,

2010; Marinucci et al., 2016). The origin of the torus could, for example, involve matter

coming off the relatively cold, outer regions, of the accretion disk. That matter could

form a clumped wind structure about the disk perimeter. Alternatively, the matter

could accrete from ambient matter from within the host galaxy. Also, scenarios in-

volving outflowing clouds from the disk embedded in a hydromagnetically driven

disk wind have been proposed.

17



CHAPTER 1. INTRODUCTION

1.4 AGN classification

The complex structure of AGN is reflected in their spectra/images, with many dif-

ferent emission/absorption processes acting at the same time. In addition, accord-

ing to the properties of their optical spectra, AGN are classified into Seyfert galax-

ies, quasars, blazars, Low-ionization nuclear emission-line region (LINER) and radio-

galaxies. Here we report a simple taxonomy of the main types of AGN:

1.4.1 Seyfert

Originally classified by Carl Seyfert (Seyfert, 1943). They are the most common AGN

in the local universe, and they have high central surface brightness, although the host

galaxy is still clearly detectable; they tend to be spirals, with massive galactic bulges

and the presence of an interstellar medium. Since their original discovery, the classi-

fication has evolved such that they show in their optical spectra high-ionisation emis-

sion lines. Seyfert galaxies are, divided into two groups: Seyfert 1 and Seyfert 2 (Sy1

and Sy2, respectively), as was first realized by Khachikian & Weedman (1974). The

spectral differences between Seyfert 1 and Seyfert 2 can be seen in Fig. 1.6. Many

Seyfert galaxies exhibit permitted line profiles with both very broad and relatively

narrow components (Osterbrock & Koski, 1976; Osterbrock, 1981). These objects have

been classified as type 1.2, 1.5, 1.8 or 1.9 Seyfert galaxies, depending on the relative

contributions of the two components to the total permitted line profiles.

• Type 1 Seyfert galaxies: are those with highly ionized, broad permitted lines,

together with narrow forbidden lines. The narrow lines come from the NLR (see

Section 1.3 for more details), and have a full width at half maximum (FWHM) of

a few hundred km s−1. On the other hand, the broad lines have widths Doppler-

broadened up to 104 km s−1 and are related with the BLR. There are certain

objects, known as Narrow-Line Seyfert 1 galaxies (NLS1), which do show the

broad lines (Type-2 galaxies; see below), but they are narrower than in the typical

broad-line Seyfert 1. NLS1 are thought to have high accretion rates and, very

probably, small black hole masses; see, e.g., Bian & Zhao (2003).

• Type 2 Seyfert galaxies: show only the narrow lines. They have an [OIII]λ5007 Å

to Hβ ratio < 3 (Shuder & Osterbrock, 1981); Seyfert 2 also tend to show weaker

[Fe II] (or higher ionisation iron) emission lines than their Seyfert 1 counterparts.
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Figure 1.6: Typical optical spectra (in the region of Hβ) of Sy2 Mrk 1066 (above), NLS1 Mrk 42

(center) and Sy1 NGC 3516 (below) (adapted from Pogge et al. 2000).

1.4.2 Quasars

Or QSOs Schmidt (1963) are the most luminous of the AGN family with a bolometric

luminosity Lbol ∼ 1044-1047 erg s−1. Their spectra are similar to those of Seyferts.

However they are usually found at higher redshift (z > 0.1) and the host galaxy is

hardly, if not at all, resolved.

1.4.3 Radio galaxies

Radio galaxies are moderate or bright AGN and their peculiarity is their powerful

emission in the radio-mm band. The radio lobes in these galaxies are powered by a

jet of particles and emit non-thermal, synchrotron radiation (e.g., Blandford & Rees

1974). They can be classified as Broad Line radio Galaxies (BLRGs) or Narrow Line

radio Galaxies (NLRGs) depending on the presence of broad or narrow emission lines

in their optical-UV spectra.
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1.4.4 Blazars

A blazar is an active galactic nucleus (AGN) with a relativistic jet (a jet composed of

ionized matter traveling at nearly the speed of light) directed very nearly towards

an observer and emitting Doppler-boosted radiation via synchrotron emission. The

blazar class includes BL Lac objects (Schmidt, 1963) and Optically Violent Variable

(OVV) quasars. They are characterized by a non-thermal, highly variable, beamed

continuum emission. BL Lac objects are characterized by a strong continuum and ab-

sent both emission and absorption lines. These are radio-loud objects, with strong,

mostly non-thermal, highly polarized radiation, varying rapidly with large ampli-

tudes. OVVs are similar to BL Lac objects, with the difference that their spectra are

showing strong broad emission lines (Antonucci, 2012).

Radio quasars are divided, according to the value of their radio spectral index, in

flat-spectrum radio quasars (FSRQ) and steep-spectrum radio quasars (SSRQ). This

classification reflects the different extension of the radio emitting region in the two

classes: a flat spectrum indicates a self-absorbed synchrotron emission from a compact

region, whereas a steeper spectrum reflects the dominance of the emission from the

radio lobes over the nuclear emission.

1.4.5 LINER

Low Ionisation Nuclear Emission-Line Region galaxies are the least luminous of the

classifications. They were first identified by Heckman (1980) and are, in fact, very

common. LINERS show only weak nuclear activity and its optical emission is largely

dominated by the host galaxy. The emission line spectra indicate the existence of a

non-stellar continuum (Netzer, 1990). The observational difference, in the optical re-

gion, between LINERS and Seyfert 2-type galaxies lies in the relative strength of cer-

tain emission lines, where high ionization lines ([O II]λλ 3727, 3729) are stronger than

low-ionisation emission lines ([O III]λ5007 line, O Iλ 6300/[O III]λ5007<0.33 and [N

II]λ 6584/Hα > 0.6).

AGN can be distinguished from normal non-active galaxies in different ways. One

of the most commonly used diagnostics are the so called BPT diagrams (Baldwin et al.,

1981), that show the ratios of several lines (e.g., [O III]/Hβ vs [NII]/Hα, [OIII]/Hβ vs

[S II]/Hα, and [OIII]/Hβ vs [O I]/Hα). Comparing these ratios to theoretical values,

one can easily spot the objects that cannot be photo-ionized by pure stellar emission,
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Figure 1.7: BPT diagram for a large number of IR-selected objects. taken from (Brightman &

Nandra, 2011b). HII galaxies are in black, Seyfert 2 in blue, and LINER green.

but need other mechanisms, such as AGN or shocks, as can be seen in Fig. 1.7.

1.5 Unified model

Not all the features described in Sect. 1.3 are observed in all AGN. Besides all the

observational diversity, it is now largely accepted that all the radio-quiet AGN classes

share the same intrinsic structure and the different observed characteristics are due

to the different inclination relative to the obscuring torus. One of the most important

observational evidence of this obscuring structure was in 1985, when Antonucci &

Miller 1985 observed the Seyfert 2 galaxy NGC 1068 in polarized light. The scattered

light in the nuclear region revealed broad lines, like those seen ubiquitously in Seyfert

1 galaxies. This suggests that Type 1 and Type 2 Seyfert galaxies are intrinsically the

same. In Seyfert 1 galaxies, the observer can look at both the BLR and the NLR at the

same time, whereas Seyfert 2 are observed edge on, so that the BLR is obscured and

one can see only the NLR. This led to the idea which is known as AGN unification

model (UM, see Antonucci (1993); Urry & Padovani (1995); Bianchi et al. (2012) for a

review).

According to this model, and as can be seen in Figure 1.8, the inner part of the

AGN, up to the BLR, is supposed to be enshrouded in a torus-like structure, composed

of dust and gas, that opaque to most of the electromagnetic radiation. Therefore, an

observer looking at AGN edge-on (i. e. on the torus plane) can not see the innermost

region of the AGN, because the view is obstructed by the intercepting material. In

this case, only the narrow emission lines are directly visible. vice-versa, an observer

looking face-on (i.e. along the axis) has a direct view of the BLR, the NLR and the

accretion disk emission. The UM explains the major differences between type-1 and
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Figure 1.8: The geometry of the AGN assumed in unified models where the classification of the

central light source mainly depends on the viewing angle. The approximate viewing angles of

certain types of AGN have been indicated, although many subgroups have been omitted. The

individual components of the central engine are not plotted to scale. Taken from: Zackrisson

(2005)

type-2 AGN with a surprisingly small number of assumptions.

Observational evidence supporting the UM came from spectropolarimetric data,

where objects classified as Seyfert 2s showed broad polarized Balmer lines, indicating

a hidden BLR (Miller & Goodrich, 1990; Tran, 2003). Evidence at other wavelengths are

also in agreement with the UM. At X-rays, in general, Seyfert 1s have column densities

NH <1022cm−2 (i.e., unobscured view of the SMBH), while it is higher in type 2s (i.e.,

obscured view of the SMBH) (e.g., Risaliti et al. 2002; Guainazzi et al. 2005a; Koss et al.

2017, indicating that the column density is related with the obscuring material along

our line of sight.

1.5.1 limitations

Although the UM allow us to explain much of the complex AGN phenomenology, an

increasing set of observations appear to be in conflict with some of the key predictions

of the UM (Bianchi et al., 2012), e.g. that each Seyfert 2 has an obscured Seyfert 1

nucleus (a hidden broad-line region).

Furthermore, some sub-classes of objects were not taken into account in this simple
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version of the UM and in fact are not well accommodated under this scheme, such as

NLSy1s or LINERs. For this reason, and based on recent observations of large AGN

samples that provide detailed information, several efforts have been made to modify

the UM. The modifications in which the scientific community are involved right now

mainly concern the nature of the torus, the dependence on the luminosity, and black

hole and galaxy evolution (Netzer, 2015).

In the case of LLAGN as LINERs, it has been suggested that the torus and even the

BLR may disappear at low luminosities (Elitzur & Shlosman, 2006; Elitzur & Ho, 2009;

González-Martı́n, 2018). Elitzur & Shlosman (2006) proposed that at low luminosities

(i.e. LBol <1042 erg s−1) the obscuring torus might disappear, with the assumption

that the obscuring clouds in the torus are created in a disk-wind outflow rather than

being due to accretion of material from the galaxy. Recently, there are many works

pointing out to a relation between the luminosity (or the accretion rate) and the torus.

For example, in González-Martı́n et al. (2017) used Spitzer data and reported a lower

contribution from the torus in the low luminosity regime, in agreement with the dis-

appearance or a lower covering factor of the torus. On the other hand, Ricci et al.

(2017b) using Swift/BAT observations found a relation between the fraction of ob-

scured sources and the accretion rate. They found that AGN with λEdd ∼ 0.02-0.05

exhibit a decline of the Compton-thin circumnuclear material (dropping from cover-

ing factor of 80% to 30%), because AGN at these accretion rates is expected that the

central engine expel their circumnuclear material through radiation pressure. On the

other hand, sources at λEdd ≤ 10−4 show a decrease of covering factor, with only ∼40%

of the sources being obscured by Compton-thin material. It has been proposed that in

sources at low accretion rates only a limited amount of obscuring material is puffed

up, leading to a smaller covering factor. Later, Esparza-Arredondo et al. (2021), com-

bining NuSTAR and Spitzer observations found that the distribution of the gas and

dust in AGN is complex. They find three gas-dust distribution combinations possible

in their sample of AGN: clumpy-clumpy, smooth-smooth, and smooth-clumpy, where

most of them are in agreement with the notion that gas could also be located in the

dust-free region. Therefore, this may indicate that evolutionary processes or differ-

ent properties between these types of objects (or its luminosities) should be taken into

account in the new version of the UM.
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1.6 The X-ray emission of AGN

X-rays are not able to penetrate the Earth’s atmosphere, and it is thus necessary to fly

instrumentation at high altitudes. The X-ray domain has seen an enormous evolution

over recent decades, and it is currently one of the key energy ranges to study AGN.

X-ray emission has been found to be an universal characteristic of AGN (Elvis et al.,

1978). Besides being one of the hallmarks of AGN, the X-ray emission also allows to

probe the physical conditions very close to the central black hole and the accretion

disk. The X-ray radiation has a different origin than the UV/optical one. For typical

values of black hole mass and accretion rate, the inner disk reaches temperatures of the

order of 105 K or, equivalently, kT∼10 eV. Therefore, it cannot account for the observed

X-ray emission. Instead, the X-rays are believed to be produced by Comptonisation

of soft photons in an optically thin region of high temperature. In addition, they are

relatively unaffected by obscuration and they are less contamination from non-AGN

sources, allowing a census of accretion events over a wide obscuration interval.

The X-ray continuum is ubiquitous in AGN and can be explained by thermal

Comptonization of the soft UV radiation (Haardt & Maraschi, 1993). This continuum

is reprocessed by cold neutral circumnuclear medium (e.g. the accretion disk or the

molecular torus) and gives rise to a reflection hump at around 30 keV and a broad iron,

Kα line emission at around 6.4 keV (Matt et al., 1991). In addition to the main power-

law, observations can show a rise of the spectrum below 1-2 keV (Arnaud et al., 1985;

Bianchi et al., 2009). This feature is called soft excess and its origin is still under debate

(Done et al., 2007). The main features of AGN X-ray spectra are discussed below and

are shown in Figure 1.9.

The primary emission

The spectral shape of the X-ray emission from AGN is a power-law, with a photon

index ranging between 1.7 and 2.2 (Nandra & Pounds, 1994a; Bianchi et al., 2009).

The power-law continuum shows a high-energy cut-off, presumably due to the cut-

off of the energy distribution of the electrons responsible for the X-ray emission and

usually located around a few hundreds keV (see (Perola et al., 2002; Malizia et al.,

2014; Marinucci et al., 2016; Fabian et al., 2015, 2017) and references therein). These

features are directly related to the temperature and optical depth of the plasma of hot

electrons responsible for the power-law emission.

This primary continuum in AGN is produced by a Comptonization mechanism;

24



1.6. THE X-RAY EMISSION OF AGN

Figure 1.9: Theoretical X-ray spectrum of an AGN, including the direct emission (main power-

law), reflected emission and soft excess. The power-law has a cut off at 300 keV. Taken from:

https://science.clemson.edu/ctagn/project/

this process is believed to arise from the inner regions of AGN, close to the central

super-massive black hole, in the corona, similarly to what is observed in the solar

corona. In this region electrons inverse-Compton scatter some of the low-energy UV

and optical photons from the disk to X-ray energies (Fabian et al., 1989). The analysis

of the primary X-ray continuum can give information about the parameters of this

plasma of electrons, like temperature and optical depth.

Reflection

The reflection component is produced by Compton scattering of the primary emission

in materials surrounding the central SMBH (like the accretion disk and the torus). The

main features of the reflection component are a continuum, due to electron scatter-

ing which peaks at around 30-40 keV (reflection hump) and the FeKα emission line.

However, the shape of the reflection component changes depending on the ionization

state of the reprocessing material. In Fig. 1.10 we show the reflected emission from an

ionized and a neutral material. In the following sections, I will introduce separately

the two situations.

• Neutral reflection: Reprocessed emission from neutral material is commonly ob-

served in AGN through the iron Kα emission line and the reflection hump. How-

ever, if the reflecting material is Compton-thin, but still has a significant column
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Figure 1.10: Reflection spectrum from ionized and neutral Compton thick matter. The power-

law primary continuum in both cases has a photon index of Γ = 1.8, the ionization parameter

is ξ = 300 for the ionized gas. The normalization used are arbitrary. Taken from: (Ricci, 2011)

density (NH ∼ 1023 cm2), no Compton hump is produced, and one would ob-

serve only the iron Kα line (Matt et al., 2003).

The spectrum of the reflection component is determined by the competition be-

tween photoelectric absorption and Compton scattering. For neutral matter,

photoelectric absorption dominates below 10 keV, while Compton scattering has

a stronger influence above this energy.

• Ionized reflection: If the material responsible for the reprocessed emission is ion-

ized, photoelectric absorption has a lower influence on the re-emitted photons,

and the albedo below 10 keV increases. The first calculations of the influence

of the ionization state of the reflection component were done by Ross & Fabian

(1993). Further works on this subject were done by Zycki & Czerny (1994); Ross

et al. (1999) or (Ballantyne et al., 2001).

The ionization parameter ξ is often used to describe the degree to which gas

(assumed to have constant density) is ionized. This parameter is defined as

ξ =
4πFx

nH

where Fx is the illuminating X-ray flux, normally taken in the 0.01 - 100 keV energy

band, and nH is the hydrogen number density of the reflecting material. When the
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Figure 1.11: Reflection model assuming a disk-like ionized reflector. In panel (a), solid lines

show the models for ξ = 1, 5, 20, and 100, multiplied by factors of 1, 102, 104, and 106, respec-

tively, to improve clarity. The dashed line represents the incident power law for the model

with ξ = 1. In panel (b), solid lines are the reflected spectra for ξ = 200, 500, 1000, 2000, and

5000, multiplied by factors of 1, 10, 102, 103, and 104, respectively. The dashed line is the inci-

dent power-law for the ξ = 200 case. In all cases, Γ = 2 and AFe = 1. Taken from: Garcı́a et al.

(2013)

value of ξ increases, due to either an increase of the flux Fx or a decrease of the density

nH, the gas becomes more ionized. As can be seen in Fig. 1.11, the value of ξ greatly

affects the shape of the spectrum of the reprocessed emission. In the following I will

report some of the processes that concur for different values of ξ to modify the emitted

spectrum.

• ξ <100 erg cm s−1: For low values of the ionization parameter the gas is very

weakly ionized, and most of the X-ray emission is absorbed below ∼10 keV. Al-

though quantitatively the spectrum is similar to that obtained for a neutral slab,

below 1 keV one can see recombination lines from ionized oxygen and carbon,

where the strongest spectral feature is the FeKα line at 6.4 keV.

• 100< ξ <700 erg cm s−1: As the gas starts to become more ionized, the met-

als are able to absorb a smaller fraction of the incident X-ray photons, and the

albedo of the reflector increases. This produces an apparent deepening of the

iron absorption edge and a very weak FeKα line. This happens because the pho-

tons of the fluorescent iron line are trapped and destroyed before escaping the

disk. For this values of ξ, FeXVII-XXIII are the most abundant ions of iron.

• 700< ξ <7000 erg cm s−1: For these values of the ionization parameter the gas is

so ionized that all the metals apart from iron are fully ionized. Thus the soft X-
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ray spectrum has only weak spectral features, which are significantly broadened

by Compton scattering. On the other hand, the iron emission line is very strong,

and its centroid is at ∼6.7 keV. The iron absorption edge is shifted to ∼9 keV. As ξ

increases, the gas becomes so hot that Compton scattering starts to significantly

blur the iron Kα line and the edge.

• ξ >7000 erg cm s−1: For very large value of ξ the last electrons leave the iron

nucleus. The iron line at 6.97 keV is suppressed, which results in a very weak

and Compton broadened iron line.

Iron Kα line

The FeKα line is now known to be often constituted by two components, a narrow

and a broad one. The widths of the narrow line component are normally of the order

of a few thousands km s−1, values that could be consistent with the line originating

in the torus (e.g., Reeves et al. 2007). However, the lack of a correlation between the

width of the narrow Fe Kα line and the Hβ width or the black hole mass (Nandra,

2006) suggests that a significant fraction of the narrow Fe Kα line should be produced

in some other region. A possible explanation is that the line is created in the outer part

of the accretion disk. This would explain the rapid (tens of ks) variability observed in

some objects (e.g., Petrucci et al. 2002). Part of the line is also thought to be produced

by more distant matter (e.g., Reeves et al. 2007), likely in the obscuring torus (e.g.,

Bianchi et al. 2004). Some objects have shown evidence of Doppler-shifted iron Kα

lines, called transient iron lines, originated in the disk or in an outflow (e.g. , Yaqoob

et al. (2003)).

On the other hand, broad iron Kα emission lines are observed. The line is very

likely produced in an accretion disk rotating around a black hole. The broad red tail

of the line profile is mainly produced in the innermost region of the accretion disk,

between 0.62-3 rg (rg is the gravitational radius), in a region where even the blue wing

of the emitted line profile is redshifted due to the enormous gravitational potential.

The narrow line component is mostly produced in a region farther outward, typically

at 3-5 rg. In Fig.1.12 an observation of the broad iron Kα line of MCG-6-30-15 is shown

(from Bian & Zhao 2003). Observations have shown the presence of broad iron lines

in several more objects (e.g., Piconcelli et al. 2006). However, studies of large samples

of Seyfert galaxies found that broadened iron Kα lines are not ubiquitous, but they

are found in only ∼ 30 - 40% of the objects (Guainazzi et al., 2006; Nandra et al.,
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Figure 1.12: The broad iron Kα line of MCG-6-30-15 as observed by the long (325 ks) look

of XMM-Newton (Vaughan et al., 2003). The skewed line profile is thought to be the key

signature of the innermost region of the accretion disk in the presence of strong gravity.

2007). By stacking the spectra of several sources, after dividing them in luminosity

bins, Guainazzi et al. (2006) found that a broad red wing is clearly present only in the

lower luminosity bin (L2−10keV < 1043 erg s−1). They also found that the relativistic

lines appear to be more intense in Sy1 than in Sy2, that could be explained by different

orientation angles, assuming that the torus and the disk lie in the same plane.

The reason why broad iron Kα lines are not present in all AGN is still debated, and

several hypothesis have been put forward.

• Ionized disk: A certain degree of ionization is expected in accretion disks, above

all for high accretion rates (Ross et al., 1999). A strong reduction of the line flux

is expected for moderate (due to resonant trapping) and very large (due to full

ionization) degrees of ionization (Matt et al., 1996).

• Truncated disk: The disk might be truncated before the last stable orbit, thus

producing less intense broad iron Kα lines. Accretion disks are believed to be

truncated in Galactic black holes, of which AGN are thought to be a scaled-up

version. Possible evidence of truncated disk in AGN has been found (e.g., Matt

& Guainazzi 2005; Lobban et al. 2010; Lubiński et al. 2010).

• Line so broad to be hardly recognizable. This might happen if the line emission

is confined to the inner part of the accretion disk rotating around the Kerr black
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hole.

Fabian et al. (2009) have claimed the first detection of a strong, blurred iron line in

the spectrum of the NLS1 1H 0707-495. However, several works have shown that the

broad iron Kα lines might also be created by outflows (e.g., Turner et al. 2009).

The soft excess

Many AGN show an extra emission below ∼ 2 keV, away from the extrapolated 2-10

keV power-law emission. It is known as soft-excess and was first seen by Arnaud

et al. (1985) in the Seyfert galaxy Mrk 841. It is a common feature in AGN spectra but

the precise origin of this soft excess is still unknown and under debate (Bianchi et al.,

2009).

Three models have been proposed to explain it: 1) an additional Comptonization

component (Dewangan et al., 2007), 2) ionised reflection (Crummy et al., 2006), or 3)

complex or ionised absorption (Done et al., 2007). At soft energies a thermal emis-

sion can also be observed, with kT ranging from 0.1 to a few keV (Risaliti et al., 2002;

Guainazzi et al., 2005a; González-Martı́n et al., 2009).

Absorption in the X-rays

Absorption manifests itself through two processes in the X-rays: photoelectric absorp-

tion (bound-bound and bound-free transitions), and Compton scattering (free-free

transitions), and it can play an important role in the X-ray spectrum of AGN. To model

the effect of absorption on the X-ray spectra of AGN, one has to take into account both

effects.

At X-ray energies around 10 keV, absorption by material associated to the inter-

stellar medium become noticeable. Due to this material, the primary continuum of

the AGN is suppressed by photoelectric absorption, which is energy-dependent and

starts being effective at column densities NH ∼1021 cm−2. Fig. 1.13 shows the ef-

fect when there is no absorption (NH < 1018 cm−2), and when absorption becomes

important (NH ∼1021.5 cm−2). When the absorbing column density reaches NH =

1.5×1024 cm−2,the source is dominated by Compton scattering and the continuum is

completely suppressed below 10 keV. The sources with such a high absorption are

known as Compton-thick objects (Maiolino et al., 1998).

Large number of Seyfert 2 present large column densities in the line of sight (NH >

1023 cm−2) that can be due to the presence of the torus in the line of sight (consistent
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Figure 1.13: Effect of X-ray absorption in the spectra of AGN. Taken from Gilli et al. (2007).

with the UM), however, many Seyfert 1 (and Seyfert 2) show Compton-thin absorption

(NH ∼ 1022 cm−2). This absorption component is thought to have a different origin

than the molecular torus, and several hypothesis have been put forward to explain it.

Matt et al. (2003) proposed that the dust lanes in the host galaxies of AGN found by

the Hubble Space Telescope survey (Malkan et al., 1998) might have an important role.

Other possible culprits might be the BLR, the host galaxy disk (Maiolino et al., 1995),

or starburst regions (e.g., Weaver et al. 2002).

1.7 X-ray missions

The Earth’s atmosphere is opaque to X-rays, thus X-ray instruments have to be

mounted on high altitude rockets, balloons or satellites. Even if the technology to

send detectors via rockets was already devised in 1929 by Edward Hulburt and used

in 1949 by Herbert Friedman to detect solar X-rays, the true birth of X-ray astrophysics

can be a dated to 1962, when Riccardo Giacconi imaged with a rocket-born detector

the first extra-solar X-ray source Scorpius (Sco) X-1. Sco X-1 was later identified with

a neutron star in a binary system with a low mass star.
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X-ray astronomy and the technology required for it are complicated further by the

difficulties in focusing X-ray photons. X-ray photons are approximately 1000 times

more energetic than optical photons. In fact, if X-ray instruments would have the

same structure as optical ones, the X-ray photons will penetrate the mirrors like a

bullet penetrates a wall. Thus, X-ray photons have to hit the mirror at a grazing angle

to be focused, similarly to the way bullets ricochet when they hit a wall at a grazing

angle. The grazing angle is about a degree for energies up to 10 keV but it decreases

for higher energies. For this reason, the point spread function (PSF) of X-ray telescopes

is energy-dependent. In this work, we mainly concentrate on the three observatories

XMM-Newton, NuSTAR and Swift.

XMM-Newton

XMM-Newton is an X-ray observatory satellite named in honor of Sir Isaac Newton.

It is a mission developed by the European Space Agency (ESA), dedicated to explore

the Universe in the soft-X-ray part of the electromagnetic spectrum, between 0.2 and

12 keV (XMM-Newton Handbook, 2010)2. XMM-Newton was launched in December

10, 1999. This observatory carries two distinct types of telescopes, an X-ray telescope,

and an optical/UV telescope, and three types of instruments are on board the satellite:

• The European Photon Imaging Camera (EPIC), for X-ray imaging, X-ray spec-

troscopy, and photometry (Strüder et al., 2001)).

• The Reflection Grating Spectrometer (RGS), for high-resolution X-ray spec-

troscopy and spectro-photometry (den Herder et al., 2001).

• The Optical Monitor (OM), for optical/UV imaging and spectroscopy (Turner

et al., 2001).

The basic characteristics of XMM-Newton are: simultaneous operation of all sci-

ence instruments; spatial resolution of 6” FWHM, sspectral resolution (E/dE)∼ 20-50

and field of view (FOV) 27.5’x27.5’ and simultaneous optical/UV observations. A de-

tailed description of the XMM-Newton mission can be found in XMM Users Handbook

(2010).

The XMM-Newton observatory has three telescopes for collecting X-ray photons.

The optics of each telescope consist of 58 nested mirror modules. They are designed to

2https://xmm-tools.cosmos.esa.int/
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Figure 1.14: Artist’s impression of the XMM-Newton spacecraft. Taken from

https://www.esa.int/.

operate in the X-ray energy range of 0.1 keV to 12.0 keV, with a focal length of 7.5 m,

and X-ray point-spread function values for FWHM of about 6”. Each mirror module

consists on two parts. The front part has a paraboloid surface and the rear part a

hyperboloid surface. This configuration allows for double reflection of the grazing X-

rays, and therefore, focusing of X-rays. Behind each of the X-ray telescopes, an EPIC

camera is installed, providing extremely sensitive imaging observations.

EPIC cameras

The XMM-Newton telescope carries three EPIC cameras of two different types:

• Two MOS (Metal Oxide Semi-conductor) CCD arrays type;

• Fully depleted pn CCDs

Each camera has a field of view (FOV) of 30’. The cameras allow several modes of

data acquisition, and different cameras may operate in different modes. The MOS and

pn cameras are fundamentally different. They have different geometries and differ in

others properties as well, such as their readout time.

All EPIC CCDs operate in a photon counting mode, producing so-called ”event

lists”. An event is an X-ray hitting the detector. An event list includes information

about the event’s attributes, such as position, time and energy, among others. EPIC

cameras are not only sensitive to X-ray photons but also to infrared, visible and ultra-

violet light. The cameras include blocking filters to reduce the contamination of the

X-ray signal by those photons.
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Figure 1.15: Artist’s concept of NuSTAR on orbit. NuSTAR has two identical optics modules

in order to increase sensitivity. The background is an image of the galactic center obtained

with the Chandra X-ray Observatory. Taken from: NASA.

NuSTAR: The Nuclear Spectroscopic Telescope Array

The Nuclear Spectroscopic Telescope Array (NuSTAR) is a NASA Small Explorer mis-

sion carrying the first focusing hard X-ray telescope (3-80 keV) to orbit. NuSTAR was

launched on June 13, 2012. This observatory has an order of magnitude better angular

resolution, and it is two orders of magnitude more sensitive than any existing hard

X-ray instrument operating in the same energy band.

NuSTAR consists of two co-aligned hard X-ray telescopes which are pointed at

targets by a three-axis-stabilized spacecraft. The NuSTAR telescope consists of three

main parts:

• the optics, or mirrors, which focus the light;

• the detectors, which record the image;

• an extendible mast, which holds the optics and detectors at the required 10 me-

ters separation distance once in orbit.

Optics

NuSTAR has two optics units aligned to look at the same location in the sky (Har-

rison et al., 2013). The two sets of images are added together on the ground to see
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fainter objects. The optics have an angular resolution of ∼ 12” (FWHM), and a field of

view of ∼10’.

Detectors

To register the image focused by the optics, NuSTAR requires high-energy X-ray

detectors capable of measuring the position and energy of the incoming X-rays. in

this case, the detectors are called focal plane detectors because they reside where light

from the telescope is focused. Each telescope has a corresponding Focal Plane Mod-

ule (FPM) consisting of four 32x32 pixel Cadmium Zinc Telluride (CdZnTe) detectors

surrounded by a Cesium Iodide (CsI) anti-coincidence shield.

The Mast

Bridging the mirrors and the detectors is a mast, a little over 10 meters long. Be-

cause hard X-rays graze off the mirrors at nearly parallel angles, hard X-ray telescopes

require long focal lengths (the distance between the optics and the detectors, or focal

plane). The mast is of low weight, compact and provides a stiff and stable structure

connecting the precisely aligned benches.

Swift

Swift is a NASA Midex (medium-class Explorer) mission. It was launched on Novem-

ber 20, 2004. The Swift Gamma Ray Burst Explorer is a three-telescope space obser-

vatory for studying gamma-ray bursts (GRBs) and monitoring the afterglow in X-ray,

and UV/Visible light at the location of a burst. To maximise its scientific potential it

has rapid response capabilities and is equipped with three telescopes that cover the

γ-ray, X-ray and UV/optical energy range:

• Burst Alert Telescope (BAT, Barthelmy et al. 2005).

• X-ray Telescope (XRT, Burrows et al. 2005).

• Ultraviolet/Optical Telescope (UVOT, Roming et al. 2005).

Swift is engineered to rapidly slew to a burst as soon as a GRB is detected by the

BAT, and can place the GRB in the field of view (FOV) of the XRT and UVOT within

100 s.

Swift/BAT

The BAT is designed to cover the prompt emission from GRBs over the whole sky.

With a large field of view (1.4 sr) and a quick slew time, it can detect the position of

GRBs in the sky with an accuracy of 1-4’ in 15 seconds. The BAT works in the energy
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band from 15 keV to 150 keV and it uses a coded-aperture mask composed of ∼ 54000

lead tiles, of dimensions 5x5x1 mm, which is mounted on a 5 cm thick composite hon-

eycomb panel and placed 1 meter above the detector plane. The 12x0.6 m sensitive

area of the BAT detector plane is formed by 32768 pieces of 4x4x2 mm CdZnTe (CZT).

Groups of 128 detector elements are collected into 8x16 arrays, each one of which

is connected to 128-channel readout Application Specific Integrated Circuits (ASICs).

The detector modules, which contain each two such arrays, are further grouped in

blocks of eight. The hierarchical structure, together with the coded-aperture tech-

nique, allows the possibility of losing individual pixels, individual detector modules

and even whole blocks without losing the ability to detect GRBs and determine posi-

tions.

Swift/XRT

The Swift/XRT is composed of a grazing incidence Wolter Type I X-ray telescope

with 12 nested mirrors, which are made to focus on single MOS charge-coupled device

(CCD), similar to those on the XMM-Newton EPIC MOS cameras. It has an effective

area of 110 cm2, 23.6’×23.6’ field of view, 18” resolution and a covers the 0.2-10 keV

energy range. The X-ray telescope can acquire fluxes, perform spectral analysis and

produce light curves of GRBs and their afterglow, covering a dynamic range that spans

over seven orders of magnitude.

Swift/UVOT

The UVOT is a 30 cm modified Ritchey-Chrétien reflector with two micro channel

plate intensified CCD detectors that are modelled on the OM on-board XMM-Newton.

They are photon counting devices that are capable of detecting very low signal levels,

unaffected by CCD read-out noise and cosmic ray events. The UVOT contains three

optical and three ultra-violet (UV) lenticular filters that cover the wavelength range

1600-6000 Å, a white band filter that has a good response ranging from 1600-8000 Å,

and a blocked filter. The instrument also has a visible grism and an UV grism, which

provides low-resolution spectra (λ/dλ ∼ 75) in the 28005200 Å and 16002900 Å energy

range, respectively, for sources that are brighter than 17 mag for the optical and 15mag

for the UV.

1.8 Motivation of this thesis

The overall aim of this thesis is to shed light on the inner structure of LLAGN. Note

that we refers as LLAGN in this thesis to galaxies with accretion rates below 10−2.
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Previous studies (see for example González-Martı́n et al. 2017) using Spitzer observa-

tion, found a possible disappearance of the torus in the low luminosity regime. On the

other hand, Ricci et al. (2017b) using X-ray data from Swift found that the probability

of an AGN to be obscured is mostly driven by the Eddington ratio, where LLAGN

are not able to inflate a torus (e.g., Elitzur 2008) or small amounts of circumnuclear

gas. Then, the luminosity (or the accretion rate) has influence in the torus properties,

showing that in fact, in the low luminosity regime this structure could disappear. Our

aim is to analyse if there is a disappearance, or there is a change in properties of this

structure compare with their high luminosity counterparts. An analysis of the scat-

tered X-ray spectrum can reveal the presence and properties of the obscuring torus

even in unobscured AGN. Therefore, the X-ray spectrum is an useful tool to study

the properties of obscuration in AGN because it gives information on the circumnu-

clear material even if it does not lie in the line of sight to the observer. Then, we will

study the torus/disk by the reflection with a high-quality X-ray spectra (combination

of three satellites: NuSTAR, XMM-Newton and Swift).

In addition, a careful analysis of the reflection component is also crucial to study

the accretion mechanism. Given the partial degeneracy between the curvature of the

scattered spectral component and the curvature of the coronal emission, without a

good constraint on reflection it is difficult to estimate the real shape of the coronal

spectrum. The study of the accretion mechanism in AGN has been approached by

relating the spectral index of the power law continuum, Γ, and the Eddington ratio,

λEdd. This relation shows a positive trend for high luminosity sources above a thresh-

old value of λEdd and negative trend below this threshold (see Gu & Cao 2009; She

et al. 2018; Younes et al. 2011 and references therein). However, in the case of LLAGN,

which fall in the anti-correlation of this relation, shows a high dispersion that is still

not understood — it could be due to the sensitivity of the measurements or to intrinsic

diversity of the nuclei. Then, estimating Γ using high-quality X-ray data and studying

how sensitive is this parameter to the reflection model used in the fit is an important

step to constrain the origin of the scatter in this relation.

The first part of this thesis is focused on the development of the technique to put

constrains in properties of the torus or the disk like reflector in LLAGN (Chapter 2,

see also Diaz et al. 2020). Then, in Chapter 3 we applied the previous technique to a

sample of LLAGN, and explore a possible improvement in the scatter in the relation

between Γ - λEdd. In Chapter 4 an overall summary of the work presented here and

some ideas for future work are provided.
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Additionally, in Appendix A we show the effect of the inclusion of the NuS-

TAR+XMM-Newton data and reflection models in the spectral index estimation. In

Appendix B notes and comparisons with previous results for individual objects in the

sample presented in Chapter 2. In appendix C and D we present the Tables and all the

individual spectral models in the sample of galaxies. Finally, Appendix D provides a

list of other scientific work where I have been involved.
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Pilot project

The work in this chapter has been published in Monthly Notices of the Royal Astronomical

Society (see Diaz et al. 2020 for more details).

In this chapter, we develop a methodology to study the reflection and its influence

in the estimation in the coronal parameters. To perform this analysis we focus on

NGC 3718 (λEdd ∼ 10−5) combining observations from XMM–Newton and the deepest

to date NuSTAR (0.5–79 keV) spectrum of a LLAGN, to constrain potential reflectors,

and analyze how the fitted coronal parameters depend on the reflection model. In

this low luminosity object the reflection is indeed absent or undetectable due to its

intrinsically weak features together with the low statistics inherent to LLAGN. We

test models representing both an accretion disk (Relxill) and a torus-like (MYTorus

and Borus) neutral reflector.

2.1 Introduction

As we said in previous Chapter (see Sect. 1.5), orientation is not the sole explanation

for the different types of AGN. Differences in accretion rate are also important, with

NLSy1s at one extreme of this parameter and at least some LINERs galaxies at the

other. It has become apparent that the physical extent of the obscuring material (i.e.,
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the torus) is itself a function of the accretion rate (e.g., Ricci et al., 2017b). These authors

found that the fraction of obscured sources, or covering factor of the Compton-thin cir-

cumnuclear material, grows with the accretion rate and then exhibits a sharp decline

at an Eddington ratio (λEdd=LBol/LEdd, where LBol is the bolometric luminosity and

LEdd is the Eddington-limit luminosity) of ∼10−2. This value of λEdd corresponds to

the Eddington limit for dust. According to this result, the probability of an AGN to be

obscured is mostly driven by the Eddington ratio, resulting in a radiation-regulated

unification model. The decline of covering fractions at high accretion rates can be

explained by the AGN being powerful enough to radiatively blow away the circum-

nuclear material, while the decline at low accretion rates points either to a lower ability

to inflate a torus (e.g., Elitzur 2008) or to smaller amounts of circumnuclear gas lead-

ing to lower accretion rates. Current open questions include the nature of the torus,

and its dependence on luminosity, black hole mass and galaxy evolution (e.g., Netzer,

2015).

The primary X-ray emission originates in a corona close to the accretion disk (e.g.,

Haardt & Maraschi, 1993) and is well represented by a power-law model (e.g., Nandra

& Pounds, 1994b; Nandra et al., 1997; Risaliti, 2002; Cappi et al., 2006; González-Martı́n

et al., 2009). When this X-ray continuum is scattered by the surrounding gas, new

features are imprinted in the spectrum, producing fluorescent emission lines, most

notably Fe Kα 6.4 keV, and a broad hump-like continuum peaking around 10–30 keV

(e.g., Piro et al., 1990). The relative strength of these two features is related to the

column density of the scattering gas, while their overall flux is proportional to the gas

covering fraction as seen from the central engine. Therefore, a careful analysis of the

scattered X-ray spectrum can reveal the presence and properties of the obscuring torus

even in unobscured AGN. Therefore, the X-ray spectrum is an useful tool to study the

properties of obscuration in AGN because it gives information on the circumnuclear

material even if it does not lie in the line of sight to the corona.

Studying the properties of the reflector spectrum is a difficult task because it is af-

fected by additional absorption, the uncertain spectral slope of the power-law and a

possible high energy cut-off (Ecut), which mimics the curvature of the scattered light,

and by the additional contribution of ionized reflection (e.g., from the accretion disk).

For this reason, hard X-ray observations of AGN, above 10 keV, are of paramount

importance to constrain the complete reflection spectrum. A careful analysis of the

reflection component is also crucial to study the accretion mechanism. Given the par-

tial degeneracy between the curvature of the scattered spectral component and the
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curvature of the coronal emission, without a good constraint on reflection it is dif-

ficult to estimate the real shape of the coronal spectrum. In particular, LLAGN are

thought to have a different accretion mechanism compared to more powerful AGN

(Yamaoka et al., 2005a; Yuan et al., 2007; Gu & Cao, 2009; Younes et al., 2011; Xu, 2011;

Hernández-Garcı́a et al., 2016; She et al., 2018). The standard accretion disk model

(Shakura & Sunyaev, 1973; Koratkar & Blaes, 1999) can successfully explain the AGN

power in the regime of high accretion rates (λEdd > 10−3). The standard disk is geo-

metrically thin and optically thick, with viscous dissipation balancing radiative cool-

ing locally. On the other hand, in the low-accretion regime (λEdd ≤ 10−3 ), the standard

cool disk model is no longer able to fit the observations. These low-luminosity AGN

are found to be radiatively inefficient (Ho, 2008b). In this regime advection-dominated

accretion flows (ADAFs; e.g, Narayan et al. 1994) are expected.

One of the distinctive features of LLAGN is the low level of reflection features that

they display in their X-ray spectra (e.g., Younes et al., 2019; Osorio-Clavijo et al., 2019),

together with the small contribution from torus emission in the mid-IR band (e.g.,

González-Martı́n et al., 2017). This small amplitude complicates the study of reflection

in LLAGN, requiring high quality, high energy data. These observations can be ex-

plained in the context of a disappearing torus with decreasing accretion rates (Elitzur,

2008). Some material, however, must surround the X-ray emitting region, e.g., the rest

of the accretion flow itself and possibly a flattened-out or thinned remnant of the torus

and the reflection off these structures should be visible in a sufficiently precise X-ray

spectrum. The goal of our work is to constrain the properties of these remnant struc-

tures to establish whether the observed low reflection implies a completely clear sky

as viewed from the corona, or if a large torus or untruncated disk are still compatible

with the observations.

In this chapter, we use simultaneous observations by XMM-Newton and NuSTAR

to study in detail the LLAGN NGC 3718, a nearby galaxy at redshift1 z=0.003. This

galaxy is classified as a type 1.9 LINER (optical classification, e.g., Ho et al. 1997; Caz-

zoli et al. 2018), with a black-hole mass log(MBH) = 7.85±1.42 given by Hernández-

Garcı́a et al. 2014 and determined using the correlation between stellar velocity disper-

sion and black-hole mass of Tremaine et al. (2002), where the stellar velocity dispersion

used was σ = 169.9 km s−1 (Ho et al., 2009). It has a low accretion rate λEdd ∼ 4× 10−5,

estimated from its mass, its 2–10 keV X-ray luminosity (log [LX/(erg s−1)]=40.4, Satya-

pal et al. 2005) and bolometric correction factor (LBol/L2.0−10.0keV = 15) appropriate for

1https://ned.ipac.caltech.edu/
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low-luminosity AGN (Lusso et al., 2012).

The high-quality X-ray spectra allow us to analyze how the fitted coronal parame-

ters (photon index Γ and Ecut) depend on the reflection model, as well as constrain the

torus/reflector properties in this low accretion rate regime. This paper is organized

as follows: in Sect. 2.2 we present details of the observations and data analysis proce-

dures. The variability and spectral results are reported in Sect. 2.3. The implications

of our X-ray spectral analysis are discussed in Sect. 2.4. Finally, a summary of our

findings is presented in Sect. 2.5.

2.2 Observations and data reduction

The XMM–Newton observations were performed on 2017 October 24 using the

medium filter, with Full Frame mode in the EPIC-PN (Turner et al., 2001) and Large

Window mode in both EPIC-MOS (Strüder et al., 2001) cameras. The XMM–Newton

data were processed with SAS version 16.1.0, using the metatasks EPPROC and EM-

PROC and events were selected with the task EVSELECT. The spectra were constructed

from cleaned events files where the flaring times were removed by applying a thresh-

old of 0.7 counts per second on the PN 10.0-12.0 keV count rate integrated over the

entire field of view (FOV). Of the original live time of 28.3 ks in the PN CCD 4, only

18.2 ks livetime were used for the spectral analysis. Source events were selected for

each detector from circular regions of 40 arcsec in radius, centered on the target. Back-

ground events were selected from source-free regions of equal area on the same chip

as the source, approximately 100 arcsec away. The same good time intervals were ap-

plied to PN, MOS1 and MOS2 data, resulting in source+background counts of 5440

for the PN, 1700 for MOS1 and 2100 for MOS2; the estimated source fractions were

91%, 92.5% and 96%, respectively. Spectral channels were grouped with the SAS task

SPECGROUP to contain a minimum of 25 counts per bin. Spectral response (RMF) and

ancillary (ARF) files were created using the tasks RMFGEN and ARFGEN.

In case of the Nuclear Spectroscopic Telescope Array (NuSTAR, Harrison et al. 2013), its

two focal plane modules (FPMA and FPMB) operate in the energy range 3–79 keV. The

observation was split into four segments spread within 10 days between 2017 October

24 and 2017 November 03, totalling almost 230 ks of exposure time. The NuSTAR

data were processed using NUSTARDAS v1.6.0, available in the NuSTAR Data Analysis

Software. The event data files were calibrated with the NUPIPELINE task using the

response files from the Calibration Database CALDB v.20180409 and HEASOFT version
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Table 2.1: Observational details.

Telescope Obs ID Date Exp. time

NuSTAR 60301031002 2017/10/24 24.52/24.47

60301031004 2017/10/27 90.39/90.14

60301031006 2017/10/30 57.37/57.26

60301031008 2017/11/03 57.01/56.83

XMM-Newton 0795730101 2017/10/24 18.2

Swif /BAT - 2004/12-2010/08 12.7×103

Notes: Instrument (Col. 1), obs ID (Col. 2), date (Col. 3),

Net exposure times (Col.4) represents the live time (in ks), of

FPMA/FPMB for NuSTAR and PN for XMM-Newton. Swift/BAT

data correspond to the 70 month All-sky Hard X-Ray Survey re-

ported in Baumgartner et al. (2013).

6.25. With the NUPRODUCTS script we generated both the source and background

spectra, plus the ARF and RMF files. For both focal plane modules, we used a circular

extraction region of radius 50 arcsec centered on the position of the source with a

source-free. The background selection was made taking a region free of sources of

twice the radius of the target. Spectral channels were grouped with the FTOOLS task

GRPPHA to have a minimum of 50 counts per spectral bin. The source is significantly

detected in the 3–70 keV energy range. Details on the observations can be found in

Table 2.1.

We also retrieved a high-energy spectrum for NGC 3718 from the Swift/BAT 70

month All-sky Hard X-Ray Survey reported in Baumgartner et al. (2013), together

with the corresponding response matrix. The data reduction and analysis for the

Swift/BAT 70 month All-sky Hard X-Ray Survey are based on the procedures used

in the Swift/BAT 22 All-Sky Hard X-ray Survey. The complete analysis pipeline is

described in the Swift/BAT 22 All-sky Hard X-Ray Survey (Tueller et al., 2010).This

spectrum contains eight energy channels in the 14–200 keV energy range.
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2.3 Analysis and results

The spectral fitting process has two steps: (1) variability analysis of each NuSTAR

exposure to study the possibility of combining them to increase the sensitivity and (2)

modelling of the resulting spectra.

2.3.1 Variability

We ran the task NUPRODUCTS to construct light curves from the NuSTAR data in the

energy range 3–70 keV with 500 s bin. We subtracted the background light curves

from the corresponding source light curves. The average count rates per segment, i.e.,

averaging FPMA and FPMB, range from 0.06 ± 0.01 to 0.04 ± 0.01, within 2σ of each

other. The data are therefore consistent with no variations on a timescale of 10 days.

We analyzed the light curves to check variability on short timescales, i.e., from

hours to days. The light curves are shown in Figure 2.1, where the dashed lines rep-

resent 1σ standard deviation. We calculated the χ2 and the degrees of freedom (d.o.f.)

as a first approximation to test the variations. We considered the source to be variable

if the count rate differed from the average above 3σ (or 99.7% probability). To check

the variability amplitude of the light curves, we calculated the normalized excess vari-

ance, σ2
NXS. We followed prescriptions given by Vaughan et al. (2003) to estimate σ2

NXS

and its error, err(σ2
NXS). We found that NGC 3718 is not variable at 3σ confidence level.

The average count rates of the four segments and both detectors are listed in Table 2.2.

The XMM–Newton observation was heavily affected by background flares, caus-

ing the loss of nearly half the exposure time. After removal of the flaring intervals,

the 0.2–10.0 keV, background-subtracted light curve has an average count rate of 0.26

counts s−1, and no significant variability over the length of the observation, 31 ks. The

resulting excess variance is σ2
NXS = 0.002 ± 0.003, and therefore consistent with zero.

We also checked for spectral variability between the NuSTAR exposures by fitting

each individual observation (for FPMA and FPMB) with an absorbed power-law with

all parameters free. We found that NGC 3718 showed variations in the normalization

smaller than 4% and in Γ smaller than 3%, with values close to ∼1.94, on a timescale of

ten days, all within the uncertainties in these parameters at 1σ level. The simultaneous

fit therefore resulted in a non-variable spectrum on a 10-day timescale.

Variations within the observed timescales were not detected between different

spectra studied here. Therefore, the spectra of all the NuSTAR epochs were combined

to increase the sensitivity, producing a single spectrum for each detector, A and B.

44



2.3. ANALYSIS AND RESULTS

Table 2.2: Statistics for the NuSTAR light curves

Obs ID FPM σ2
NXS err(σ2

NXS) counts error

(counts s−1) (counts s−1)

60301031002 A 0.006 0.014 0.059 0.012

B 0.084 0.029 0.061 0.013

60301031004 A 0.023 0.012 0.047 0.011

B 0.015 0.013 0.046 0.012

60301031006 A 0.041 0.015 0.056 0.012

B -0.0004 0.009 0.058 0.012

60301031008 A -0.014 0.014 0.049 0.015

B -0.014 0.033 0.035 0.015
Notes: Obs ID (Col. 1), focal plane module (Col. 2), nor-

malized excess variance with errors (Cols. 3 and 4), mean

of counts and its errors (Cols. 5 and 6).

Figure 2.1: Light curve of NuSTAR data for NGC 3718 with 500 s bin. Blue stars represent

FPMA and red dots FPMB. The black dashed lines represent the 1σ level from the average.

The observations are separated by three days.
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Since the XMM–Newton observation was carried out during one of the NuSTAR ex-

posures, the spectra from both observatories can be considered simultaneous. We

compared these contemporaneous XMM–Newton/NuSTAR data sets in the same en-

ergy band (3–10 keV) to exclude calibration differences between these instruments.

We fitted the data with a power-law and fixed the slope, allowing variations in the

normalization. We found values of NXMM = (5.1 ± 0.2)× 10−4 for XMM–Newton and

NNustar = (5.2 ± 0.3)× 10−4 for NuSTAR . Therefore, for this source, the instrument

responses are consistent.

2.3.2 Spectral analysis

The spectral analysis of the NuSTAR, XMM–Newton and Swift/BAT data was per-

formed using XSPEC version 12.10.0 (Arnaud, 1996). All the errors reported through-

out the paper correspond to 90% confidence, unless otherwise noted. In this chap-

ter we only used XMM-Newton observations from the EPIC-PN because of its higher

throughput (Strüder et al., 2001) and because inclusion of the EPIC-MOS spectra re-

sulted in too much statistical weight to the low energy range data points compared

to the NuSTAR and Swift/BAT data. For all spectral fits, we included a multiplica-

tive constant normalization between FPMA, FPMB, EPIC-PN and BAT to account for

calibration uncertainties between the instruments and possible variations between the

Swift/BAT and Nustar and XMM-Newton exposures. We found that these calibration

uncertainties are close to unity except in the case of Swift/BAT data, where this con-

stant is close to 4. This difference is shown in Table 3 and discussed in Section 4.1.

NGC 3718 shows weak Fe Kα emission. For this reason, we started our

spectral analysis with a simple absorbed power-law with a high-energy cut-off

(phabs*zphabs*cutoffpl in XSPEC. In this model the phabs component is associated

with absorption from our Galaxy and fixed to 1.07×1020 cm−2, obtained using the NH

tool within FTOOLS (Dickey & Lockman, 1990; Kalberla et al., 2005). The zphabs com-

ponent is associated with absorption from the nuclear region. We note that the cut-off

power-law model for the continuum emission is a phenomenological model that can

represent Comptonized emission from a corona or ADAF or synchrotron emission

from a jet, so the source of X-ray emission in the model can correspond to any of these

structures.

This fit results in a χ2= 427.59 for 374 d.o.f. We find a significant intrinsic hydro-

gen column density of NH=(8.9+0.7
−0.6)× 1021 cm−2, showing that the coronal emission is
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Figure 2.2: Upper panel: Best-fit cut-off power-law model (solid line) to the NuSTAR FPMA

and FPMB, XMM-Newton pn, and Swift/BAT spectra of NGC 3718 (filled circles). Lower panel:

Residuals in terms of data-to-model ratio.

absorbed, Γ = 1.78±0.08 and Ecut=73+111
−30 keV. The data and best-fit cut-off power-law

model are shown in Figure 2.2. This model fails to adequately fit the spectral contin-

uum, leaving obvious structured residuals. In order to improve the spectral fit, we

studied the residuals in the soft (0.3–2.0 keV) and hard (2.0–110 keV) energy bands.

In order to interpret the parameters of the cut-off powerlaw in a physically mean-

ingful way we replaced this component with the comptonization model CompTT, which

describes Comptonization of soft photons in a hot plasma (Titarchuk, 1994) to produce

the primary continuum. We find the following constraints on the electron temperature

(Te) and optical depth of the corona (τ): kTe = 44+34
−24, τ = 0.8+0.4

−0.8, where part of the un-

certainty in these parameters is due to the degeneracy between them. In order to place

tighter constraints on the roll-over energy, below we continue to use a phenomeno-

logical model for the continuum, i.e., a cut-off power-law. We note as well that these

uncertainties do not incorporate the effect of a possible reflection component, which,

as discussed below, can be important.
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2.3.3 Soft energy band

In the soft energy band, we added a thermal or scattered power-law component in

order to improve the spectral fit. Adding a power-law component under a different

host absorber, with a normalization of a few percent of the primary power-law with an

identical slope, resulted in a good fit with χ2= 417.36 for 372 d.o.f., statistically better

than the simpler model. An alternative optically thin thermal component, modeled

with APEC, performed slightly worse. For this reason, we incorporate the scattered

power-law component in the following models. The improvement of the model in-

cluding the scattered component is clearly seen in Figure 2.3. Note that the intrinsic

and scattered power-laws are very similar in shape, in the models they are mainly

distinguished by the absorber that they have in front (the scattered component has

a lower column density than the intrinsic power-law emission). Leaving the relative

normalization free sometimes results in an inversion of the components, which affects

the correct identification of the absorbers. To make sure that the spectrum is not dom-

inated by the scattered component at high energies, the relative normalization was

restricted to a maximum of 4% of the normalization of the nuclear power-law, where

this particular value was obtained from a simple fit.

The column density of the absorber acting on the extended scattered power-law in

this fit is NH,S = (2.1+1.0
−0.1)× 1021 cm−2, and the absorber acting on the nuclear power-

law is NH,H = (1.0 ± 0.1)× 1022 cm−2, Γ = 1.84+0.08
−0.06 and Ecut = 99+153

−50 keV. A similar

model was shown by González-Martı́n et al. (2009) to be a good representation of the

X-ray spectrum of 82 LINERS in the 0.2–10 keV band with XMM-Newton and Chandra

data.

2.3.4 Hard energy band

The small residuals observed in the hard energy band could be an effect of reflection

from an accretion disk or a torus. The effect of this component is thought to affect

the curvature of the hard X-ray emission and is responsible for the creation of the iron

emission line at 6.4 keV (Pounds et al., 1990; Nandra & Pounds, 1994a). As a first ap-

proach to quantify possible reflection features, we investigated the presence of iron

emission in the spectrum of NGC 3718. We analyzed data in the energy range 5.0–8.0

keV to constrain the need of a narrow Gaussian component. First, we fit a power-law

model in this range and obtain χ2/d.o.f=20.27/24=0.84. Then we add a Gaussian com-

ponent to study the improvement of the fit, and found χ2/d.o.f=16.66/22=0.76. This
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Figure 2.3: Upper panel: Best-fit cut-off power-law + scattered model component (solid line) to

the NuSTAR FPMA and FPMB, XMM-Newton pn, and Swift/BAT spectra of NGC 3718 (filled

circles). Lower panel: Residuals in terms of data-to-model ratio.

component has a line centered at 6.5+0.1
−0.2 keV, consistent with FeKα (6.4 keV) emission

and equivalent width EW = 0.11+0.04
−0.05 keV. Note that we fixed the width of the emis-

sion line to 0.01 keV, below the instrumental resolution. Figure 2.4 shows the best-fit

model in a zoom-in at 5.0-8.0 keV with a Gaussian fit and its residuals. This figure

shows that, although small, an emission line at 6.4 keV is consistent with the spec-

trum of NGC 3718.

In order to assess the reflection fraction limit that we can derive from our data, we

firstly used a simple reflection model. We used the pexmon (Nandra et al., 2007) model

implemented in XSPEC which uses as continuum an exponentially cut-off power-

law. Since the pexmon model represents both the reflected and intrinsic emission, the

model employed was pexmon + scattered component, removing the coronal cut-off

power-law. In this way, the model parameter R f corresponds to the reflection fraction

and is a free parameter. We found a good fit to the data with this model with χ2=416.43

for 371 d.o.f, with a best-fitting Γ=1.85± 0.08, Ecut=84+93
−39 keV and reflection fraction

R f <0.67 (with the best-fitting value of 0.30). The reflection fraction is partially anti-

correlated with the cut-off energy as can be seen in the contour plot in Figure 2.5;

lower reflection fractions allow higher cut-off energies, although this parameter is still
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Figure 2.4: Upper panel: Count spectrum of the XMM-Newton observation zoomed-in at the

Fe complex. Lower panel: Residuals in terms of data-to-model ratio.

constrained at the 1σ level.

The improvement on the fit including Pexmon is marginal and an F-test shows that

it is not statistically significant. The accreting black hole, however, cannot be com-

pletely isolated, there must be material around it, such as the accretion flow itself and

a small BLR (Cazzoli et al., 2018). In agreement with this assumption, our previous

analysis shows that the spectrum is well described when a reflection component is

included, although it is formally also consistent with no reflection, perhaps due to

limited signal to noise ratio. Despite the weakness of the possible reflection, it should

not be ignored, because if present it will produce curvature in the hard X-ray spec-

trum that would otherwise be misinterpreted as an intrinsic rollover of the primary

continuum. Furthermore, our data (among the deepest available hard X-ray spectrum

for a LLAGN) allow us to put physically meaningful limits on the amount and distri-

bution of the material surrounding the AGN. Therefore, in the following discussion

we model a reflection component, without a priori restrictions on its strength.

Aiming at fitting the data with the most representative physical model, we studied

reflection models which might come from a neutral reflector as modeled by Borus02

(Baloković et al., 2018) or MYTorus (Murphy & Yaqoob, 2009), as well as from an ion-

ized accretion disk (Relxill, Garcı́a et al. 2013). The final model employed in the
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Figure 2.5: Two-dimensional ∆χ2 contours for reflection fraction and cut-off energies for

NGC 3718 with pexmon reflection model. The solid blue line represents the 1σ, the dashed

line 2 σ level and the pointed line 3σ contour level. The best-fitting values are marked by a +

sign.

analysis is defined as:

C × NGal(NH,S× PL +NH,H× cPL +NH,H × table)

where C represents the cross-calibration constant between different instruments and

NGal is the Galactic absorption (phabs in XSPEC); NH,S is the column density of ab-

sorbing material acting on the scattered power-law, PL is the power-law of the scat-

tered component; NH,H is the absorbing material that acts on the nuclear components

(power-law and torus or disk reflection)2; cPL is a cut-off power-law (cutoffpl in

XSPEC) representing the primary X-ray emission and “table” represents the different

reflection models that will be used. To be consistent, we ignore data below 0.7 keV in

the following analysis because the MYTorus model only works above that energy. We

therefore fixed the parameters of the scattered power-law component to the values

that were previously obtained.

In the following, we compare the effect of the different reflectors on the result-

ing primary continuum parameters (i.e., Γ and Ecut) and study the properties of the

2We made a test with an absorber acting or not in the torus-like reflector and we found that it is

indistinguishable. The same result was found for the absorber on the scattered component.
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reflector itself. Elemental abundances are assumed to be solar for all models.

Torus reflection model: Borus

Baloković et al. 2018 developed a radiative transfer code that calculates the repro-

cessed continuum of photons that are propagated through a cold, neutral and static

medium. In this chapter, we used the geometry that corresponds to a smooth spherical

distribution of neutral gas, with conical cavities along the polar directions (Borus02).

The opening angle of the cavities, as well as the column density and the inclination of

the torus, are free parameters. The reflected spectrum of this torus is calculated for a

cut-off power-law illuminating continuum, where Ecut, Γ and normalization are free

parameters. Therefore, combining Borus02 with a cut-off power-law with parameters

tied to those of the Borus02 illuminating source, a consistent model can be obtained.

We tied the opening angle, θtor, to the inclination angle, θincl , to ensure a direct view of

the central engine, and modeled the direct coronal emission separately with a cut-off

power-law under a neutral absorber with zphabs. We recall that θtor=0 corresponds to

a pole-on view. The free parameters in this model are the column densities along the

line-of-sight, the covering factor and column density of the reflector, Γ of the primary

emission, its Ecut and normalization, which in turn is tied to the normalization of the

reflector.

The best-fit model is shown in Figure 2.6. This fit is statistically acceptable with

χ2= 405.56 for 364 d.o.f. and no clear structure in the residuals. The best-fitting values

for the Γ, Ecut, and absorption can be found in Table 2.3.

We also put constraints on the column density of the reflector and its covering

fraction. As can be seen in the contour plot in Figure 2.7, the parameter space al-

lowed by the data is broad. The reflector is only constrained to have a relatively low

equatorial column density NH < 1023.2 cm−2 for any covering fraction, at the 1σ level,

and NH < 1023.5 cm−2 at the 2σ level. The existing reflection features only require

a contribution from the torus in this model at the 1σ level, with a column density

NH > 1.6 × 1022 cm−2.

We note that this low column density and high covering fraction solution is consis-

tent with the absorption seen along the line of sight to the corona (NH,H ∼ 1022cm−2,

see Figure 2.3), so a model where a Compton thin torus covers a high fraction of the

sky is consistent with the data both in terms of reflection and absorption.
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Figure 2.6: Upper panel: Best-fit Borus+cut-off PL model (solid line) to the NuSTAR FPMA

and FPMB, XMM-Newton pn, and Swift/BAT spectra of NGC 3718 (filled circles). Lower panel:

Residuals in terms of data-to-model ratio.
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Figure 2.7: Two-dimensional ∆χ2 contours for torus column density and covering factor for

NGC 3718, modelled with Borus. The solid, dashed and dotted contours denote 1σ,2σ and 3σ

respectively. The ”+” symbol represents the best fit value. The reflector is constrained to have

low equatorial column density NH < 1023.0 cm−2 with a large best-fitting covering fraction of

0.95 of the sky, although smaller covering fractions down to 0.1 are permitted at the 1σ level.
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Torus reflection model: MYtorus

The MYtorus (Murphy & Yaqoob, 2009) model proposes a toroidal geometry where the

covering fraction is fixed to 0.5, although different values can be mimicked by varying

the normalization of the torus relative to the direct coronal emission, as we will do

here. The equatorial column density and inclination angle are free parameters. In

this model we fix: the metallicity to solar by tying the normalization of the scattered

and fluorescent FeKα line components, and the foreground Galactic absorbing column

density. We include a cut-off power-law under a neutral absorber as before, to model

the direct coronal emission. The model is the same that was used with Borus, but

replacing the reflector with the MYTorus tables. The free parameters in this model

are the absorbing column densities along the line of sight, the column density and

normalization of the scattered component, the normalization of the power-law, its Ecut

and its Γ.

The high energy cut-off is not a parameter for the illuminating source in this model,

but a few tables exist for different input termination energies. We repeated the spectral

fits with the available tables, calculated for illuminating continua with termination

energies of 100, 160, 200, 300 and 500 keV to search for a solution where the cut-off

energy of the power-law is below the termination energy of the reflection, as otherwise

the model would not be consistent.

In this chapter we will use the reflection model with termination energy at 300 keV

since this is the lowest value of Ecut that satisfies the previous condition. The best-

fitting model is plotted in Figure 2.8. This fit is statistically acceptable with χ2=406.58

for 364 d.o.f. and has an equatorial column density of the reflector of 7.2+6.4
−5.9× 1022

cm−2. The absorbing column densities can be found in Table 2.3.

The covering fraction can be studied by comparing the normalization of the scat-

tered component with the normalization of the power-law. The column density of the

reflector and covering fraction follow the same trend observed with Borus02, i.e., a

low column density reflector (NH ≤3×1022 cm−2) with any covering fraction at 1σ

level, although a high covering fraction of the sky is preferred.

The contour plots for the Γ and Ecut for the Borus02 and MYTorus reflection mod-

els are shown in Figure 2.9. Both models are highly consistent, showing a range of

allowed values of Γ (i.e., 1.80-1.90). The main difference between them is the broader

range in Ecut obtained with MYTorus, reaching much lower values at 1σ, but with sim-

ilar 2σ level contours.
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Figure 2.8: Upper panel: Best-fit MYTorus+cut-off PL model (solid line) to the NuSTAR

FPMA and FPMB, XMM-Newton pn, and Swift/BAT spectra of NGC 3718 (filled circles). Lower

panel: Residuals in terms of data-to-model ratio.
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Disk reflection models

MYTorus and Borus both model a neutral reflector with toroidal geometry. Another

alternative is that reflection arises from an accretion disk. Thus we now put constraints

on the properties of a disk-like reflector and estimate the parameters of the primary

emission.

We explore ionized accretion disk reflectors using Relxill reflection models

(Garcı́a et al., 2013). This model calculates the reflected spectrum from the surface of an

X-ray illuminated accretion disk by solving the equations of radiative transfer, energy

balance, and ionization equilibrium in a Compton-thick and plane-parallel medium.

Relxill is composed of many models; in this chapter we consider the case where

the coronal spectrum is either a power-law with an exponential cut-off (Xillver) or

a thermalized Compton spectrum (XillverCp). In the former case, the spectrum is

described by the photon index (Γ) and the high energy cut-off ( Ecut). In the latter case,

the spectrum is described by Γ and the electron temperature of the corona (kTe). The

other common parameter is the ionization, described by the ionization parameter (ξ),

defined as the incident flux (F) divided by the density of the disk (n): ξ = 4ßF/n [erg

cm s−1]. A low value implies that the disk is neutral. For increasing ionization param-

eter, the number and strength of the emission lines observed in the spectra generally

decreases, leading to a fully ionized disk, which acts almost as a mirror and therefore

the spectrum exhibits no line features (see Garcı́a et al. 2013, for a more detailed de-

scription). In this model, this parameter is described by log(ξ) ranging from 0 for a

neutral disk to 4.7 for a heavily ionized disk.

Other important parameters are the iron abundance AFe relative to the solar value

(assumed to be solar in this chapter3), redshift, and inclination. This model contains

both the direct spectrum of the corona and the reflection spectrum. We removed the

coronal power-law from the model setup and replaced it, together with the reflected

component, with either Xillver or XillverCp with a positive reflection fraction. In

this way, the model parameter R f corresponds to the relative fraction of coronal pho-

tons hitting the disk to those escaping to infinity. Our model in these cases is defined

as:

C × NGal(NH,S× PL +NH,H×table)

where “table” represents the accretion disk reflection model. We made a test using the

3We varied these parameters and found minimal effects on our results.
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Figure 2.10: Upper panel: Best-fit Xillver model (solid line) to the NuSTAR FPMA and FPMB,

XMM-Newton pn, and Swift/BAT spectra of NGC 3718 (filled circles). Lower panel: Residuals

in terms of data-to-model ratio.

Xillver model with a neutral accretion disk (log ξ = 0), leaving the reflection fraction

as a free parameter, in order to study consistency with the results previously found

with pexmon. We found that our result is compatible with pexmon, observing that the

best fitting values of Ecut and Γ are almost identical.

Allowing the Xillver ionization parameter to vary, we find a good fit to the data,

with χ2 = 409.59 for 363 d.o.f. The flat residuals suggest that all features in the data

are fitted by this solution. Replacing Xillver with XillverCp results in χ2= 407.21 for

363 d.o.f. and similar residuals. The best value for Γ, Ecut and NH,H of both models

are presented in Table 3. The best-fitting Xillver model is shown in Figure 2.10 and

XillverCp in Fig 2.11.

Figure 2.12 shows contour plots of the disk inclination relative to the line of sight

and the ionization degree of the disk for Xillver. We found that the inclination is

unconstrained for all the model, with the best value reaching ∼80 degrees. The ion-

ization of the disk (logξ) is well restricted to values between 2.8 and 3.5, with the best

value log(ξ) ∼ 3.1. Replacing Xillver with XillverCp, the model produces the same

result for these parameters.

Figure 2.13 shows the allowed ranges of the coronal parameters, Γ and the high

energy cut-off of the corresponding electron temperature. Xillver uses as model pa-

rameter the high energy cut-off of the incident power-law spectrum, while XillverCp
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Figure 2.11: Upper panel: Best-fit XillverCp model (solid line) to the NuSTAR FPMA and

FPMB, XMM-Newton pn, and Swift/BAT spectra of NGC 3718 (filled circles). Lower panel:

Residuals in terms of data-to-model ratio.
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Figure 2.12: Two-dimensional ∆χ2 contours for ionization of the disk and inclination of the

disk for NGC 3718 for fits with Xillver. The blue solid, dashed and dotted contours represent

the 1σ, 2σ and 3σ levels, respectively. The best value of log ξ is restricted to values between 2.8

and 3.4, while the inclination is unconstrained preferring high inclination (∼80 degrees.
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Figure 2.14: Comparison of the reflected spectra as calculated with Xillver (dashed line)

and XillverCp (line), for an illumination with Γ =1.9, energy cut-off 100 keV, inclination 30

degrees and the ionization parameter of the disk log(ξ)=3.5, similar to the best-fitting param-

eters for our data. Note that the small difference in the high energy slope causes the difference

in best-fitting cut-off energy of the power-law, which is constrained to be below 160 keV in the

case of Xillver and below 250 keV in the case of XillverCp.
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Figure 2.15: Two-dimensional ∆χ2 contours for reflection fraction R f and disk ionization

log(ξ) calculated with Xillver model. The reflection fraction has as lower limit of R f > 0.3

and the upper limit is unconstrained. For this high ionization region, the reflected spectrum is

very similar to the incident spectrum, so the reflection fraction and overall normalization are

degenerate.
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Figure 2.16: Two-dimensional ∆χ2 contours for Γ and cut off energies for NGC 3718. The

black line represent a power-law absorbed, in red the Power-law absorbed with an scattered

component, in green Xillver reflection model and in blue Borus model. The simplest model

shows a Γ (i.e., 1.72–1.85) with a low Ecut. Adding the scattered component pushes these

values slightly higher. Adding the reflection models yields the highest values in the case of

torus-like reflector and lower values for a disk reflector.

uses the electron temperature of the Comptonizing plasma (kTe), which is not directly

comparable. The electron temperature produces an effective rollover in the Comp-

tonized spectrum at 2 to 3 times higher energy (see, e.g., Petrucci et al., 2001). There-

fore, in the contour plots in Figure 2.13 use different ranges for Ecut of Xillver (top

panel) and the electron temperature of XillverCp (bottom panel), considering a con-

version factor of 2.5 between them. With this caveat in mind, there is a good overall

agreement between the two models in the best-fitting roll-over energies of the incident

spectrum. Nevertheless, Xillver puts a lower upper-limit for Γ (∼1.87) compared to

XillverCp (∼1.89) at the 1σ level and a lower lower-limit with ∼1.74 for Xillver and

∼1.85 for XillverCp.

To illustrate in more detail the difference in the spectral shape of the ionized re-

flector to the spectrum, we show in Figure 2.14 reflection-only models (R f = −1) with

one particular value of the Γ (1.9), Ecut= 100 keV for Xillver and kTe = 40 keV for

XillverCp and inclination of 30 degrees. In this case we fix the ionization parameter

to 3.5, similar to the best fitting parameter to our data. The spectral shape is very sim-

ilar between them; the main difference lies in the high energy tails due to the different

shapes of the primary continuum. This small difference in the high energy spectrum

can account for the different constraints we found for Xillver and XillverCp, for
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Ecut and Γ. The other feature highlighted by this plot is the strong contribution from

Compton scattering by the disk, which adds a power-law component to the reflected

spectrum. This highly-ionized disk, therefore, can be consistent with the low ampli-

tude of the reflection features in our data, even if the reflection fraction is high, i.e.,

without requiring a truncated disk. We further check whether the degeneracy be-

tween ionization parameters and reflection fraction can be constrained. Figure 2.15

shows the best fit and contours of allowed parameter values for the reflection fraction

R f and log ξ. The 1σ contours are restricted to a solution with ionization between 2.5-

3.5 with the best value at log ξ ∼ 3.2 (the case of a highly ionized accretion disk) and

reflection fraction R f = 1.6, i.e., more than a half of the sky would be covered by the

reflector. Therefore, the fit with Xillver explains the small reflection features better as

an ionized reflector than as a truncated disk. The reflection fraction has a lower limit

of Rf = 0.3 and the upper limit is unconstrained. For this high ionization region, the

reflected spectrum is very similar to the incident spectrum, so the reflection fraction

and overall normalization are degenerate.

Comparison between models

Our modelling shows two possible configurations to explain the low-amplitude reflec-

tion features: a Compton thin reflector covering a high fraction of the sky or a highly

ionized accretion disk. From a statistical point of view, these four reflection mod-

els, MYTorus, Borus02, Xillver and XillverCp, are indistinguishable, with only very

small differences in the goodness of the fit. From the ratio plots, it appears that the

four models perform equally well in describing the data. Note that there is a general

excellent agreement between the values for the column density of the nuclear absorber

between the models.

In Table 2.3 we report the best-fit NH,H, Γ and Ecut values for our source using the

MYTorus, Borus02, Xillver and XillverCp models, while in Figure 2.16 we show the

1σ confidence area of the parameter space of the primary emission obtained using the

different reflection models. We found a variation of the best-fitting Γ of 0.08 depending

on the model. If we use the simple model (an absorbed power-law) we get the lowest

value of Γ and Ecut (i.e., ∼ 76 keV). In case of a power-law with an additional scat-

tered component in the soft band, the values of Γ and Ecut increase and show broader

extension in the parameter space, indeed, the contour plot at the 1σ level is open for

Ecut. With the inclusion of a disk or torus reflector, we find that the torus reflection

model (we plot only the Borus model for visualization purposes) shows higher values
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in Γ and Ecut, with only a lower limit for Ecut. The ionized reflection model (Xillver)

shows lower values for Ecut and Γ. They differ, however, in the best-fitting Ecut (81 keV

for Xillver, 150 keV for torus reflectors and 30 kTe equivalent to a roll-over energy of

∼ 75keV for XillverCp) and the allowed range is constrained to be below 200 keV by

Xillver while it is unconstrained for all the other reflection models.

According to our results, χ2 decreases (with ∆χ2/d.o.f.=0.02) and the coronal pa-

rameters (i.e., Γ and Ecut) decrease when the reflection component is associated to a

disk or increase in the case of a torus. From the statistics point of view, the reflection

component is not required because it is not statistically significant. However, there

must be material around the accreting black hole that will produce the weak reflec-

tion observed in this galaxy, such as the accretion flow itself and a small BLR (Cazzoli

et al., 2018). We show that if we do not consider it in the model, the values we obtain

from the power-law parameters are overly constrained. For this reason, it is crucial to

include a reflection component in the X-ray spectral modeling to estimate accurately

the parameters of the primary emission.

Comparison with previous results

We calculate the intrinsic luminosity to compare with the luminosity measured 12

years earlier with XMM-Newton. We found a luminosity 8% lower compared with

that previously found by Hernández-Garcı́a et al. (2014) fitting two absorbed power-

laws and 33% lower compared with Younes et al. (2011) using an absorbed power-

law. Also, we compare the values obtained by these authors for the Γ, NH,S and NH,H.

Younes et al. (2011) fitted an absorbed power-law model to the X-ray spectrum below

10 keV. They found a Γ=1.7±0.1, highly consistent with the one obtained in case of a

simple power-law (model in black in Figure 2.16), but low compared to the fits includ-

ing reflection components. Hernández-Garcı́a et al. (2014) estimated Γ by fitting a two

power-law model with different absorbing column densities and found Γ=1.79+0.13
−0.08.

Their result is consistent with ours when fitting a simple power-law. Furthermore,

they found consistent values of the hydrogen column density for the nuclear compo-

nent. In either case, the inconsistency between the parameters previously obtained

and our results can be attributed to the use of simpler models over a smaller energy

range than the analysis presented here. We recall that this is the first time that high

quality data at energies above 10 keV are presented for this source, allowing better

constraints on the spectral parameters, including reflection.

Likewise, Ricci et al. (2017a) using broad-band X-ray spectroscopy (0.3–150 keV)
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combining XMM-Newton, Swift/XRT, ASCA, Chandra, and Suzaku observations with

Swift/BAT data and found a value of Γ consistent with our results for the absorbed

power-law model. They were not able to constrain Ecut from those data.

Finally, Ricci et al. (2018) found from Swift/BAT spectra in the 14–195 keV energy

range of a large sample of AGN that Ecut is inversely proportional to the Eddington

ratio: sources with Eddington ratio λEdd < 0.1 tend to have Ecut of about 370 keV,

while ones with λEdd > 0.1 possess lower cut-off energies, with Ecut ∼160 keV. In the

case of NGC 3718 the value of this parameter obtained in all models represents an

outlier in this correlation (according to the low Eddington ratio of NGC 3718) but a

high value of the cut-off energy is still consistent within 1σ level with all reflection

models except Xillver.

2.4 Discussion

In this chapter we report for the first time the analysis of the broad-band, 0.5–110

keV, emission from the low-luminosity AGN (LLAGN) NGC 3718, observed simulta-

neously with NuSTAR, XMM-Newton, together with archival Swift/BAT data. In the

following, we discuss the main results of this chapter.

2.4.1 Variability

The NuSTAR observations were taken over 10 days for stretches of 25–90 ks, totalling

230 ks. This allowed us to look for variability on day timescales. We do not detect

variability, with an upper limit of σ2
NXS < 0.08. This result conforms to the typical

behaviour that most LLAGN do not show variability on day timescales, even in the

X-ray range (Binder et al., 2009; Younes et al., 2011; Young et al., 2018). According

to McHardy et al. (2006), who used a small sample of AGN for the study, the char-

acteristic variability timescale of AGN is related to the black hole mass and accretion

rate. This relation was also explored by González-Martı́n & Vaughan (2012) using

104 AGN and later updated by González-Martı́n (2018) taking into account absorp-

tion effects. Using the mass of NGC 3718 (log(MBH)=7.85 given by Hernández-Garcı́a

et al. 2014 and its accretion rate in terms of the Eddington rate (λEdd ∼ 1.1 × 10−5)

the largest amplitude variations are expected on timescales of several years using the

variability plane reported by these authors. The analysis of other X-ray data sets have

shown variations on timescales of years for NGC 3718 (Hernández-Garcı́a et al., 2014),
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in agreement with the expectation from the variability plane in McHardy et al. (2006).

was observed once with Chandra in 2003 and twice with XMM-Newton in 2004.

Younes et al. (2011) and Hernández-Garcı́a et al. (2014) studied these data and re-

ported a variable flux in the 2–10 keV energy band by 55% and 35%, respectively, on a

timescale of one year. They studied also short-term variability from the analysis of the

light curves and found no changes on day timescales. This is in agreement with our

analysis, where variations on a timescale of ten days were not detected. The variations

found by Younes et al. (2011) and Hernández-Garcı́a et al. (2014), however, can explain

the differences in normalization between the NuSTAR and Swift/BAT data, since the

Swift/BAT spectrum is the median of data taken over 70 months between December

2004 and September 2010, whereas the NuSTAR data were taken outside this period

and several years later, in 2017.

2.4.2 Reflection

An important feature in the spectra of AGN is the reflection that imprints its mark

at X-ray energies. The shape of this reflection component is usually characterized by

the FeKα emission line and the Compton hump peaking at ∼ 30 keV (Pounds et al.,

1990; Nandra & Pounds, 1994a). As can be seen in Figure 2, the spectrum of NGC 3718

shows a weak FeKα line and Compton hump, suggesting a low reflection fraction, as

was confirmed with the pexmon reflection model obtaining R f <0.67, with the best

fitting value in R f ∼ 0.3 (30%) and a R f =0 contained within the 1-σ contours for Ecut

between 100 and 250 keV. This is in agreement with other studies of LINERs where

the reflection fraction is small (Younes et al. 2019 and Osorio-Clavijo et al. 2019, with

5% and 10% respectively). Furthermore, the physical structure causing the reflected

spectrum is under debate and different possibilities have been proposed to explain

its origin. On the one hand, distant absorbing material such as the torus or clouds

in the BLR have been proposed as responsible for the observed reflected emission

(Brightman & Nandra, 2011a), or even gas in the host galaxy further away from the

nucleus and unrelated to the AGN (Arévalo et al., 2014; Bauer et al., 2015), while other

authors have argued in favour of the accretion disk as responsible for the reflection

(Fabian, 2006). In fact, the most plausible scenario is that reflection originates from a

combination of all three structures.

In the case of NGC 3718, we find that the reflection is weak (R f < 0.67 at 1σ,

R f < 0.88 at 2σ level) but with a best-fitting value of R f = 0.3, showing that the
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inclusion of reflection provides a better description of the data although, possibly due

to the limited counts, the improvement is not statistically significant. The presence

of a weak iron line and R f = 0.3 is consistent with the fact that the accreting black

hole cannot be completely isolated, there must be material around it producing some

reflection. Consequently, this component should not be ignored, since leaving it out

of the model could lead to overly constrained values in the coronal parameters. In

an effort to characterize the properties of the reflector in the LLAGN NGC 3718, we

have used different X-ray reflection models. All of the models provide equally good

fits to the data, but it is worth noting the differences among the reflection component

in order to determine the parameters of the power-law (Γ and Ecut) as well as their

physical implications.

In the case of we detect an absorbing column density of NH,S ∼ 1021 cm−2 on

the soft X-ray emission, which we ascribe to a physically extended component, while

the nuclear power-law component is under a column density of NH,H ∼ 1022 cm−2.

has a prominent dust lane which runs across the entire stellar bulge, and a warped

molecular and atomic gas disk, with column density between ∼1019−20 cm−2 (Krips

et al., 2005; Sparke et al., 2009). The average column density of this gaseous disk,

however, is too low to explain the obscuration, accounting for at most 10% of the value

measured in the soft X-ray spectrum, and up to 1% of the column density detected on

the nuclear component. From this comparison we can conclude that the absorption

we detect is likely related to the active nuclear structure, such as the BLR, the torus, or

the narrow line region (NLR).

On the assumption that all the reflection is produced by distant clouds like the

torus, we found that a reflector modelled with either MYTorus or Borus02 should be

Compton thin and potentially cover a large fraction of the sky although smaller cov-

ering fractions (down to 0.2) are also possible within 1σ of confidence level. A relation

between the covering factor of Compton thin material and the accretion rate was pre-

viously reported by Ricci et al. (2017b). They show that accreting black holes with

λEdd=10−5 (the case of NGC 3718) have Compton thin obscurers with covering factors

between 0.2-0.6, consistent with our results (see the contour plot in Figure 2.7).

A disk-wind scenario was proposed as an explanation for the torus evolution in

LLAGN by Elitzur & Shlosman (2006). This approach establishes that the accretion

disk emits vertical winds. For the region inside the dust sublimation radius (Rd), the

gas has no dust, is ionized and forms the BLR, while the wind outside Rd has dust and

forms the torus. According with this model, in sources with low accretion rates and
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low luminosity, the radial column density of the wind is too low (NH < 1022 cm−2) to

produce detectable emission lines, so the BLR disappears. As the torus is generated by

the same mechanism, it would also have a lower column density for lower luminosity,

and accretion rate objects.

Later, Elitzur & Ho (2009) constructed the distribution of Eddington ratio vs black

hole masses and vs bolometric luminosity for objects separated by spectral classifica-

tion. They used a sample of AGN from the Palomar spectroscopic survey (Ho et al.,

1997) with measurements of black hole mass and X-ray luminosity (2–10 keV) avail-

able in the literature. They show that under a division (corresponding to the theoret-

ical prediction of the disk-wind scenario) in accretion rate and luminosity there are

only type 2 objects (Figure 1 in their work) supporting the disappearance of the BLR

below the threshold. Also, with these data they estimated the missing constant in

their theoretical model to set the limit from where the BLR is observable. According

to its accretion rate and luminosity, NGC 3718 falls above the threshold. The BLR and

torus, with low column density, are therefore expected, since it is in the region where

both AGN types, 1 and 2, are observed. According to the disk wind scenario, should

therefore also have a torus, although possibly of low column density. This galaxy is

optically classified as a LINER 1.9 (Ho et al., 1997), which means by definition that

only the broad Hα is detectable (Osterbrock, 1989). The broad Hα component in gen-

eral can either arise from the BLR or from an outflow but Cazzoli et al. (2018) showed

that in the broad line is from the BLR. Our observation of the gas column density

of the reflector in the X-ray spectrum is NH ∼ 6 × 1022 cm−2. This value shows that

the total amount of gas around the AGN in , combining the BLR and torus, is close to

the threshold column density where the BLR is no longer observable (Netzer, 1990).

Therefore the weakness of the optical broad emission lines and of the reflection fea-

tures together point to a small amount of total gas in the vicinity of the black hole,

whether dusty or not.

The disappearance of the dusty torus (e.g., the dusty section of the wind in the disk

wind model) at low luminosity is also demonstrated through the evolution of the dust

emission in the IR. González-Martı́n et al. (2017), using mid-infrared (MIR) spectra from

Spitzer/IRS of AGN with bolometric luminosities ranging over more than six orders of

magnitude, separated the torus emission from other components in the spectra. They

reported a gradual reduction in the contribution of the torus with luminosity, with

no presence of the torus below log[LBol (erg s−1)] < 41. For log[LBol (erg s−1)] > 43,

they found that the torus contribution to the bolometric luminosity has to be larger

68



2.4. DISCUSSION

than 40%, while for log[LBol (erg s−1)] < 42 the contribution is less than 20%. This

result is also compatible with the Elitzur & Shlosman (2006) model, which indicates

less material in the wind for lower luminosities and accretion rates. According to the

luminosity of NGC 3718, it should fall in the second category of the González-Martı́n

et al. (2017) work, i.e., showing the presence of absorbing material around the SMBH

(the BLR or the torus) with a different configuration compared to more powerful AGN,

although a MIR spectrum of this galaxy is not available.

On the other hand, if the reflected spectrum is dominated by emission from the ac-

cretion disk, our data shows that it has to be highly ionized. Key features observed in

more powerful AGN are the broad FeKα emission line that can be related to reflection

from the accretion disk (Fabian et al., 2009; Brenneman et al., 2011; Ricci et al., 2014) or

a correlation between the ionization parameter with the Eddington ratio (Ballantyne

et al., 2011; Keek & Ballantyne, 2016). However, similar studies have not been possible

for LINERs given the weakness of the FeKα emission line, as the case for NGC 3718.

Moreover, X-ray reflection models of highly ionized disks have not been performed

for other LINERs, preventing us from any comparison with other works. It is worth

noting that the geometry of the inner parts of LINERs might differ from more pow-

erful AGN, implying, for instance, that the disk could be truncated (Gu & Cao 2009;

Younes et al. 2011; Hernández-Garcı́a et al. 2013, 2016; She et al. 2018), although our

fits with both Xillver and XillverCp prefer an ionized disk to a truncated one to

explain the small amplitude of the reflection features (see Figure2.15).

Therefore, we propose that has a torus/BLR that contributes at least partially to

the reflection spectrum, whereas our study prevents us from confirming the presence

of reflection off the accretion disk.

2.4.3 Accretion mechanism

The coronal emission of NGC 3718 is fitted by an absorbed power-law with Γ ∼ 1.8

and NH,H ∼ 1022 cm−2. This Γ is consistent with typical measurements for AGN,

suggesting the same physical origin for the X-ray emission (Brightman & Nandra,

2011a).

Spectral differences between high and low-luminosity AGN may arise from their

accretion mechanism. While the standard accretion disk explains well the powering

of highly accreting AGN (Shakura & Sunyaev, 1973), it has been suggested that for

LLAGN the emission mechanism becomes inefficient and the X-ray emission origi-
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nates in ADAFs (Gu & Cao, 2009; Younes et al., 2011; Hernández-Garcı́a et al., 2013,

2016; She et al., 2018) similar to that in X-ray binaries (XRBs) in their low/hard state

(Ma et al., 2007; Ueda et al., 2010; Xu, 2011). AGN are thought to be scaled up versions

of Galactic black hole X-ray binaries. The study of the accretion mechanism in XRBs

and AGN has been approached by relating Γ to the Eddington ratio (λEdd = LBol/

LEdd). This relation shows a positive trend (soft state in XRBs) for high luminosity

sources above a threshold value of λEdd and negative trend (low state for XRBs) be-

low this threshold (Gu & Cao, 2009). However, in the case of LLAGN, which fall in

the anti-correlation section of this relation, it shows a high dispersion that is still not

understood — it could be due to the sensitivity of the measurements or to intrinsic

diversity of the nuclei. Estimating Γ using high-quality X-ray data and studying how

sensitive Γ is to the reflection model used in the fit is an important step to constrain

the origin of the scatter in this relation.

Our best-fitting Γ for NGC 3718, including the reflection component, falls on the

mean value of the correlation Γ vs λEdd given by Gu & Cao (2009), Younes et al. (2011),

and She et al. (2018). The coincidence between the measured and expected values

of Γ suggests that high quality X-ray spectra, together with modelling including the

reflection component, can reduce the large scatter seen in this correlation.

Furthermore, we can study the position of in the fundamental dichotomy between

the local radio AGN population (see Best & Heckman 2012). This plane proposes that

according to the optical spectra, AGN can be classified as quasar mode/HERG (high-

excitation) where the material is accreted onto the black hole through a radiatively-

efficient, optically-thick, geometrically thin accretion disk (e.g., Shakura & Sunyaev

1973) or radio mode/LERG (low-excitation) dominated by ADAFs. The excitation

level of the emission line region is expected to be defined by the hardness of the UV

spectrum from the central source, therefore, a thin disk reaching the innermost or-

bit would produce a hard ionizing UV continuum and more high excitation lines,

while a truncated disk, replaced in the innermost regions by an ADAF, would pro-

duce a low-excitation spectrum. The excitation index (EI) defined by Buttiglione et al.

(2010) is used by Best & Heckman (2012) to separate low from high-excitation sources,

with a threshold at EI=0.95. The optical spectrum of characterized by Moustakas &

Kennicutt (2006) results in EI=0.89, in the low-excitation region but very close to the

high-excitation threshold. The equivalent width of [OIII] is alternatively used as an

excitation quantifier and Best & Heckman (2012) propose 5Å as the threshold value.

With this criterion also falls in the low-excitation region but at the high excitation end
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of LERGs, with an [OIII] EW=2.6Å (Moustakas & Kennicutt, 2006). Based on these

criteria, NGC 3718 can be classified as a low excitation galaxy that is in favor of an

ADAF instead of accretion via a geometrically thin disk, although it is close to the

limit between low and high-excitation sources.

2.4.4 Source of X-ray emission

The source of X-ray emission is generally unresolved in LLAGN and its origin is under

debate: it might be the ADAF itself or it might be synchrotron emission from a jet.

The jet origin is supported by the fact that low-luminosity objects tend to be radio

loud, as noted by Ho (2002), who shows that radio loudness anti-correlates strongly

with λEdd. According with this relation, the accretion rate in NGC 3718 should result

in a radio loud classification. Moreover, was observed with VLBA (Nagar et al., 2005)

and MERLIN (Krips et al., 2007; Markakis et al., 2015) and they reported extended

emission at 18 cm with signs of a compact (0.5or 34 pc) radio jet detected at 4σ signifi-

cance which is weakly present at 6 cm as well. Therefore we need to take into account

the possibility that this jet emits X-rays.

Our next step is thus to study the jet dominance in this galaxy. Younes et al. (2012)

classified a sample of LINER 1s into radio-loud or radio quiet classes according to

the radio loudness parameter (Rx=νLν(5 GHz)/L2−10keV, Terashima & Wilson 2003)

which compares the radio to X-ray fluxes. In agreement with this quantity, a LLAGN

can be classified as radio-loud if log(Rx) >-4.5. For NGC 3718, Younes et al. 2012

found log(Rx)=-3.81, classifying this galaxy as a radio-loud. Using the X-ray lumi-

nosity from Younes et al. (2011), Hernández-Garcı́a et al. (2014) and our results, we

calculate slightly different values of Rx, but consistent with a radio loud classifica-

tion. Panessa et al. (2007), however, challenged this simple criterion to judge radio

loudness. These authors studied the Seyferts in the Palomar sample (Ho et al., 1997),

which they assumed as radio-quiet, and compared to low-luminosity radio galaxies,

i.e., radio-loud, and reported that for low-luminosity AGN the limit for radio-loud

should be larger. They showed that a better threshold is log(Rx) ∼-2.8, placing in

the radio-quiet regime. Furthermore, Maoz (2007) compared the radio-to-UV fluxes

of a sample of AGN covering a wide range in luminosity and found that RUV = Lν(5

GHz)/Lν (2500Å) increases with decreasing luminosity for both radio loud and radio

quiet populations, so a more natural threshold should be a function of UV luminos-

ity. Taking the values of RUV and Lν(2500 Å) from Li & Xie (2017), falls in the region
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between radio-loud and radio-quiet, for its UV luminosity, in the RUV vs LUV plane

of Maoz (2007). In agreement with this result, Younes et al. (2012) present the SED of

NGC 3718 and compared it with the Elvis et al. (1994) average SEDs from a sample

of radio-loud and radio-quiet AGN, finding that the radio emission of falls exactly in

the middle of both models. Taking all the information together, the radio loudness for

remains unclear. Nevertheless, it is worth remarking that under the criteria that take

into account luminosity, and also by the shape of the SED, the radio loudness of is at

most borderline, so it is unlikely that the radio jet emission would dominate the X-ray

spectrum.

The best way to know if the radio jet dominates in the X-rays would be to confirm

or reject the spectral curvature in the nuclear emission, since the ADAF model pre-

dicts a curvature while the synchrotron jet emission would be a pure power-law. Our

data, however, do not allow us to confirm or rule out this feature; depending on the

reflection model used, a cutoff in the nuclear power-law is required or not. A detailed

physical modelling of a more complete SED will hopefully reveal the dominance of

one of these physical mechanisms in this LLAGN.

2.5 Summary

Through simultaneous NuSTAR + XMM–Newton plus archival Swift/BAT observa-

tions, we performed a variability and spectral analysis of the LLAGN NGC 3718. The

summary of our main results are reported in the following:

• We do not detect any significant variability in the nucleus of NGC 3718 within

the NuSTAR observations, on a timescale of 10 days.

• The NGC 3718 obscuration corrected flux in the 2–10 keV energy band is 8%

lower than the value previously reported by Hernández-Garcı́a et al. (2014) and

33% lower than the value reported by Younes et al. (2011) using XMM–Newton

data from 12 years ago.

• The X-ray spectrum shows a small Fe Kα line, indicative of a reflection compo-

nent. A simple fit including neutral reflection with pexmon indicates R f <0.67

with the best-fitting reflection fraction R f =0.3, although a R f =0 is also allowed

within the 1 − σ contours. Even though the reflection is weak it should not be

ignored as this could lead to a misinterpretation of the coronal parameters as

explained in Sec.2.4.
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• The type of reflector affects the measurement of the power-law parameters. Both

the Γ and the cut-off energy are marginally lower for a disk reflector than for a

torus. While one of the disk reflectors results in a low and bounded cut-off en-

ergy, the torus reflectors produce a best fitting cut-off energy above the observed

energy range and unconstrained to higher values. Therefore we cannot confirm

or rule out curvature in the continuum in this spectral range.

• We cannot differentiate between the four reflection models fitted to the data, but

these fits allow us to put constraints on each physical scenario. Reflection domi-

nated by a smooth, neutral torus, as modelled be MYTorus or Borus02 should be

Compton thin and preferentially cover a large fraction of the sky, although cov-

ering fractions as low as 0.1 are still allowed by the data at 1 σ level. In the case

of an ionized disk dominating the reflected spectrum, as modelled by Relxill,

a highly ionized disk is required.

• The column density obtained for a neutral reflector, compatible with the small

features seen in the X-ray spectrum, is NH ∼ 6 × 1022cm−2. This is similar to the

column density observed in absorption NH,H ∼ 1022cm−2 and of the same order

of magnitude of the limiting column density for an observable BLR.

• Our results show the importance of including the reflection when analyzing the

accretion mechanism in LLAGN and to understand degeneracies with the in-

trinsic power-law parameters.

The application of the methodology explained here will be subject of the forthcoming

chapter using a sample of AGN covering a large range in λEdd to estimate the intrinsic

Γ and Ecut with high accuracy in order to study the accretion mechanism in LLAGN,

as well as the physical origin of the reflected spectrum.
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CHAPTER 3

Application of the methodology to

a sample of a LLAGN from the

BASS/DR2

The work in this chapter has been submitted for publication in Astronomy and Astrophysics

The subsequent chapter will address several outstanding issues in studies of AGN

and the reflection. In the following we will apply the same methodology previously

explained in Section 2 t a sample of 17 LLAGN. Our purpose is to constrain the geome-

try and column density of potential reflectors in a sample of LLAGN covering a broad

range of energy combining data from XMM-Newton+ NuSTAR + Swift and investigate

the accretion mechanism in LLAGN.

3.1 Introduction

Obscuration gives evidence of material in the line of sight, which could be associated

with the torus. Gas that is not in the line of sight of the observer can also imprint some

features on the X-ray spectrum. Between 10 keV and up to hundreds of keV there
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is a reflection hump created by X-rays being reflected at the accretion disk or more

distant material, like the torus. Furthermore, the strongest emission line seen in the

X-rays, the Fe Kα emission line (e.g., Fabian 2006), can be related with circumnuclear

material, being broad and exhibiting relativistic effects due to its creation close to the

SBMH, and narrow, presumably originating from more distant material. The reflection

features are therefore a useful tool to study the configuration of the accretion disk as

well the torus. To better understand the properties of the reflector, many models have

been developed, like BORUS (Baloković et al., 2018) where the reprocessing medium

is assumed to be a sphere with conical cut off at both poles, approximating a torus

with variable covering factor, cTORUS (Liu & Li, 2014), similat to BORUS but clumpy

and with no Compton shoulder, MYTORUS (Murphy & Yaqoob, 2009) that proposes a

toroidal geometry where the covering fraction is fixed to 0.5, or RELXILL (Garcı́a et al.,

2013) that calculates the reflected spectrum from the surface of an X-ray illuminated,

ionized accretion disk by solving the equations of radiative transfer, energy balance,

and ionization equilibrium in a Compton-thick and plane parallel medium.

It is not clear how the reflecting structure is formed but clues can be gathered

from the relation between reflection strength and the nuclear accretion rate. From

the observational point of view, the torus in the infrared (IR) becomes weaker in the

low luminosity regime (i.e., low accretion rates - below 10−3, González-Martı́n et al.

2017). Furthermore, in the X-rays, it has been seen that the Compton thin absorption

(NH <1.5x1024 cm−2) is less frequent in objects with low accretion rates: the frac-

tion of Compton-thin obscured sources (1022 <NH <1024 cm−2) decreases in the low

luminosity regime (Ricci et al., 2017b), while the fraction of Compton thick sources

apparently remains constant. Both Compton thick and thin absorbers can produce

reflection features, with different shapes and strengths. In this chapter we attempt to

measure the global distribution of gas around the nucleus, whether in the line of sight

or not, through their contribution to the reflection. In particular, we aim at establish-

ing whether the changes in the gas configuration become flatter or overall optically

thinner as the accretion rate goes down.

Additionally, by modelling the X-ray reflection we are able to study the contin-

uum emission, estimating the coronal parameters: Γ and Ecut. It has been shown that

the slope of the power law depends on the accretion rate with changes at interme-

diate accretion rates (LBol/LEdd=λEdd ∼10−3), pointing to a change in the accretion

mechanism, for example between a corona on a thin disk to an advection dominated

accretion flow (ADAF, Narayan et al., 1994). The relationship toward low accretion
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rates is usually seen with a lot of scatter, which can be intrinsic or due to observational

uncertainties (Shemmer et al., 2006; Gu & Cao, 2009; Younes et al., 2011; Yang et al.,

2015a; She et al., 2018). Our second objective is to re-evaluate this relationship in the

low accretion rate range, through a detailed modelling of the reflection and broadband

X-ray data, using observations from XMM-Newton-Newton+NuSTAR+Swift).

This paper is organized as follows: in Sect. 3.2 we present details of the obser-

vations and sample. The data reduction is reported in Sect. 3.3. The methodology

followed during this chapter is shown in Sect. 3.4. All the results are reported in Sect.

3.5. The implications of our X-ray spectral analysis are discussed in Sect. 3.6. Finally,

a summary of our findings is presented in Sect. 3.7.

3.2 Sample and data

A hard X-ray (E≥10 keV) selection of AGN is less affected by the obscuring material

and allows us to obtain the least biased X-ray sample.

Our work focuses on LLAGN selected through their hard-band X-ray emission as

identified in the Swift/BAT 70-month catalogue (Baumgartner et al., 2013) on board

the Neil Gehrels Swift Observatory (Gehrels et al., 2004). BAT operates in the 14–195

keV energy band. The BAT AGN Spectroscopic Survey (BASS) is a survey which

provides high-quality multi-wavelength data for the BAT AGN, including black hole

mass measurements (Koss et al., 2017) and X-ray spectroscopy modelling (Ricci et al.,

2017a). The first data release (DR1) of the BASS project (Koss et al., 2017) includes 642

of Swift/BAT AGN and a second release of optical spectroscopy (BASS/DR2) will also

soon be publicly available (Koss et al., in prep; Oh et al., in prep).

Our sample of galaxies were selected from the BASS/DR2 with accretion rates

log(λEdd) ≤-3.0 obtaining in total a sample of 24 AGN. We used the HEASARC1

archive to search simultaneous and not simultaneous observations with NuSTAR and

XMM-Newton data with publicly available data until August 2020. This analysis pro-

vided data with both telescopes for 16 sources. We include the proprietary data of

the galaxy NGC 5033 (PI: Diaz Y.; log(λEdd) =-4.0), an AGN also contained in the

BASS/DR2.

Our final sample of LLAGNs contains 17 objects, 11 of which are classified as

Seyfert 2 (i.e. only narrow lines are visible in the optical spectrum) and six classified as

Seyfert 1.9 (a broad component is visible in Hα but not in Hβ) in the BASS/DR2. Table

1http://heasarc.gsfc.nasa.gov/
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C.17 shows the general properties of our sample. Notes for the individual galaxy are

in the Appendix B and Table C.1 shows the log of the observations.

3.3 Data Reduction

Data reduction was performed following the methodology explained in this section.

Details on the observations can be found in Table C.1.

3.3.1 XMM-Newton-Newton data

We processed the Observation Data Files (ODFs) from the European Photon Imaging

Camera (EPIC) PN detector using the Science Analysis System (SAS version 17.0.0).

We followed standard procedures to obtain calibrated and concatenated event lists,

filter them for periods of high background flaring activity and extract light curves and

spectra. Source events were extracted using a circular region of 49 arcsec centred on

the target, and background events were extracted from a circular region of 98 arcsec

on the same chip far from the source. We verified the photon pile-up is negligible

in the filtered event list with the XMM-NewtonSAS task EPATPLOT. We generated re-

sponse matrix files (RMFs) and ancillary response files (ARFs) and rebinned the spec-

tra in order to include a minimum of 25 counts in each background-subtracted spectral

channel and to not oversample the intrinsic energy resolution by a factor larger than

3.

3.3.2 NuSTAR data

The NuSTAR data were processed using NUSTARDAS V1.6.0, available in the NuSTAR

Data Analysis Software. The event data files were calibrated with the NUPIPELINE

task using the response files from the Calibration Data base CALDB v.20180409 and

HEASOFT version 6.25. With the NUPRODUCTS script we generated both the source

and background spectra, plus the ARF and RMF files. For both focal plane modules

(FPMA, FPMB), we used a circular extraction region of radius 49 arcsec centered on

the position of the source. The background selection was made taking a region free

of sources of twice the radius of the target and located in the same detector quadrant.

Spectral channels were grouped with the FTOOLS task GRPPHA to have a minimum of

20 counts per spectral bin in the 3.0 – 79.0 keV energy range.
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Table 3.1: General properties of the sample galaxies

Name RA DEC Type Redshift Ngal MBH LBol λEdd

(J2000) (J2000) (1020 cm−2) M⊙ (log) (log)

(1) (2) (3) (4) (5) (6) (7) (8) (9)

NGC 3998 179.484 55.454 Sy1.9 0.003 20.09 8.93L 42.29 -4.74

NGC 3718 173.145 53.068 Sy1.9 0.003 20.03 8.14 41.74 -4.49

NGC 4258* 184.740 47.304 Sy1.9 0.001 20.08 7.56L 41.39 -4.28

NGC 5033 198.364 36.593 Sy1.9 0.002 20.00 7.68 41.78 -4.00

ESO253-G003* 81.325 -46.00 Sy2 0.042 20.62 9.84+ 43.89 -3.95

NGC 1052 40.270 -8.256 Sy2 0.005 20.49 8.67 42.83 -3.94

NGC 2655 133.907 78.223 Sy2 0.004 20.32 8.20 42.43 -3.87

NGC 3147* 154.223 73.400 Sy2 0.009 20.54 8.81 43.10 -3.81

NGC 2110* 88.047 -7.456 Sy2 0.007 21.27 9.38 43.81 -3.67

LEDA 96373* 111.610 -35.906 Sy2 0.029 21.47 9.21 43.80 -3.51

NGC 2992 146.425 -14.326 Sy1.9 0.007 20.72 8.33 43.13 -3.30

M51 202.484 47.230 Sy2 0.001 20.19 6.59 41.40 -3.29

NGC 2273* 102.536 60.845 Sy2 0.006 20.84 7.99 42.84 -3.25

HE 1136-2304 174.713 -23.360 Sy1.9 0.027 20.63 9.39 44.28 -3.21

IGRJ11366-6002 174.175 -60.052 Sy1 0.014 21.81 8.56 43.51 -3.15

IC4518A 224.421 -43.132 Sy2 0.016 20.96 8.79 43.83 -3.06

NGC 7674* 351.986 8.779 Sy2 0.028 20.70 9.18 44.28 -3.0
(Col. 1) Name, (Col. 2 and 3) right ascension and declination in Equatorial (J2000.0)

from Swift BAT 105-month hard X-ray survey (Oh et al., 2018a), (Col. 4, 5, 7, 8 and 9)

optical classification from BASS/DR2, redshift, Black hole mass using the velocity

dispersion method, bolometric luminosity and accretion rate λEdd=LBol/LEdd from

BASS/DR2 survey (L identify masses taken from literature by the BASS/DR2 survey

and the symbol + means from MgII). (Col. 6) represents the galactic absorption

(Dickey & Lockman, 1990). Objects marked with * are the galaxies with

non-simultaneous observations with XMM-Newton and NuSTAR .
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3.3.3 Swift data

We retrieved the binned and calibrated spectra, together with the response matrices

for our targets from the Swift/BAT 105 month All-sky Hard X-Ray Catalog reported in

Oh et al. (2018b). The observations were taken with the Burst Alert Telescope (BAT) on

board the Swift observatory. This survey has a sensitivity of 8.4×10−12 erg s−1 cm−2 in

the 14 – 195 keV band over 90% of the sky with eight-channel spectra averaged over

the 105 month duration of the survey. The complete analysis pipeline is described in

the Swift/BAT 22 All-sky Hard X-Ray Survey (Tueller et al., 2010).

3.4 Methodology

The analysis of the data comprises two steps: (1) Combination of XMM-Newton and

NuSTAR observations; and (2) homogeneous spectral fitting of the sample. All the

spectra have been fitted using XSPEC version 12.10.0 (Arnaud, 1996) and all the errors

reported throughout the paper correspond to 90% of confidence level.

3.4.1 Combination of the XMM-Newton and NuSTAR obser-

vations

In this chapter, we have NuSTAR observations, with an energy range from 3 to 79 keV,

vital to study the Compton hump which is a key signature of the reflection. Addition-

ally, we have XMM-Newton data, which provides the best combination of sensitiv-

ity, bandpass, and spectral resolution at energies ranging from 0.5 - 10.0 keV. Objects

with simultaneous observations with XMM-Newton and NuSTAR were fitted with all

model parameters tied between the different spectra, except for a free cross normal-

ization factor. Objects with non-simultaneous observations (denoted with the symbol

* in our work) were tested for spectral variability between the observation epochs.

In order to detect spectral variability, we simultaneously fitted the XMM-Newton +

NuSTAR spectra in the overlapping 3.0 – 10.0 keV range for each object with a power-

law model under neutral absorption. In cases where the spectrum was not well fitted

with this model we added a Gaussian component centered at 6.4 keV and studied the

improvement of the fit.

At first, all parameters were tied between the spectra of the different

epochs/instruments. If this model produced a satisfactory fit the source is consid-
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ered non variable and treated in the same way as the objects with simultaneous ob-

servations. For the remaining objects we allowed the normalization of the power-law

to vary between epochs which resulted in a satisfactory fit in most cases. For these

objects, in the subsequent fitting the normalization of the power-law was left free be-

tween the epochs but the remaining parameters were tied. For one object, (ESO 253-

G003) allowing the slope of the power-law to vary freely improved the fit significantly

according to the F-test. Given the spectral variability in this source we had to leave

most parameters untied between the epochs, and therefore the inclusion of the lower

energy spectrum would not constrain the reflection model further. For this reason in

this source we used the high energy spectra only. Finally, one object (NGC 7674) could

not be fitted well with a free slope and normalization, as this is a known changing look

AGN and its spectrum changed significantly in shape between observations (Bianchi

et al., 2005), so we retained only the NuSTAR spectrum for the following analysis. The

best model and the final configuration for each object is summarized in Table C.4.

3.4.2 Spectral analysis

For all spectral fits, we included a multiplicative constant normalization between

FPMA, FPMB, EPIC-PN and Swift/BAT to account for calibration uncertainties be-

tween the instruments. We started with a baseline model and added different compo-

nents until a satisfactory fit was obtained. We have selected three broad components

in order to parametrise three scenarios.

1. Cut off Power-law model (cPL) obscured by neutral material: a single power

law model, which corresponds to the primary emission of a non-thermal source.

The column density, NH,los, is added as a free parameter to take the absorption

by matter along our line of sight to the target into account. The free parameters

in this model are the column density, NH,los, the slope of the power law, Γ, the

high energy cut-off, Ecut and the normalization.

2. Reflection models (Refl): When the X-ray continuum is scattered by the

surrounding gas, it can produce fluorescent emission lines (most notably Fe

Kα 6.4 keV) and a broad hump-like continuum peaking around 10–30 keV. The

reflection was modelled with three possible scenarios:
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• A neutral reflector with a semi-infinite column density modelled with

PEXMON (Nandra et al., 2007). This model assumes the existence of optically

thick and cold material, distributed in a slab and covering a given fraction

of the X-ray source. The PEXMON model include fluorescence, adding some

spectral features, such the emission lines FeKα and Fekβ, following the

Monte Carlo calculations of George & Fabian (1991). This model represents

both the reflected and intrinsic emission defined with Γ and the high en-

ergy cut-off (Ecut) and the reflection fraction, Rf. The free parameters in this

model are the reflection fraction, Rf (to account the reflection component

and the contribution from the intrinsic power-law continuum), the spectral

index, Γ, the high energy cut-off, Ecut, the inclination and the normalization.

• A torus modelled with BORUS (Baloković et al., 2018) which calculates the

reprocessed continuum of photons that are propagated through a cold,

neutral and static medium. BORUS is similar to the torus model BNtorus of

Brightman & Nandra (2011a) but it has additional free parameters (Ecut,

AFe), additional chemical elements included, calculation extending to

higher energies and line-of-sight component separated out. Furthermore,

this model has a variable covering factor which is an advantage comparing

with other models, as MYTORUS (Murphy & Yaqoob, 2009) that proposes

a toroidal geometry where the covering fraction is fixed to 0.5. In this

chapter, we used the geometry of a smooth spherical distribution of neutral

gas, with conical cavities along the polar directions (BORUS02). The column

density and the inclination of the torus are free parameters in this model.

BORUS includes fluorescent emission lines, according to fluorescent yields

for Kα and Kβ lines from Krause & Oliver (1979), for all elements up to

zinc (Z < 31). The reflected spectrum of this torus is calculated for a cut-off

power-law illuminating continuum, where Ecut, Γ and normalization are

free parameters. We modeled the direct coronal emission separately with

a cut-off power-law under a neutral absorber as described above. We have

set as free parameters the column densities along the line-of-sight, NH,los,

the inclination, Cos(θincl), the covering factor, CF, the column density of

the reflector, log(NH,re f l), the spectral index of the primary emission, Γ, the

high energy cut off, Ecut and the normalization of the reflector tied to the

primary emission.
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• The accretion disk reflection modelled with XILLVER (Garcı́a et al., 2013)

where the coronal spectrum is a power-law with an exponential cut-off

described by the photon index, Γ and the high energy cut-off, Ecut. Another

important parameter is the ionization parameter, ξ, defined as the incident

flux divided by the density of the disk. This parameter is described by

log(ξ) ranging from 0 for a neutral disk to 4.7 for a heavily ionized disk (see

Garcı́a et al. 2013, for a more detailed description). Other parameters in this

model are the iron abundance, AFe relative to the solar value (assumed to

be solar in this chapter), redshift, reflection fraction, Rf and the inclination.

Also, this model takes takes into account both the reflected continuum and

the FeKα. The free parameters in this model are the spectral index, Γ, the

high energy cut-off, Ecut, the ionization degree, log(ξ), the inclination, incl,

the reflection fraction, Rf (to normalized the reflection component relative

to the intrinsic power-law continuum) and the normalization.

3. Soft X-ray Emission (SE): When the combination of the above models does not

produce a good fit, we explore if the addition of spectral component(s) improves

the fit. The following spectral components are considered:

• An absorbed scattered Power-law: an absorbed power-law PL to model

the scattered emission that is deflected by ionized gas. The photon index,

Γ, of the scattered component is tied to the primary power-law. We

set as free parameters the column density, NH,ext and the normalization

of the scattered component but restricted to be less than 5% of the main one.

• Thermal emission: An optically-thin thermal component, modeled by

MEKAL in XSPEC, to model the soft excess observed below 1 keV, and

potentially due to either star formation processes and/or thermal emission

from a hot interstellar medium. We kept the hydrogen column density,

abundance, and switch at their default values (1, 1, and 1 respectively) and

we let the temperature, ionization and normalization free to vary.
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• An ionized absorber (ab): a warm absorber was modelled with zxipcf

within XSPEC. This model uses a grid of XSTAR photionised absorption

models (calculated assuming a microturbulent velocity of 200 km s−1) for

the absorption and assumes an absorbent covering some fraction of the

source, cfW. zxipcf has as free parameters the column density, NH,W, the

ionization state, log(ξW), the covering fraction, cfW, and redshift. We set

the covering fraction to cfW=1 to mimic an absorber covering all the sky.

We let as a free parameter NH,W and log(ξW).

We started our analysis by fitting a baseline model that is defined as MOD = Refl +

cPL to the data. Then we added one SE emission or absorption component (we tested

one by one: MOD + PL, MOD + MEKAL and MOD*ab) and explore if the inclusion of any

of these components improves the fit. If any of the improvements was significant, we

selected the model that returned the lowest value of χ2/d.o.f., shows improvements

with the F-test and according to the visual inspection of the residuals and select it

as the new baseline model and the process of including and testing an additional SE

component was repeated. When none of the additional SE components provided a

significant improvement, the iteration stopped. Up to 4 iterations were necessary for

each object and reflection model.The best-fitting model parameters are used in the

analyses below if the corresponding χ2/d.o.f ≤1.4, otherwise we conclude that the

particular reflection model used cannot provide a good fit and its parameters are not

reported. The method is represented in Fig. 3.1.

The process was repeated separately for each reflection model thus we report up

to three best-fitting models for each object.

The models that were selected to fit the data are represented in XSPEC as:

C × NGal × ab × (NH,ext × SE + NH,los× cPL +NH,los × Refl)

Where C represents the cross-calibration constant between different instruments,

NH,Gal is the Galactic absorption (phabs in XSpec) predicted using NH tool within

FTOOLS (Dickey & Lockman, 1990; Kalberla et al., 2005). ”ab” is the ionized ab-

sorption component modelled with zxipcf, in cases where this component is used,

otherwise is equal to unity. Two absorbing column densities are used, which will be

called here NH,ext and NH,los (zphabs in XSpec). NH,los is assumed to cover the nuclear
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Figure 3.1: Schematic view of the methodology followed to fit the data. Note that the loop in

blue iterate maximum four times. For a detailed explanation of the method we refer the reader

to the text.

components (power-law and disk reflection)2 and NH,ext covers the SE component3.

Moreover, cPL is a cut-off power-law (cutoffpl in XSpec) representing the primary

X-ray emission and “Refl” represents the different reflection models used.

Note that we imposed the following conditions to the resulting best-fit Γ >0.5,

NH,Gal ≤ NH,ext and NH,los >NH,ext. In the case of NGC 1052, additional Gaussian

lines were required at soft energies from a visual inspection, we included S XIV at 2.4

keV and Si XIII at 1.85 keV. They were added as a narrow Gaussian line with fixed

centroid energy and a width fixed at 0.01 keV.

3.5 Results

In the following we will show the main results of the analysis for the sample of 17

LLAGNs with accretion rate log(λEdd) ≤-3.0 from the BASS/DR2. We refer the reader

to the following sections and tables for details on the analysis. Comparison with pre-

vious works and our results on individual objects can be found in Appendix B. The

2In case of a torus like reflection, the absorber is not acting in the torus-like reflector
3In case MEKAL, the absorber is not acting in this component
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coronal parameters (i.e., Γ, Ecut, and χ2) are listed in Table C.6. The reflection param-

eters, i.e., R f and inclination for PEXMON; log(NH,re f l), CF and inclination for BORUS;

log(ξ), Rf and inclination for XILLVER are listed in Table C.8. In Table C.10 we show all

the additional components required for the fit with each of the reflection models, i.e.,

the column density of the neutral absorbers in the line of sight to the extended and

nuclear components and the temperature of the optically thin thermal emission com-

ponents. Additional parameters, i.e., the column density and ionization parameter of

the ionized absorbers in the line of sight and the normalization of the scattered power

law can be seen in Table C.12. All cross-calibration constants are listed in Table C.14.

The plots of the spectra with the best-fit models and their residuals can be found in

Appendix D.

3.5.1 Models

In this chapter we used three reflection models (PEXMON, borus02, and XILLVER) that

were used to fit the spectrum of each of the sources in the sample, i.e., each of the

sources are fitted by three different models.

The simplest model used in our work (PEXMON) is a good representation of the

data, however, we will focus on models that can explore different reflector geometries

as borus02 and XILLVER. To decide which model provides the best description of the

observations, we estimate the “evidence ratio” using the Akaike information criterion

(AIC) for both models. This evidence ratio allows us to compare if one model is better

than another one, it is defined using as ϵ=W(AICtorus)/W(AICdisk) where W(AICtorous)

and W(AICdisk) are the “Akaike weight” (see Emmanoulopoulos et al. 2016 for more

details). The evidence ratio is a measure of the relative likelihood of the torus versus

the disk model. The torus model is 200 times more likely than the disk model when

ϵ ≤0.0067. The disk model is 200 times more likely than the torus model when ϵ ≥150.

The evidence ratio are listed in Table 3.2.

For nine (53%) objects (NGC 4258,NGC 1052, NGC 2110, LEDA 96373, NGC 2992,

M 51, HE 1136-2304, IC 451A, and NGC 5033) borus02 is preferred. Then in the fol-

lowing sections we choose this model as the best representation of the data in these

objects. On the other hand, two (12%) objects (NGC 2273 and NGC 7674) are well fited

with a disk (XILLVER) model and in six (35%) objects (NGC 3998, NGC 3718, ESO 253-

G003, NGC 2655, NGC 3147, and IGRJ 11366-6002) both models fit similarly well the

data.
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Table 3.2: Best model results according with Akaike criterion

Name ϵ Model

NGC 3998 8.06E-01 T/D

NGC 3718 1.68E+00 T/D

NGC 4258* 2.57E-16 Torus

NGC 5033 5.67E-04 Torus

ESO 253-G003* 1.20E+00 T/D

NGC 1052 3.86E-59 Torus

NGC 2655 3.86E-02 T/D

NGC 3147* 6.44E-02 T/D

NGC 2110* 1.65E-53 Torus

LEDA 96373* 8.97E-26 Torus

NGC 2992 1.77E-74 Torus

M 51 1.68E-04 Torus

NGC 2273* 4.41E+07 D

HE 1136-2304 5.31E-15 Torus

IGRJ 11366-6002 5.88E+01 T/D

IC 4518A 1.18E-06 Torus

NGC 7674* 2.23E+02 D
Evidence ratio for the Akaike method and resulting model best to each source. T/D

represents the cases when either torus or disk models provide an equally good fits. T

represents the torus model (borus02) and D the disk model (XILLVER). Objects

marked with * are the galaxies with non-simultaneous observations with and .
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Figure 3.2: Comparison between the spectral index estimation, Γ, between the models. The

dotted lines represents the mean values.

Since it is not possible to distinguish between a reflection dominated by a torus

or a disk, we will treat them separately in the following sections. When referring

to the torus case, we refer to all borus02 models for the whole sample (15 galaxies:

indistinguishable and distinguishable cases). In the disk case, we refer to the XILLVER

model, considering the indistinguishable cases and the cases where the disk is a good

representation of the data (8 galaxies in total), since in the other cases a torus model is

not a good representation of the data.

X-Ray Continuum Properties

The X-ray continuum of AGN is described by a power-law with a high-energy cut-

off. The free parameters of this component are the spectral index (Γ) and the high

energy energy of the cut-off (Ecut). In Fig. 3.2 we show the histogram derived from

the broadband spectral analysis with each reflection model. Note that the spectral in-

dex between both the reflected and intrinsic emission are tied. We find that the mean

values (dashed vertical lines) of Γ for the sample using PEXMON, borus02 and XILLVER

are consistent (1.73±0.21, 1.72±0.17 and 1.72±0.20 respectively). Note that the sim-

plest model used in our analysis is PEXMON, which shows values of the photon index

consistent with more geometrical models.

Considering the torus model (15 galaxies), we found median values of Γ= 1.76 and

σ=0.16, with values ranging between [1.40, 2.06]. Another important parameter that

could be estimated with the data is the high energy cut-off (Ecut). This parameter can

be considered as an indicator of the temperature of the X-ray corona. Consequently, its
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knowledge provides information about the dynamics of the corona and the physical

processes occurring within it. Nevertheless, this parameter is poorly constrained. A

lower (upper) limit of Ecut could be determined for eight (two) sources. The five AGN

for which Ecut could be determined (NGC 3998, ESO 253-G003, NGC 2110, NGC 2992,

and NGC 5033) have a mean value of Ecut=193.28 keV with a standard deviation of

σ=99.19 keV.

Furthermore, taking into account the disk model (8 galaxies), we found median

values of Γ=1.71 and σ=0.23, with values ranging between [1.40, 2.06]. Regarding the

high energy cut-off, we could find five (one) lower (upper) limits and for six object we

obtained a mean value of Ecut=371.47.58 keV with a standard deviation of σ=619.99

keV.

Soft band spectral fit

In the soft (0.3 – 10.0 keV) energy band, we added a thermal (MEKAL in xspec), scat-

tered power-law, absorption by ionized gas (also referred to as “warm absorption”)

(modelled with zxipcf in xspec) or a combination of these components to improve

the spectral fit.

When considering the torus model (15 objects), six objects (NGC 3998, ESO 253-

G003, NGC 3147, M 51, IGRJ 11366-6002, and NGC 5033) do not require an additional

component to improve the fit. Two objects (NGC 3718 and HE 1136-2304) required a

MEKAL component (with kT=0.88∗∗0.67 keV and kT=0.590.67
0.51 keV, respectively). Two ob-

jects are well fitted with a combination of MEKAL, power-law, and warm absorber (NGC

1052 with MEKAL+PL and NGC IC 451A with MEKAL*ab). Composite models are needed

for five galaxies (NGC 4258, NGC 2655, NGC 2110, LEDA 96373, and NGC 2992). In

the cases where two MEKAL were required, the values of the temperatures are in the

range kT1 = [0.58 - 0.62] keV with a mean value of kT1=0.60 keV and σ=0.02 keV,

and kT2 = [0.15 - 0.22] keV with a mean value of KT2=0.19 keV and σ=0.03 keV. The

mean value of the ionized absorber is NH,W=1.66 ×1022 cm−2 and σ=1.41 ×1022 cm−2

The degree of ionization is in the range [-1.14, 4.30] with the mean log(ξW)=1.31 and

σ=1.99.

In relation to the disk model (8 objects), five galaxies do not require any compo-

nent to improve the spectral fit (NGC 3998, ESO 253-G003, NGC 3147, IGRJ 11366-6002

and NGC 7674). One galaxy (NGC 3718) require a MEKAL component to improve the

fit. Two galaxies (NGC 2655 and NGC 2273) are well fitted with a composite model

MEKAL*ab.
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Line-of-sight column density

Absorption of X-rays by neutral material is the result of the combined effect of Comp-

ton scattering and photoelectric absorption. The Compton scattering and the photo-

electric absorption were modelled using CABS and ZPHABS in xspec respectively. In

ZPHABS, we fixed the redshift at the value of each source. The only free parameter is

the column density, which is tied in all fits (i.e., NH−ZPHABS = NH−CABS = NH−los).

According with the torus model, we can classify six galaxies as unobscured

(log(NH,los) >22) (NGC 3998, NGC 3147, NGC 2992, HE 1136-2304, IGRJ 11366-6002

and NGC 5033) with values between log(NH,los)=[20.0, 21.89] and eight galaxies

(NGC 3718, NGC 4258, ESO 253-G003, NGC 1052, NGC 2655, NGC 2110, IC 451A, and

LEDA 96373) as obscured (22¡log(NH)¡24.18) with values ranging log(NH,los)=[22.01,

24.09]. According with our spectral analysis one galaxy (M 51) in our sample can

be classified as Compton thick (CT) (using as a threshold NH = 1.5 × 1024cm−2, or

log(NH,los)=24.18). The mean values of spectral index, column density in the line of

sight and column density of the torus are reported in Table 3.3. All the parameters are

consistent between the groups. Note that the values of the cross-calibration constant

between the groups are consistent.

Regarding the disk model, two galaxies (NGC 3998 and IGRJ 11366-6002) can

be classified as unobscured. Six galaxies (NGC 3718, ESO 253-G003, NGC 2655,

NGC 3147, NGC 2273, and NGC 7674) as obscured with values log(NH,los)=[22.03,

23.36]. The mean values of the spectral index, the column density in the line of sight,

the ionization degree of the accretion disk and the reflection fraction are reported in

Table 3.3 and showed values consistent between the categories. Note that according

to a reflection dominated by accretion disk, none of the galaxies in our sample can be

classified as CT.

The reflection component

The reflection features observed in the hard X-ray spectra of AGN may be caused

by neutral and distant material such as the torus or by the ionized material of the

accretion disk.

For the case where the reflection is dominated by the torus, the mean value of

our sample for the column density for this structure is log(NH,re f l)=23.69 and σ=0.76

with values between [22.50, 25.40]. Four objects (NGC 1052, M 51, IGRJ 11366-6002,

and IC451A) show a column density of the torus consistent with a Compton thick

90



3.5. RESULTS

Table 3.3: Mean values and standard deviation of the spectral parameters for the subgroups

with the torus and the disk models.
Group Γ ± σ log(NH,los)± œ log(NH,refl)± œ

Unobscured (6) 1.80±0.12 20.85±0.56 23.45±0.68

Obscured (8) 1.74±0.17 22.99±0.65 23.65±0.58

Group Γ ± σ log(NH,los)± œ log(ξ)± σ Rf ± σ

Unobscured (2) 1.85±0.05 21.90±1.32 3.61±0.47 3.97±0.12

Obscured (6) 1.74±0.26 22.90±0.44 2.43±0.77 6.59±3.29
Group, The standard deviation(s) and the mean value of the following parameters:

For the Torus: Γ, column density in the line of sight in log units and column density

of the torus like reflector in units of log. For a disk: Γ, column density in the line of

sight in log units, ionization degree and the reflection fraction. The parentheses show

the number of AGN in each category.

structure. Another important parameter derived from the torus reflector model is

the covering factor. We were only able to determine a lower (upper) limit for three

(six) objects (a lower limit for NGC 3998, NGC 2655, and IC451A, and an upper limit

for NGC 3718, NGC 4258, ESO 253-G003, NGC 3147, NGC 2992, and M 51). This pa-

rameter was determined for six (40%) objects (NGC 1052, NGC 2110, LEDA 96373,

HE 1136-2304, IGRJ 11366-6002, and NGC 5033) with a mean value of CF =0.59 and

σ=0.25. The half-opening angle of the polar cutouts, cos(θincl), is also measured with

the torus model. However, we obtain only lower (upper) limits for seven (three) ob-

jects and properly constrained it for five sources.

To the disk like reflection, we constrain the value of the ionization degree of

the accretion disk in six galaxies (NGC 3718, ESO 253-G003, NGC 3147, NGC 2273,

IGRJ 11366-6002 and NGC 7674), we found median values of ionization degree of the

disk of log(ξ)=2.44 and σ=0.81. In one(one) objects, we only obtain upper (lower)

limit (NGC 3998 a lower limit and NGC 2655 an upper limit). Regarding to the re-

flection fraction, Rf, we obtain six lower limits, one upper limit (NGC 2655) and it is

constrained in one case (NGC 7674). This model also allow us to estimate the inclina-

tion, and this parameter is constrained in five sources with mean value Incl=70.10 deg

and σ=27.23 deg and four upper limits.
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Figure 3.3: Histogram of the intrinsic luminosity in the band 2.0 – 10.0 keV (left) and 10.0 –

79.0 (right) in the and with number of objects in each group.

Flux and Luminosity

We computed the X-ray flux and luminosities in two energy bands: 2.0 – 10.0 keV

and 10.0– 79.0 keV using xspec. Note that redshift of the sources were taken from

NASA/IPAC Extragalactic Database (NED). The values can be seen in Table C.16. Tak-

ing into account a torus model, the mean value of the intrinsic luminosities in the case

are log(L2.0−10.0)=41.73 and σ=1.16 log(L10.0−79.0)=42.14 with σ=1.29. In the case, we

found log(L2.0−10.0)=41.57 with σ=1.06 and log(L10.0−79.0)=41.85 with σ=1.24 and they

are equivalent. The distribution of the intrinsic luminosity obtained in both cases can

be seen in Fig. 3.3.

3.6 Discussion

We have performed the X-ray spectral analysis of an AGN sample with accretion rates,

log(LBol/LEdd) ≤ -3 selected from the BASS/DR2 that have available + + Swift data.

Models from a neutral reflector (PEXMON), reflection from an ionized accretion disk

(XILLVER) and from the torus (borus02) have been used to fit the data. This sample is

composed by 17 objects, and our main results are summarized as follows:

1. In our sample, six (35%) objects are equally well fitted with a disk or with a

torus-like reflector. For nine (53%) galaxies, the torus reflection model is the best

representation of the data. In tow cases (12%) the disk model well fit the data.

2. When modelling the reflection with borus02, seven objects are well fitted by a

single neutrally-absorbed cut-off power-law plus reflection (i.e., no component

are required in the soft band). When modelling the reflection with XILLVER in-

stead, five objects can be well modeled in the same way. The remaining objects
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require the addition of a MEKAL and/or scattered power-law, an ionized ab-

sorber or a combination of two or more of these components.

3. According with the torus model, six sources can be classified as unobscured

(log(NH)¡22), eight galaxies as obscured (22¡log(NH)¡24.18) and one object have

a column density in the line of sight consistent with a Compton thick source

(log(NH)¿24.18). According with the disk reflection, two (six) objects can be clas-

sified as unobscured (obscured). These classifications are consistent among the

models, except in the case of NGC 3147 (unobscured according withe the torus

and obscured with the disk).

The high quality and broad spectral coverage available combining ++Swift allowed

us to put constraints on spectral parameters related to the accretion mechanism and

reflection of LLAGN. Our analysis covers energies above 10.0 keV, where the reflec-

tion has an important role in the spectral fit, and considering this feature in the X-ray

spectral analysis can affect the estimation of the coronal parameters (see Diaz et al.

2020). In the following we discuss the physical interpretations of the results presented

in this work.

3.6.1 Determination of the LBol/LEdd

The selection of the sample presented in this chapter was based on sources with

log(LBol/LEdd) ≤ -3 according to those values reported in BASS/DR2. However, be-

cause variability is one of the properties that characterize AGN, we will estimate these

accretion rates using the data that have been analyzed here.

To estimate LBol/LEdd, we follow the relation given in Eracleous et al. (2010), which

uses the black hole mass and bolometric luminosities. According to Koss et al. (2017),

the black hole masses available for the BASS sources were determined using different

methods. For 14 of our sources these were estimated using the velocity dispersion

method, from the MBH-σ∗ relation by Kormendy & Ho (2013). Two galaxies have MBH

taken from the literature (NGC 3998 via the M-σ relation and NGC 4258 by a rotating

H2O maser disk) and for one source it was estimated from the MgII emission line

(ESO253-G003). The uncertainties on these MBH determinations are of the order ∼0.3-

0.4 dex (as explained in the BASS/DR1 paper - Koss et al. 2017). We conservatively

assume that the typical uncertainty on MBH is ∼0.4 dex.

The other key parameter is the bolometric luminosity, for instance, BASS/DR1
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(Koss et al., 2017) focused in the bolometric correction derived by Vasudevan & Fabian

(2007, 2009), where Lbol/L2−10keV = 20 for LBol/LEdd ≤ 0.4, and Lbol/L2−10keV = 70 for

LBol/LEdd ≥ 0.4. As the bolometric luminosity is fundamental in the estimation of

the accretion rate, we examine an alternative determination of LBol/LEdd based on the

available X-ray luminosities estimated using the data of our sample of AGN.

We use the intrinsic luminosities in the 2–10 keV rest-frame energy range,

L2.0−10.0keV, derived from the best-fitting spectral models of the X-ray data. Note that

in case of indistinguishable cases, we use the values form the BORUS model. Using the

XILLVER model the results are the same. A comparison between our L2.0−10.0keV cal-

culation and the BASS/DR2 is presented in Fig. 3.4, showing differences in the lumi-

nosity, possibly related with variability. The difference between the fluxes measured

by BASS/DR2 integrated 70 months and the flux measured in the short exposures

with NuSTAR that we use here can be quite large for highly variable sources such as

NGC2992 (Gilli et al., 2000; Shu et al., 2010; Hernández-Garcı́a et al., 2017; Marinucci

et al., 2018, 2020) and LEDA 96373 (Landi et al., 2009).

To be consistent between the state of each AGN when measuring Γ and other pa-

rameters, we recalculate LBol/LEdd using the fluxes measured here and refine it by

changing the bolometric correction as described below.

We use our L2.0−10.0keV calculation in combination with the bolometric correction

K(2.0-10.0 keV) from Duras et al. (2020), who used a sample of ∼1000 type 1 and type 2

AGN from five different AGN surveys for which they performed a SED -fitting. They

reported a bolometric correction as a function of 2.0-10.0 keV X-ray luminosity. The re-

sulting K(2.0-10.0 keV) are slightly smaller than those used previously (Lbol/L2−10keV

= 20), with a median value of K(2.0-10.0 keV)= 15.60 with a scatter of ∼0.37 dex (Duras

et al., 2020). The values of bolometric luminosity and Eddington ratio are given in ta-

ble C.17. The errors in the bolometric luminosity correspond to the error propagation

of MBH (0.4 dex), K(2.0-10.0 keV) (0.37 dex), and L2−10keV (estimated with XSPEC). In

the following analysis, we will use these LBol/LEdd values to minimize the effects of

source variability.

3.6.2 Accretion mechanism: The Γ vs LBol/LEdd relation

It has been suggested that the accretion mechanism in LLAGN (LBol/LEdd <10−3) is

different from that in more powerful AGN (e.g., Seyferts) and similar to that of X-ray

binaries (XRB) in their low/hard state (Yamaoka et al., 2005b; Gu & Cao, 2009; Younes
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Figure 3.4: Intrinsic luminosities 2.0-10.0 keV from BASS DR2 and our work. Dotted black line

represents x=y.

et al., 2011; Xu, 2011; Yuan & Narayan, 2014; Hernández-Garcı́a et al., 2016).

Some authors, following the relations obtained for XRB, have studied the accretion

mechanism using the relation between the spectral index Γ and the accretion rate λEdd,

finding a positive correlation between these quantities at high accretion rates, suggest-

ing a geometrically thin and optically thick disk, known as the standard model for

accretion disks (Shakura & Sunyaev, 1973; Koratkar & Blaes, 1999). A negative cor-

relation has also been found at low accretion rates, indicating radiatively inefficient

accretion (e.g., Yuan et al. 2007). In this configuration, the accretion disk becomes

truncated near the SMBH, with a geometrically thick and optically thin disk at lower

radii and a thin disk at higher radii. However, these correlations show a large scatter

(Shemmer et al., 2006; Gu & Cao, 2009; Younes et al., 2011; Yang et al., 2015a; She et al.,

2018), with Γ values between [1,3] (Gu & Cao, 2009; Younes et al., 2011) and [0.5, 3.5]

(She et al., 2018). The high scatter in the spectral index estimate is still not understood

- it could be due to the sensitivity of the measurements or to intrinsic properties of the

galaxies.

Thanks to the excellent statistics of NuSTAR in combination with XMM-Newton,

we were able to better constrain the spectral index Γ in our low accretion rate sample.

In Fig. 3.5 we show the relation between Γ and λEdd using the best fitting reflection

model (BORUS). We have added data from Esparza-Arredondo et al. (2021), who stud-

ied the torus configuration of 36 AGN using NuSTAR and Spitzer data and estimated

the spectral parameters using the same reflection model used in this chapter (BORUS).

We applied the same bolometric correction to these data (see Sect. 3.6.1 In Fig. 3.5, the
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blue points correspond to this chapter and the light yellow stars represent the data

points from Esparza-Arredondo et al. (2021). We also compare our estimates with pre-

vious works. For high luminosity AGN (log(λEdd) >-3.0), we compare with Fanali

et al. (2013), who studied a sample of 71 type 1 AGN using XMM-Newton data (purple

dashed line). In the low luminosity branch (log(λEdd) < -3.0), we compare with Gu

& Cao (2009), which used a sample of 55 LLAGN using Chandra and XMM-Newton-

Newton data (green dashed line); She et al. (2018) used a sample of 314 AGN with

Chandra (cyan dashed line); and Younes et al. (2011) used Chandra and XMM-Newton-

Newton data from a sample of 13 LINER with accretion rates below -4.5 (orange dashed

line).

In this chapter, we have shown that the inclusion of XMM-Newton-Newton + NuS-

TAR data and reflection models in the spectral fit improves the estimation of the spec-

tral index - as also reported in Hinkle & Mushotzky (2021) - which could improve the

scatter compared to what was previously found by Gu & Cao (2009); Younes et al.

(2011); She et al. (2018). For details on the improvement of the uncertainties in the

spectral index estimation, see Appendix A. Indeed, in Fig. 3.5 can be seen that our

results, when compared with previous studies, seem to be in agreement with the cor-

relations found by Gu & Cao (2009), She et al. (2018), and Younes et al. (2011), but the

effect of the large scatter in previous studies can be appreciated. The same is true for

the high-energy branch, where the relation of Fanali et al. (2013) (at log(λEdd) >-3.0)

fits well the data of Esparza-Arredondo et al. (2021).

To determine whether a relation between Γ and λEdd, we use the tool

pymccorrelation in Python (Isobe et al., 1986; Curran, 2014; Privon et al., 2020) to

test the relationship between two variables. We use the Kendall τ correlation test4

compared to the Spearman correlation test. A Kendall’s τ close to zero indicates that

there is no trend, and if they are perfectly related, the Kendall’s τ becomes 1.0 (or -1.0

for anti-correlation). For the LLAGN, log(λEdd) < -3.0, Kendall’s correlation coefficient

is τ=-0.09. However, possibly because of the small number of sources, the associated

p-value is 0.58, so the correlation is not formally significant and confirmation would

require a larger sample. In the high luminosity branch (log(λEdd) > -3.0), we obtain

τ=0.32 and a corresponding p-value of 0.03. Thus, it appears that our sample provides

evidence of a Γ-λEdd relation that is consistent with previous studies, although at lower

statistical significance. In any case, the change in correlation between these parame-

4The Kendall τ shows more robustness to smaller samples and uncertainties in censored data (up-

per/lower limits )
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ters at log(λEdd) ∼-3.0 highlights the change in accretion physics between high- and

low-luminosity AGNs, consistent with previous studies (Shemmer et al. 2006; Younes

et al. 2011 and reference therein).

Despite the small number of sources in our sample, we performed the anti-

correlation of the sample presented here using the tool linregress in Python. Then,

for the low-luminosity branch where log(λEdd) < -3.0:

Γ = (−0.034 ± 0.054)× log(λEdd) + (1.642 ± 0.191)

Our work allowed us to identify the change in correlation between the spectral in-

dex and the accretion rate at log(λEdd) ∼-3.0, which is highly suggestive of a change in

accretion physics in AGN. We recall that a larger sample of sources combining XMM-

Newton–Newton and NuSTAR data and fitting physical reflection models would be

very useful to confirm this relation.

Reflection

An important feature in the spectra of AGN is the reflection that imprints its mark

at X-ray energies. The shape of this reflection component is usually characterized by

the FeKα emission line and the Compton hump peaking at ∼ 30 keV (Pounds et al.,

1990). The gas producing the X-ray reflection in AGN could be related to the accretion

disk, a neutral reflector such as the torus or a combination of both emissions. Because

we cannot separate these scenarios, in the following we will analyze the scenarios in

which each of the structures dominate the X-ray spectra.

We started our analysis studying the column density of the reflector. Ricci et al.

(2017b) found that the probability that a source is obscured in the X-rays (covering

factor of gas) depends primarily on Eddington ratio instead of on absolute luminosity.

They propose that the radiation pressure on dusty gas is responsible for regulating

the distribution of obscuring material around the central black hole. At high accretion

rates, radiation pressure expels the obscuring material in the form of outflows (Fabian,

2006). However, this chapter was made for the line of sight (LOS) column density

which is different to the torus column density (NH−LOS ̸= NH−tor). In this section we

will analyze for the first time, the relation between the column density of the torus

like reflector and the Eddington ratio. We plot this relation in Fig. 3.6, where the pink

circles and light yellow stars are the data points of the best fit model (BORUS in the

indistinguishable cases) in this chapter and the ones obtained by Esparza-Arredondo
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Figure 3.5: Correlation between the spectral index, Γ from individual fits, vs. the Eddington

ratio, log(λEdd) = log(LBol/LEdd), for our sample of galaxies of the best fit models (BORUS).

The dot and dashed green line represents the relation given by Gu & Cao (2009), the orange

dotted represents Younes et al. (2011), the magenta dashed line is the relation obtained by

She et al. (2018), while the solid black line is the correlation obtained in this chapter. The

purple dashed line correspond to the relation found by Fanali et al. (2013). The blue points

represented the binned data. The pink points and light yellow stars are the data point of the

best fit model in this chapter and the one obtained by Esparza-Arredondo et al. (2021).
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Figure 3.6: Relation between the column density of the torus-like reflector (in log) vs. the

Eddington ratio, λEdd = Lbol/LEdd, for the sample of this chapter. The pink points and light

yellow stars are the data point of the best fit model of this chapter (BORUS) and the one obtained

by Esparza-Arredondo et al. (2021). The blue points represented the binned data point for a

bin size equal to 0.5. The black solid line represents the best fit and the light blue zone the 3σ

confidence level.

et al. (2021), respectively. The blue points represent the binned data points for a bin

size equal to 0.5 dex in λEdd.

Using the Kendall’s tau correlation coefficient we found a correlation coefficient of

τ=0.22 and p-value of 0.04 for a torus-like reflector log(NH,re f l) and λEdd, suggestive of

a correlation - but confirmation is required using a larger sample. As the parameters

are positively correlated, we perform a linear regression of the data using polyfit in

python and we found the following relation:

log(NH,re f l) = (0.126 ± 0.303)× λEdd + (24.166 ± 0.102)

Therefore, we find that lower accretion rate objects have, on average, lower column

density material in their surroundings. We note that our torus fits allow for a free cov-

ering factor, so the lower column densities are not a by-product of a fixed covering fac-

tor in the model and a geometrically narrower reflector in lower accretion rate objects.

For the LLAGN (log(λEdd) <-3.0) we obtain a mean value of the torus column density

log(NH,re f l cm−2)=23.85 with σ=0.77 and in the high luminosity regime, log(NH,re f l

cm−2)=23.95±0.62 with a standard deviation σ=0.61. This result can be compared

with the molecular gas in the centers of low luminosity AGN. Müller-Sánchez et al.

(2013) based on VLT/SINFONI AO-assisted integral-field spectroscopy of H2 1–0 S(1)
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emission of four LLAGN (NGC 1052, NGC 2911, NGC 3169 and NGC 1097). On scales

of 50–150 pc, the spatial distribution and kinematics of the molecular gas are consis-

tent with a rotating thin disk, where the ratio of rotation (V) to dispersion (σ) exceeds

unity. However, in the central 50 pc in their sample, the observations reveal a geomet-

rically and optically thick structure of molecular gas (V/σ <1 and NH >1023 cm−2)

this can be associated with the outer extent of any smaller scale obscuring structure.

In contrast to Seyfert galaxies, the molecular gas in LLAGNs has V/σ <1 over an area

that is ∼9 times smaller and column densities that are on average ∼3 times smaller.

They interpret these results as evidence for a gradual disappearance of the nuclear

obscuring structure and consistent to what was previously found by González-Martı́n

et al. (2017) using a sample of 109 AGN using IRS/Spitzer observations. Consequently,

our result is in line with the results previously observed in the infrared by these au-

thors.

Then, we compare the column density of the reflector and the column density in

the line of sight (LOS). Zhao et al. (2021), using all AGN in the 100-month Palermo

Swift/BAT catalog with line-of-sight column density between 1023 and 1024 cm−2 with

available NuSTAR data shows that the average torus column density is similar for both

Compton thin and CT-AGN, independent of the observing angle, with log(NH−Tor

cm−2) ∼24.15. In Fig. 3.7 we compare the column density of the torus and the absorp-

tion in the line of sight of our work. The black dotted line represents the mean value of

log(NH−Tor cm−2) previously found by Zhao et al. (2021), and the green zone the inter-

val of log(NH−LOS) of their work. Note that our data points and their fit are in agree-

ment in the interval of log(LH−LOS) of their work, i.e. for the moderately obscured

sources in our sample. The majority of galaxies with log(LH−LOS)<23.0 in our sample

are clearly below the value previously obtained, with mean value of log(NH−Tor cm−2)

∼23.36 and σ = 0.59.

In order to explore any correlation between these parameters, we calculate the

Kendall τ correlation coefficient, and we found τ=-0.17 and p-value of 0.51 , suggest-

ing a negative correlation between them. However more data points are necessary to

establish any correlation between these parameters. The majority of the objects show

a larger log(NH−Tor) than log(LH−LOS), suggesting that the torus is observed through

an underdense region, consistent with what was reported by Zhao et al. (2021).

Regarding the covering factor of the torus-like reflector, we obtain a mean value of

CF=0.64 and σ=0.26. Note that this parameter could be constrained for seven sources.

For another seven sources a best fitting value and an upper limit could be placed
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Figure 3.7: Relation between the column density of the torus like reflector (in log) vs. column

density in the line of sight (in log). The red points represents the data point of this chapter.

The black dashed line correspond to the value obtained by Zhao et al. (2021) and the black

dotted represents x=y . The green zone is the interval of the column density in the line of sight

analyzed in their work.

and for an additional three a best fitting value and lower limit could be placed. In

addition, we analyze the correlation between this parameter and the accretion rate by

the Kendall τ correlation test. We find a correlation coefficient τ=-0.06 and p-value of

0.73 suggesting that these parameters are negatively correlated.

Considering a disk like reflector, we could constrain Rf only for one object (NGC

7674), while for the others we only obtain lower limits. Also, this model allows us to

study the ionization degree of the disk, however this parameter is also unconstrained

with only six galaxies with well constrained values and one upper limit and five lower

limits.

The results presented in this paper suggest that the distribution of the gas in the

torus in AGN is a dynamic and very complex structure, showing changes in the phys-

ical properties of the torus linked to the luminosity of the AGN, in agreement to what

was previously found in the literature in the X-rays and the infrared. Certainly com-

bining XMM-Newton + NuSTAR is key to explore the structure and distribution of the

reflector and constrain its physical and geometrical parameters, specially in the low

luminosity range.
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CHAPTER 3. APPLICATION OF THE METHODOLOGY TO A SAMPLE OF A LLAGN
FROM THE BASS/DR2

3.7 Conclusions

In this chapter, we study the reflection of LLAGN by analyzing the broadband X-

ray spectra of a BASS/DR2 sample with log(λEdd) < -3 (17 objects) using XMM-

Newton+NuSTAR+Swift observations and characterizing the reflection features using

the BORUS model to represent torus reflection and XILLVER to model accretion disk

emission. The goal was to investigate the accretion mechanism by the relation be-

tween the spectral index and the accretion rate as well as constraining the properties

of the potential reflector. The main results are summarized below:

1. All objects in our sample are well fitted with a torus-like reflector. Of these, 12

objects are equally well fitted with a torus and a disk (they are indistinguishable

from a statistical point of view and visual inspection). These 12 objects have

consistent values for the spectral index Γ and luminosities when modeled with

a torus or a disk reflector.

2. In our sample we can classify six objects as unobscured (log(NH) <22), nine

galaxies as obscured galaxies (22< log(NH) <24.18) and two Galaxies can be

classified as Compton-thick (using as a threshold NH = 1.5 × 1024cm−2, or in

log 24.18), according with the torus model). According with the disk case, all

the galaxies can be classified as Compton thin.

3. Combining XMM-Newton+ NuSTAR and considering the reflection compo-

nent in the spectral fitting, the uncertainties on the spectral index increased

and the scatter in the relation between this parameter and the accretion rate is

reduced when compared to previous works over similar ranges in accretion rate.

4. Our work is consistent with the negative slope found in previous works at

log(λEdd) ∼-3, and a change in the Γ − log(λEdd) relation is seen towards high

accretion rates, where the slope is known to be positive.

5. The torus has decreasing column density with decreasing accretion rate. AGN

at log(λEdd)¡-3 has a lower torus column density compared with more luminous

AGN. This column density is derived from reflection as opposed to absorption
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in the line of sight, so it is representative of the global column density of gas

around the X-ray corona.

6. All AGN in our sample with a column density in the line of sight, log(NH−LOS)

< 23.0 have a torus with a column density higher than their log(NH−LOS), then

the torus could be observed through an underdense region.
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CHAPTER 4

Conclusions and future work

AGN are still a mystery and a very hot topic in extragalactic astronomy. In particu-

lar, LLAGN are still interesting objects, who clearly shows a different characteristics

and properties compared with the luminosity objects. Throughout this thesis, I have

presented an spectral study of these objects using data from XMM-Newton, NuSTAR

and Swift, which provide a broad band of spectral coverage. The main conclusions

obtained from this study are summarized in the following:

• In chapter 2, the case of NGC 3718 is presented, a LLAGN with L/LEdd ∼ 10−5

and weak reflection.

▷ The importance of including the reflection when analyzing the accretion

mechanism in LLAGN and to understand degeneracy with the intrinsic

power-law parameters was shown. We see that the type of reflector affects

the measurement of the power-law parameters. Both the Γ and the cut-off

energy are marginally lower for a disk reflector than for a torus in case of

the LLAGN NGC 3718. While one of the disk reflectors results in a low

and bounded cut-off energy, the torus reflectors produce a best fitting cut-

off energy above the observed energy range and unconstrained to higher

values.

▷ This galaxy The X-ray spectrum shows a weak reflection component and

consistent with a torus with a low column density covering a large fraction
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CHAPTER 4. CONCLUSIONS AND FUTURE WORK

of the sky and in case of an ionized accretion disk dominating the reflected

spectrum, a highly ionized disk is required. Note that even though the

reflection is weak it should not be ignored as this could lead to a misinter-

pretation of the coronal parameters as explained in Chapter 2.

• In chapter 3, observations of a hard X-ray-flux limited sample of LLAGN from

BASS/DR2 with accretion rates λEdd=LBol/LEdd <10−3 using XMM-Newton+

NuSTAR + Swift observations is presented.

▷ The uncertainties on the spectral index and the scatter in the relation be-

tween this parameter and the accretion rate is reduced when compared to

previous works over similar ranges in accretion rate, as a result of combin-

ing XMM-Newton+ NuSTAR and considering the reflection component in

the spectral fitting.

▷ The relation between Γ − log(λEdd) obtained is consistent with the negative

slope found in previous works at log(λEdd) ∼-3.

▷ The relation between the column density of the torus like reflector and the

accretion rate is consistent with a torus with a decreasing column density

with decreasing accretion rate. This correlation is indicative that AGN at

log(λEdd) <-3 has a lower torus column density compared with more lumi-

nous AGN.

▷ All AGN in the sample presented in this chapter, shows a column density

in the line of sight, log(NH−LOS) < 23.0 and a torus with a column density

higher than their log(NH−LOS), then the torus could be observed through

an underdense region.

All the above results were obtained in order to constrain the reflector parameters

and to have an overview of the physics and the structure of the torus and the ac-

cretion mechanism of AGN. To increase our knowledge of the AGN further work is

clearly needed. This is why we are planning to perform a simultaneous study of the

properties of the dust and gas and its relation with the properties of the central engine,

in all the AGN in BASS/DR2. This will give us important clues on the torus evolution

with the central mechanism.
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APPENDIX A

Effect of the inclusion of the

NuSTAR data and reflection models

in the spectral index estimation

In this work we use NuSTAR+XMM-Newton+Swift observations of a sample of

LLAGN from BASS /DR2. We fit all our data with reflection models such as BORUS

to model a torus-like reflector and XILLVER to model a disk-like emission. This may

affect the best-fit parameters we obtain compared to results in the literature that use

data from other instruments and with other reflection models.

In previous studies, the Γ parameter has large error bars (see, for example, She

et al. 2018). To investigate the improvement in the spectral index estimation, we

will compare the error bars of the present work using PEXMON and NuSTAR+XMM-

Newton+Swift observations, with those obtained by Ricci et al. (2017a) using PEXRAV of

the same sample with Swift/XRT, Swift/BAT, ASCA, Chandra, and Suzaku observations.

In Fig. A.1 we compare these error bars, with the blue stars representing the lower

limits and the red circles the upper limits of the parameter. The black dotted line rep-

resents x=y. We found that the errors in this work are smaller compared to Ricci et al.

(2017a). Then, the uncertainties in the photon index improve by including NuSTAR

data and/or using models such as BORUS or XILLVER.
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Moreover, the Γ-log(λEdd) relation shows a high scatter (especially in the case of

LLAGN), which is still not understood - it could be due to the sensitivity of the mea-

surements or the intrinsic diversity of the nuclei (see Gu & Cao, 2009; Younes et al.,

2011; Yang et al., 2015b; She et al., 2018). In this work, we found a significant decrease

in the scatter in this correlation. To understand this improvement, the natural question

is whether this is related to the inclusion of NuSTAR data or could be an effect of using

more physical models than BORUS to perform the spectral analysis. In the upper panel

in Fig. A.2, the spectral index is plotted against the accretion rate previously deter-

mined by Ricci et al. (2017a) using PEXMON. In the middle, we plot the relation between

the same sample and the values determined in this work with PEXMON including

the NuSTAR data. Note that we have not indicated the error bars in the accretion rate

for illustrative purposes only. There is an improvement in the scatter and error bars,

with smaller uncertainties in the photon index than in the results without including

the NuSTAR data. Thus, the inclusion of the NuSTAR data is crucial for the determi-

nation of one of the fundamental parameters describing the X-ray emission, like the

spectral index Γ. We also investigate the improvement of the estimate of the parameter

by including the BORUS model. Comparing the lower panel in Fig. A.2 with the middle

panel in the same figure, we see that there is a significant improvement in the scatter

of the relation and the uncertainties of the parameter have improved significantly.

We found that we get lower uncertainties with a more physical model like

BORUSṪhe process of combining NuSTAR data with more physical models like BORUS

is key to improve the scatter previously observed in this relationship. With our small

error bars and improved constraints on the parameters, we can continue the search for

the expected correlations in detail.

108



0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Error( PEXRAV)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

Er
ro

r(
PE

XM
O

N
)

upper limit
lower limit
x=y

Figure A.1: Relation between the error between our work using NuSTAR data and PEXMON

model and the error values obtained using PEXRAV and observation from Swift/XRT, Swift/BAT,

ASCA, Chandra, and Suzaku by Ricci et al. (2017a). The red circles represents the upper limit of

the error bar and the blue stars the lower limit. The dotted black line is x=y.

Figure A.2: Relation between the spectral index, Γ, and the accretion rate, log(λEdd). The blue

points (top panel) represents the values obtained by (Ricci et al., 2017a) using PEXRAV model

from the DR1. The middle panel (red points) represents the data points obtained in this work

using PEXMON reflection model. In the lower panel (green points) are the values obtained in

this work using BORUS reflection model. In all the panels, the dotted black lines is the best fit

model.
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APPENDIX B

Notes and comparisons with

previous results for individual

objects

B.0.1 NGC 3998

This object is spectroscopically classified as a LINER (Heckman, 1980; Ho et al., 1997),

and no significant broad-line polarization (Barth et al., 1999). HST/WFPC2 optical

images revealed an unobscured nucleus and the presence of a bright circumnuclear

ionized gas disk (Pogge et al., 2000; Cazzoli et al., 2018).

In radio, it contains a nucleus (Hummel et al., 1984) displaying a weak jet-like

northern structure (Filho et al., 2002) and according with Frank et al. (2016), the radio

source in NGC 3998 shows two S-shaped lobes.

Pian et al. (2010) found that the spectra of NGC 3998 is better fitted with a simple

absorbed power-law model, allowing the overall normalization of the model fit to

each detector to be independent. Later, Kawamuro et al. (2016) found the same result

using Suzaku and Swift/BAT and fitting the reflection with PEXRAV reflection model.

They found that the reflection strength is very weak with an upper-limit of Rf <0.10

and no significant iron Kα line emission is detected, either. They suggest that there is

little surrounding matter around the nucleus.
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Later, Younes et al. (2019), using XMM-newton and NuSTAR data found that it is

a unabsorbed AGN and its spectrum in the energy range 0.5–60 keV using NuSTAR

data is best fit with a power-law and cutoff energy. They also studied the reflection

hump and found only an upper limit for the reflection fraction, with value Rf <0.3 at

3σ.

In the present work, the data was fitted with PEXMON and the result is consistent

with a reflection fraction Rf <0.15. Using BORUS we found that the data is consistent

with a Compton thin torus (with log(NH,re f l)=22.5023.11
22.28) covering more than 20% of

the sky. The inclination in this model is unconstrained. In case of XILLVER we found a

model consistent with a disk with log ξ >3.99 and Rf >0.26. From a statistical point of

view, BORUS and XILLVER models show the same χ2
ν, then they are indistinguishable.

All the models are consistent with a column density in the line of sight to classify this

galaxy as a Compton-thin source with log(NH,los) ∼ 20.5.

B.0.2 NGC 3718

NGC3718 was optically classified as a type 1.9 LINER (Ho et al., 1997). Cazzoli et al.

(2018) showed that its broad Hα line is produced in the BLR rather than an outflow.

The X-ray spectrum shows a small Fe Kα line, indicative of a reflection component

(Younes et al., 2011; Hernández-Garcı́a et al., 2014; Diaz et al., 2020).

Modelling the reflection with PEXMON we found Rf < 0.24. This low reflection

signature can be produced by a torus like neutral reflector (BORUS), if it is Compton

thin (log(NH,re f l) = 22.7823.98
22.38), with an unconstrained covering factor (CF <0.991.00

0.05).

Fitting a disk like reflector instead, using XILLVER requires high levels of ionization

with log ξ = 3.123.61
1.35 and a Rf > 0.86. A (MEKAL) component was necessary to improve

the fit at low energies in all the models. The XILLVERmodel shows the lowest χ2
ν (1.097)

although all models show similar quality fits (χ2
ν =1.1 for both PEXMON and BORUS). All

the models are consistent with a Compton-thin absorber in the line of sight to the

primary coronal emission with log(NH,los) ∼ 22.

B.0.3 NGC 4258*

NGC 4258* is a SABbc spiral galaxy, spectroscopically classified as a 1.9 Seyfert (Ho

et al., 1997) and as LINER (Balmaverde & Capetti, 2014). This source has a highly ob-

scured central X-ray source and is well known for its anomalous arms, discovered on

the basis of Hα imaging (Wilson et al., 2001) and for its nuclear H2O megamaser, which

112



traces a dense, edge-on disk on sub-parcsec scales (Watson & Wallin, 1994; Greenhill

et al., 1995). The nucleus of NGC 4258* also contains a relativistic radio jet (Doi et al.,

2013).

Reynolds et al. (2009) combined Suzaku, XMM-Newton and Swift, and detected

robust flux variability of the 6.4 keV iron line and suggested a model in which the

line originates from the surface of a warped accretion disk. Also, during their Suzaku

observation, they detected high amplitude intraday variability, with fluctuations on

timescales as short as 5 ksec. Herrnstein et al. (2005) found that the absorption may

well arise in the outer layers of the warped geometrically thin accretion disk, further

reducing the need for any cold structure other than the accretion disk itself.

NuSTAR and XMM–Newton observations of this object are not simultaneous, so

we explored possible spectral variability. We found variations in the normaliza-

tion of the power-law, so we let the normalizations of the power-law free. We then

fitted the models. Using PEXMON we found Rf=0.783.744
0.20 . Using BORUS we found

log(NH,re f l)=23.2924.39
22.77, so borderline Compton-thin/thick torus. The torus covers less

than 81% of the sky. Fitting with XILLVER we found a disk with log ξ <1.77 and

Rf >3.80. In order to improve the fit in the soft energy band, it was necessary to add

three components, modelled with two MEKAL plus a scattered power-law in all the

models. The BORUS model shows the lowest χ2
ν. All the models are consistent with

a Compton-thin absorber in the line of sight to the primary coronal emission with

log(NH,los) ∼ 22.94.

B.0.4 ESO 253-G003

This source is spectroscopically catalogued as a Seyfert 2 in Véron-Cetty & Véron

(2006). The XMM-Newton and NuSTAR observations of this object are separated by

3 days, so we fit the overlapping 3.0–10.0 keV range of both instruments with a sim-

ple absorbed power-law model and checked whether they where consistent. This test

showed there was spectral variability between both epochs, with a significant change

in the slope Γ. Due to its complexity, the XMM-Newton data was excluded for our

analysis. We performed a simultaneous fit of the NuSTAR and Swift/BAT data with

PEXMON and significant reflection was detected with Rf >1.59. Modelling this reflec-

tion with BORUS instead of PEXMON results in a marginally Compton thin torus reflector

(log(NH,re f l)=24.0424.30
23.93) covering more than 73% of the sky. Fitting the reflector using

XILLVER instead of BORUS results in a highly ionized disk with log ξ = 2.682.84
1.34 and
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Rf > 0.85. The PEXMON model shows the lowest χ2
ν = 0.89 although all models show

similar quality fits (χ2
ν=0.905 for BORUS and χ2

ν=0.903 for XILLVER).

All the models are consistent with a Compton-thin absorber in the line of sight to

the primary coronal emission with log(NH,los) ∼ 23.

B.0.5 NGC 1052

NGC 1052 is the brightest elliptical galaxy in the Cetus I group. It was optically clas-

sified as a LINER by Heckman (1980), then it was classified as LINER type 1.9 (Ho

et al., 1997). Cazzoli et al. (2018) proposed that this object presents signs of outflowing

winds by using optical 2D spectra.

This source is a radio loud galaxy (Maoz, 2007). At 1.4 GHz Very Large Array (VLA)

image of NGC 1052 shows a core-dominated radio structure, with only about 15% of

the flux density in extended emission: there are two lobes spanning 3 kpc, possibly

with hot spots (Wrobel, 1984).

At X-rays, Osorio-Clavijo et al. (2020) presented an extensive study of NGC 1052

using observations from Chandra, XMM-Newton, NuSTAR, and Suzaku. They reported

variability in the nucleus and found variations both in the intrinsic continuum flux,

photon index, and on the obscuration along the line of sight. The reflection compo-

nent is a steady emission both in flux and shape, fully consistent with reflection in a

distant structure, perhaps the torus. They argue that NGC 1052 is in the regime of

Compton-thin sources, consistent with the fact that the flux of the reflection compo-

nent is not dominant in the hard band. In addition, Baloković et al. (2021) using NuS-

TAR, XMM-Newton, Suzaku and BeppoSAX observations and fitting the BORUS model,

found covering factor of ∼80-100% and a column density in the range (1-2)×1023 cm−2

and matching with line-of-sight column density.

In this work we fit the data with PEXMON and it is consistent with Rf=1.263.05
0.79. Using

BORUS model it has (log(NH,re f l)=24.3524.57
24.19) so a borderline Compton-thin/thick torus,

and CF=0.500.54
0.27. Using XILLVER we found log ξ=1.882.00

1.78 and Rf >9.18. In case of

BORUS it was necessary to add a MEKAL and an scattered power-law to improve the

fit. In case of XILLVER, it was necessary to add two components to improve the fit (an

absorber and a MEKAL) and in case of PEXMON three components were necessary

(MEKAL, power-law and an absorber). From a visual inspection we had to add two

Gaussian emission lines centered at: S XIV at 2.4 keV and Si XIII at 1.85 keV. The

BORUS model shows the lowest χ2
ν. All the models are consistent with a Compton-thin
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absorber in the line of sight to the primary coronal emission with log(NH,los) ∼ 23.2.

B.0.6 NGC 2655

NGC 2655 is the brightest member of a group NBGG 12-10 in the Nearby Galaxy

Groups catalog of Tully (1988). It is classified as Seyfert 2 in Swift/BAT 70 month

catalog (Baumgartner et al., 2013) and as a Type-2 LINER according to the optical

classification done by Ho et al. (1997); Véron-Cetty & Véron (2010).

In the X-rays, (González-Martı́n et al., 2009) found that the 0.2–10 keV XMM-

Newton spectrum is well modelled by a MEKAL plus 2 power-law components. Kawa-

muro et al. (2016) fit 2 APEC models to the Suzaku spectrum of this galaxy and ob-

tained a line of sight log(NH) = 2.61+0.27
−0.17 × 1023 cm2 and Γ = 1.77+0.19

−0.07, which are

consistent with earlier fits to ASCA data (Terashima & Wilson, 2002). Kawamuro et al.

(2016) also detected an Fe Kα line at 6.4 keV, which was not detected in the previous

ASCA and XMM-Newton observations Terashima & Wilson (2002); González-Martı́n

et al. (2009).

We fitted the data with PEXMON placing an upper limit on Rf <0.52. Modeling the

reflector with a torus instead, using BORUS, we found a column density of the reflector

of log(NH,re f l)=23.2425.19
22.48 and CF>0.11. Modeling the reflection with an ionized disk

instead of a torus, using XILLVER results in a highly ionized disk with a large reflec-

tion fraction log ξ < 3.55 and Rf=9.8410
∗∗. In the case of BORUS was necessary to add

two MEKAL and and scattered power-law to improve the fit. In case of XILLVER it

was necessary to add a MEKAL and an absorber (modelled with zxipcf) components

to improve the fit at low energies. In the case of PEXMON an additional MEKAL

component was required. The three reflection models showed similar quality fits with

χ2
ν = 0.97 for PEXMON, χ2

ν = 1.01 for both BORUS and XILLVER.

All the models are consistent with a heavy but Compton-thin absorber in the line

of sight to the primary coronal emission with log(NH,los) ∼ 23.4. We note that if a torus

is producing the reflection then its average column density is lower than the absorber

column density in the line of sight.

B.0.7 NGC 3147*

NGC 3147* is an isolated Seyfert 2 galaxy (Ho et al., 1997) of Hubble morphological

type SA(rs)bc. It was suggested as a true type 2 Seyfert candidate (Bianchi et al., 2012),
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but later confirmed as an AGN accreting at low rate (Bianchi et al., 2019). In the radio

it shows a point-like structure (Ulvestad & Ho, 2001; Krips et al., 2006).

At X-rays, Bianchi et al. (2017) using NuSTAR data shows that spectrum of NGC

3147* can be simply modelled by a power-law with a standard Γ ∼1.7 and an iron

emission line. These spectral properties, together with significant variability on time-

scales as short as weeks, strongly support a line-of-sight free of absorption for this

source. They suggested that NuSTAR data adds further evidence in favour of an X-ray

spectrum completely unaffected by absorption, confirming NGC 3147 as one of the

best cases of true Type 2 Seyfert galaxies, intrinsically characterised by the absence of

a BLR.

NuSTAR and XMM-Newton observations of this objects are not simultaneous, then

we explored possible spectral variability. We found variations in the normalization if

the power-law, so this parameter was left free. We perform a simultaneous fit with

this configuration of the data with PEXMON and found Rf=3.996.41
0.97. We also fitted the

data using BORUS model and found that the data is consistent with a Compton thin

torus with density log(NH,re f l)=23.2723.94
22.98 covering less than 89% of the sky. Using the

XILLVER model the fit was consistent with log ξ=0.791.15
0.06 and a Rf >0.91. In case of

PEXMON, it was necessary to add one component to improve the fit (an warm absorber

modelled with zxipcf). BORUS model shows the lowest χ2
ν. All the models are consis-

tent with a Compton-thin absorber in the line of sight to the primary coronal emission

with log(NH,los) < 20.9.

B.0.8 NGC 2110*

NGC 2110* is a nearby S0 galaxy (de Vaucouleurs, 1991) Seyfert 2 AGN. NGC 2110*

shows a prominent Fe Kα line accompanied by variable intrinsic emission (Hayashi

et al., 1996).

Marinucci et al. (2014) report the X-ray spectral analysis of NGC 2110* observed

by NuSTAR in 2012, when the source was at the highest flux level ever observed, and

in 2013, when the source had more typical flux levels. They found an upper limit on

Rf <0.14, confirming results from past high-energy BeppoSAX and Suzaku observa-

tions (Malaguti et al., 1999; Reeves et al., 2006; Rivers et al., 2014). Using MyTorus

(Murphy & Yaqoob, 2009) to model the reflection, they found a CF of 0.5 with equato-

rial NH = 2.0 ± 1.1 × 1023 cm−2.

We re-examine the 2013 NuSTAR observations together with the 2003 XMM-
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Newton observation in the overlapping 3–10 keV band finding a consistent slope and

variable normalization. We therefore fit jointly the broad band spectra with untied

normalization for the cutoff power-law component between instruments. Modelling

the reflection with PEXMON gives Rf=1.011.12
0.91. Modeling the reflection with a torus in-

stead, using BORUS we found a Compton thin reflector with log(NH,re f l)=23.4923.76
23.03 cov-

ering 13% of the sky. Modeling the reflection with a disk instead of the torus, with

XILLVER, we obtain log ξ=1.992.01
1.82 and Rf >7.80. In the case of XILLVER it was necessary

to add two components to improve the fit at low energies: a MEKAL and zxicpf. In

case of BORUS three components were necessary to improve the fit: a scattered power-

law, MEKAL and a zxipcf, and in the other case, four components were necessary:

2 zxipcf + 2*MEKAL. The torus reflector produces the best fit with χ2
ν = 1.03 while

modeling the reflection with either PEXMON or XILLVER gives χ2
ν ∼ 1.3.

All the models are consistent with a Compton-thin absorber in the line of sight to

the primary coronal emission with log(NH,los) ∼ 22.01.

B.0.9 LEDA 96373*

LEDA 96373 (also 2MASX J07262635–3554214 or IGR J07264–3553) was first observed

at high energies during the all-sky hard X-ray IBIS survey (Krivonos et al., 2007) and

reported in the Palermo Swift/BAT survey. This galaxy is classified in NED as a Seyfert

2 and as a Compton thick galaxy (Koss et al., 2016).

Landi et al. (2009) observed this galaxy with Swift XRT data and reports an excess

emission below 2 keV and found that a double power law model is a good fit. They

found an intrinsic column density of ∼7 × 1022 cm2 and a photon index Γ ∼2.5. The

source seems to vary by a factor of 2 within a time-scale of few days, with an average

2–10 keV flux of ∼4.2 × 1013 erg cm2 s−1.

Simultaneous NuSTAR and XMM-Newton data are not available for this source,

so we explored possible variability. We found variations in the normalization of

the power-law, so this parameter was left free. Using PEXMON we found Rf >9.38.

Using BORUS we found that the data is consistent with a Compton thin torus

(log(NH,re f l)=23.4023.69
23.33) covering 59% of the sky. Then we fitted XILLVER and found

log ξ=2.082.17
2.03 and Rf >9.37. In case of PEXMON and BORUS, it was necessary to add three

components to improve the fit (two MEKAL*zxipcf), and in case of XILLVER, (MEKAL

+ an scatter power-law)*zxipcf components were necessary. The BORUS model shows

the lowest χ2
ν. Note that in case of PEXMON and XILLVER we obtained χ2

ν >1.4. We clas-
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sify this source as a Compton-thick galaxy, consistent with the previous results in the

literature. The fit with BORUS requires Compton thick absorption in the line of sight to

the coronal emission with log(NH,los)= 24.0924.17
24.06.

B.0.10 NGC 2992

NGC 2992 is a spiral galaxy classified as a Seyfert 1.9 in the optical. This Seyfert galaxy

is a changing-look AGN that varies from type 2 to intermediate type sometimes ac-

companied by extreme X-ray activity and back, over the span of a few years (Shu et al.,

2010) which is attributed to intrinsic variations of the powerlaw flux and to changes in

the absorption in the line of sight (Parker et al., 2015; Hernández-Garcı́a et al., 2017).

At higher X-ray energies, a combined study with INTEGRAL, Swift and BeppoSAX

data published by Beckmann et al. (2007) showed that variations in the normalization

of the power law were needed when using an absorbed broken power law model to

fit the data simultaneously. They found a constant Γ and flux variations by a factor of

11 in timescales of months to years.

We used only the XMM-Newton data that overlaps in time with the NuSTAR ex-

posure and perform a simultaneous fit. Modelling the reflection with PEXMON results

in Rf=0.370.39
0.33. Using BORUS model for the reflection instead of PEXMON we found a

Compton thin torus reflector with log(NH,re f l)=23.1723.29
23.13 covering more than 75% of

the sky. Then we fit XILLVER instead of BORUS and the fit was consistent with a disk

with log ξ <0.08 producing Rf >8.80. In the case of PEXMON and BORUS it was nec-

essary to add a MEKAL, an scattered power-law and zxicpf components; in case of

XILLVER, two MEKAL components were required. The BORUS model shows the lowest

χ2
ν = 1.08 and does not show structured residuals above 10 keV. On the other hand,

PEXMON and XILLVER show an acceptable χ2
ν ∼ 1.3 − 1.5 but showing clear residuals at

high energies.

All the models are consistent with a Compton-thin absorber in the line of sight to

the primary coronal emission with log(NH,los) ∼ 21.9.

B.0.11 M51

M51 (also known as Messier 51a, M51a, and NGC 5194) is a very nearby (7.1 Mpc;

Takáts & Vinkó 2006) Compton-thick AGN. It hosts a Seyfert 2 nucleus (Ho et al.,

1997; Dumas et al., 2011) and shows two radio lobes that are filled with hot X-ray gas
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(Terashima et al., 2000) and an outflow of ionised gas (Bradley et al., 2004). This is an

interacting spiral galaxy and lies in the constellation Canes Venatici.

Brightman et al. (2018) reported an ULX located close enough to the nucleus

of M51 that NuSTAR cannot resolve it. They modelled this emission with a cut off

power-law model where Γ = 2.21−2.16
−2.26 and Ecut = 1.21.4

1.1 keV. We included the emission

from the ULX using the same model setting Γ and Ecut frozen to the parameters

already obtained by them. Here we perform a simultaneous fit of the XMM-Newton,

NuSTAR and Swift/BAT data. Using PEXMON reflection model we find Rf > 7.86.

Using BORUS we found a Compton thick torus reflector (log(NH,re f l) > 24.68) covering

less than 57% of the sky. Then we fit XILLVER and the fit was consistent with an

accretion disk with log ξ < 1.26 and with Rf > 8.96. In case of PEXMON and XILLVER

one additional component was needed (modelled with zxipcf). All the models give a

χ2
ν∼1.4..The f itwithBORUSrequiresComptonthickabsorptioninthelineo f sighttothecoronalemissionwithlog(NH,los) >

24.45 otherwise with the other models, a Compton thin column density is a good

representation of the data.

B.0.12 NGC 2273*

NGC 2273* is a Seyfert 2 galaxy (Risaliti et al., 1999) considered a Compton-thick due

to the detection of a strong Fe Kα line with an equivalent width > 1 keV and a low

ratio of LX/L[OIII] Guainazzi et al. (2005b). Observations with Suzaku suggested that

the nucleus of NGC 2273 is obscured by a Compton thick column of 1.5 × 1024 cm2

(Awaki et al., 2009). A hidden nucleus is also suggested by the detection of polarized

broad lines (Moran et al., 2000).

We explore the spectral variability in this galaxy between the 2003 XMM-Newton

observation and the 2014 NuSTAR observation by fitting an absorbed power-law plus

6.4 keV Gaussian model to the overlapping 3–10 keV spectra. we find that allowing

only the power-law normalization to vary between instruments/epochs produced an

acceptable fit with χ2
ν = 1.08 and with consistent values of the normalization, so we

will fit these spectra with all the parameters tied. We perform a simultaneous fit of

the XMM-Newton, NuSTAR and Swift/BAT data with PEXMON reflection model and the

result is consistent with Rf >9.02. We modeled the reflection using BORUS instead of

PEXMON finding a Compton thin torus (log(NH,re f l) = 23.7524.19
23.56) with a covering factor

lower than 59% of the sky. Modeling the reflection withXILLVER instead produced

moderately ionized disk with log ξ = 2.152.31
1.74 and Rf >8.80. In all the models was
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necessary to add two components (MEKAL and absorber). The torus like reflector

modelled with BORUS shows the lowest χ2
ν = 0.87, compared to χ2

ν = 1.1 for PEXMON

and χ2
ν = 1.27 for XILLVER. The fit with BORUS requires Compton thick absorption in

the line of sight to the coronal emission with log(NH,los) > 24.55.

B.0.13 HE 1136-2304

HE 1136-2304 changed its optical spectral classification from 1994 (Seyfert 2) to 2014

(Seyfert 1.5) and can be considered an optical changing look AGN (Zetzl et al., 2018).

HE 1136-2304 has been detected as a variable X-ray source by the XMM-Newton slew

survey in 2014 (Parker et al., 2016). The 0.2—2 keV flux increased by a factor of about

30 in comparison to the 1990 ROSAT All-Sky Survey flux (RASS; Voges et al. (2000)).

However, no clear evidence of X-ray absorption variability has been seen.

(Parker et al., 2016) found an absorbing column density on the X-ray spectrum

around 1021 cm2 in addition to Galactic absorption. This spectrum shows a moderate

soft excess and a narrow Fe line at 6.4 keV and a high energy cut-off at ∼ 100 keV.

Although the X-ray flux is highly variable in this source, a joint spectral fitting with

XMM-Newton and NuSTARcould be made since the observations were simultaneous.

Using PEXMON reflection model we found Rf=3.995.10
2.85. We also fit the data using BORUS

model instead of PEXMON and we found that reflection features can be produced by a

Compton thin torus with log(NH,re f l)=23.5223.64
23.38 covering 59% of the sky. Modelling

the reflection with a disk instead, using XILLVER results in a highly ionized disk with

log ξ=3.783.79
3.77 and Rf >1.45. To improve the fit in the low energy range it was necessary

to add one MEKAL component in all the models. The BORUS model shows the lowest

χ2
ν = 1.07, marginally better than the fit using PEXMON (χ2

ν = 1.08) and XILLVER (χ2
ν =

1.14).

All models required a Compton-thin absorber on the line of sight to the primary

coronal emission, with log(NH,los) ∼ 20.97.

B.0.14 IGRJ11366 6002:

We did not find previous information about this galaxy in the literature.

Here we perform the fit of the NuSTAR and Swift/BAT data. When using

PEXMON reflection model we find Rf=0.721.57
0.49. We also fit the data using BORUS model

and we found that the data is consistent with a Compton thick reflector torus
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(log(NH,re f l) >24.47) covering ∼ 93% of the sky. Using XILLVER, the fit was consis-

tent with log ξ=3.143.32
3.03 and Rf >1.12. The XILLVER model shows the lowest χ2

ν. All the

models are consistent with a Compton-thin absorber in the line of sight to the primary

coronal emission with log(NH,los) < 21.2.

B.0.15 IC4518A

This galaxy was optically classified as a type 2 Seyfert galaxy (Zaw et al., 2009) and

it is classified as a Compton-thin source (Bassani et al., 1999; de Rosa et al., 2008;

Hernández-Garcı́a et al., 2015).

de Rosa et al. (2008) presented a 0.2–200 keV broad-band study of this galaxy with

INTEGRAL, XMM-Newton, Chandra and ASCA to investigate the continuum shape

and the absorbing/reflecting medium properties. They fitted PEXRAV reflection model

and found that in this object the presence of the reflection component above 10 keV

is statistically required by the data. However, they found a best fit value larger than

1 that they suggested that could be related with the geometry of the reflector, which

should be more complex than that used in their work.

Hernández-Garcı́a et al. (2015) studied XMM–Newton data of this galaxy and

found variations in an eight-day period, that correspond to a flux variation of 40%

(41%) in the soft (0.5 - 2 keV) (hard - 5 - 10.0 keV) energy band.

for this work, NuSTAR and XMM-Newton data were not simultaneous, thus we

explored possible spectral variability. The best fit resulted when the normalization of

the power-law is a free parameter. Using PEXMON we found Rf=3.416.17
1.10. Using BORUS

we find a Compton-thick reflector torus with log(NH,re f l)=24.5925.16
24.11, covering more

than 39% of the sky. Using XILLVER we found a model consistent with log ξ <1.73 and

Rf >2.94. To improve the fit, three additional components are necessary (MEKAL +

scatter power-law)*zxipcf for PEXMON, MEKAL + zxipcf for BORUS) and XILLVER). The

BORUS model shows the lowest χ2
ν. In all the models the absorption in the line of sight

is consistent with being Compton-thin (log(NH,los) ∼ 23.22).

B.0.16 NGC 7674*

NGC 7674* (Mrk 533) is a nearby luminous infrared galaxy (LIRG). This galaxy is the

brightest member of the Hickson 96 interacting galaxy group and it is a known as a

Seyfert 2 galaxy with broad Hα and Hβ components in polarized light (Young et al.,

1996). Later, Bianchi et al. (2005) classified it as a changing look AGN in the X-ray
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range, switching between Compton-thin and Compton thick absorption in the line of

sight.

In the X rays, NGC 7674* was first reported to be a reflection-dominated AGN

by Malaguti et al. (1998) from BeppoSAX X-ray observations carried out in 1996, with

the direct (intrinsic) continuum being fully absorbed by a Compton-thick gas column.

Bianchi et al. (2005) studied the XMM-Newton spectra of this galaxy finding a reflec-

tion fraction R f ∼1.5 and argue that the changes on the CT regimes in this galaxy

is associated with material in the line of sight. Later, Gandhi et al. (2017) present

NuSTAR, Suzaku and Swift reporting a flat X-ray spectrum, suggesting that it is ob-

scured by Compton-thick gas. Based upon long-term flux dimming, previous work

suggested the alternate possibility that the source is a recently switched-off AGN with

the observed X-rays being the lagged echo from the torus. Their data show the source

to be reflection-dominated in hard X-rays, but with a relatively weak neutral Fe Kα

emission line and a strong Fe XXVI ionised line. Also, they construct an updated long

term X-ray light curve of NGC 7674* and find that the observed 2—10 keV flux has

remained constant for the past 20 years.

As this galaxy is a changing look galaxy and the XMM-Newton and NuSTAR ob-

servations are separated by several years, we do not attempt a joint fit and exclude

the XMM-Newton observation for our analysis. Using PEXMON we found that the data

is consistent with Rf >2.21. Using BORUS to model the reflection instead of PEXMON

we found a torus with log(NH,re f l) >24.43 covering 70% of the sky. Modelling the

reflection with a disk instead of a torus, using XILLVER the fit was consistent with

log ξ=2.823.02
2.77 and Rf=3.256.07

2.26. The XILLVER model shows the lowest χ2
ν = 1.07 com-

pared to χ2
ν = 1.12 for PEXMON and χ2

ν = 1.14 for BORUS.

We find heavy but Compton thin absorption in the line of sight to the primary

coronal emission with log(NH,los) ∼ 23 for all the models used .

B.0.17 NGC 5033

NGC 5033 is a nearby spiral galaxy with a low-luminosity Seyfert 1.8 type nucleus

(Véron-Cetty & Véron, 2010) with a point-like central X-ray source (Terashima et al.,

1999). This galaxy has been alternatively classified as a Seyfert of type 1.5 (Ho et al.,

1997). This object has a giant neighbor within a short distance: NGC 5005, a Seyfert

SAB(rs) galaxy.

In the radio, it is predominated by a compact core (Ho & Ulvestad, 2001), and
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showing extended jet-like features to the East-West (Pérez-Torres & Alberdi, 2007).

In the X-rays, Terashima et al. (1999) using ASCA observations found a point-like

X-ray source in the 2–10 a keV band. Their X-ray light curve showed variability on a

timescale of ∼ 104 s with an amplitude of ∼20%.

In this work, we combine the NuSTAR observations and perform a simultaneous

fit of the XMM-Newton, NuSTAR and Swift/BAT data. Using PEXMON reflection model

results in Rf >1.0. Using BORUS we found that the data is consistent with a Compton

thin torus (log(NH,re f l)=23.4923.69
23.34) covering 77% of the sky. Then we fit XILLVER in-

stead of BORUS and the fit was consistent with log ξ <1.0 and Rf >4.88. To improve

the fit, it was necessary to two MEKAL to XILLVER. The BORUS and XILLVER have the

same χ2
ν, then they are indistinguishable. In all the models the required line of sight

absorption is compatible with being Compton-thin (log(NH,los) <21.0).
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Table C.1: Observational Details.

Name Instrument ObsID Date R Exp. Time

(”) (ks)

(1) (2) (3) (4) (5) (6)

NGC 3998 XMM-Newton 0790840101 2016-10-26 49 25

NuSTAR 60201050002 2016-10-25 49 103

NGC 3718 XMM-Newton 0795730101 2017-10-24 49 38

NuSTAR 60301031002 2017-10-24 49 24

NGC 4258* XMM-Newton 0400560301 2006-11-17 49 64

NuSTAR 60101046004 2016-01-10 49 103

ESO 253-G003* XMM-Newton 0762920501 2015-08-19 49 27

NuSTAR 60101014002 2015-08-21 49 22

NGC 1052 XMM-Newton 0790980101 2017-01-17 49 70

NuSTAR 60201056002 2017-01-17 49 59

NGC 2655 XMM-Newton 0301650301 2016-11-10 49 11

NuSTAR 60160341004 2016-11-10 49 15

NGC 3147* XMM-Newton 0405020601 2006-10-06 49 17

NuSTAR 60101032002 2015-12-27 49 49

NGC 2110* XMM-Newton 0145670101 2003-03-05 49 59

NuSTAR 60061061002 2012-10-05 49 15

60061061004 2013-02-14 49 12

LEDA 96373* XMM-Newton 0674940101 2012-04-09 49 56

NuSTAR 60061073002 2014-07-31 49 22

NGC 2992 XMM-Newton 0840920201 2019-05-07 49 134

0840920301 2019-05-09 49 134

NuSTAR 90501623002 2019-05-10 49 57

M 51 XMM-Newton 0852030101 2019-07-11 49 77

NuSTAR 60501023002 2019-07-10 49 169
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Table C.2: Cont: Observational Details

Name Instrument ObsID Date R Exptime

(”) (ks)

(1) (2) (3) (4) (5) (6)

NGC 2273* XMM-Newton 0140951001 2003-09-05 49 13

NuSTAR 60001064002 2014-03-23 49 23

HE 1136-2304 XMM-Newton 0741260101 2014-07-02 49 110

NuSTAR 80002031003 2014-07-02 49 63

80002031002 2014-07-02 49 23

IC 4518A XMM-Newton 0401790901 2006-08-07 11 134

0406410101 2006-08-15 49 25

NuSTAR 60061260002 2013-08-02 49 7

NGC 7674* XMM-Newton 0200660101 2004-06-02 49 10

NuSTAR 60001151002 2014-09-30 49 51

IGRJ11366-6002 NuSTAR 60061213002 2014-10-29 49 21

NGC 5033 XMM-Newton 0871020101 2020-12-10 49 21

NuSTAR 60601023002 2020-12-08 49 104

60601023004 2020-12-12 49 53
Notes: (Col. 1) Name, (Col. 2) instrument, (Col. 3) obsID, (Col. 4) date, (Col. 5) radii

of the extraction region and (Col. 5) exposure time (ks). Objects with * symbols are

the galaxies with not simultaneous observations.
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Table
C

.5:
Finalcom

pilation
ofthe

coronalparam
eters

ofthe
best-fitm

odels
for

the
sam

ple.
Photon

index
(Γ),the

high
energy

cut-off(E
cut)in

keV,χ
2/d.o.fand

χ
2ν

for
P
E
X
M
O
N,
B
O
R
U
S

(B)and
X
I
L
L
V
E
R

(X
).BM

show
s

the
m

odelw
ith

the
low

est
χ

2ν .The
sym

bol?
represents

thataccording
w

ith

their
χ

2ν
values,the

m
odels

are
indistinguishable.

O
bjects

w
ith

*
sym

bols
are

the
galaxies

w
ith

notsim
ultaneous

observations.
The

quantities
in

this
table

m
arked

w
ith

**
are

unconstrained
errors.

P
E
X
M
O
N

N
am

e
Γ

E
cut (keV

)
χ

2/d.o.f
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2ν

N
G

C
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81.78
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840.7/896
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N
G

C
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1.96
1.79
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994.30
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408.2/371
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N
G

C
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2000.0
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N
G

C
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N
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N
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N
G
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1.62
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M
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Table
C

.7:
Finalcom

pilation
of

the
reflector

param
eters

of
the

best-fit
m

odels
for

the
sam

ple.
R

eflection
fraction

(R
f ),the

inclination
(Incl)

and

the
ionization

degree
(in

log)of
P
E
X
M
O
N

and
X
I
L
L
V
E
R

(X
)m

odels.
The

colum
n

density
ofthe

torus
like

reflector
(log

(N
H

,refl
)),the

covering
factor

(C
F)and

the
inclination

(C
os(θincl ))for

B
O
R
U
S

(B).BM
show

s
the

m
odelw

ith
the

low
est

χ
2ν .

The
sym

bol?
represents

thataccording
w

ith
their

χ
2ν

values,the
m

odels
are

indistinguishable.O
bjects

w
ith

*
sym

bols
are

the
galaxies

w
ith

notsim
ultaneous

observations.The
quantities

in
this

table

m
arked

w
ith

**
are

unconstrained
errors

exceptin
the

case
ofthe

C
F,w

here
w

e
reportthe

cases
the

error
is

lim
ited

by
the

m
odel.
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1.460
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1.416
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7674*
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Table C.13: Summary of the Cross normalization constants between the instruments. Name,

cross normalization constant between the detector FPMA and FPMB of NuSTAR (CA/B, NuS-

TAR and XMM-Newton (CXMM) and NuSTAR and Swift (CBAT). In case of the not simultaneous

data XMM-Newton+NuSTAR observations, where the normalization of the power-law is a free

parameter (objects denoted in bold face), we put the restriction of CXMM=[0.9,1.10]. The error

of this parameters is in the normalization of the power-law then we reported here only the

best fit value. The quantities in this table marked with ** are unconstrained errors.

PEXMON

Name CA/B CXMM CBAT

NGC 3998 1.041.06
1.02 0.910.94

0.88 0.981.17
0.80

NGC 3718 0.991.03
0.96 0.981.03

0.94 4.535.53
3.60

NGC 4258* 0.991.02
0.96 1.09∗∗1.03 2.642.98

2.31

ESO 253-G003* 1.141.23
1.06 - 0.891.14

0.66

NGC 1052 1.001.03
0.98 0.890.91

0.87 0.860.96
0.76

NGC 2655 1.161.05
1.05 1.091.27

0.93 2.212.90
1.63

NGC 3147* 1.041.09
0.99 0.950.97

∗∗ 1.081.47
0.71

NGC 2110* 1.031.05
1.02 1.031.10

∗∗ 0.580.59
0.57

LEDA 96373* 1.121.20
1.05 0.840.90

0.79 0.871.06
0.71

NGC 2992 1.0271.033
1.019 0.910.92

0.90 0.1270.133
0.119

M 51 0.991.06
0.93 1.061.16

0.97 2.673.46
1.95

NGC 2273* 1.091.18
0.99 1.151.33

0.99 0.841.17
0.54

HE 1136-2304 1.071.08
1.05 1.031.04

1.01 0.630.77
0.50

IGRJ11366 6002 1.151.22
1.09 - 1.451.80

1.18

IC 4518A* 1.121.20
1.04 0.970.99

∗∗ 1.111.25
0.95

NGC 7674* 1.021.09
0.95 - 1.582.03

1.15

NGC 5033 1.051.07
1.03 0.750.76

0.73 0.280.42
0.13
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Table C.14: Cont.: Summary of the Cross normalization constants between the instruments.

BORUS XILLVER

Name CA/B CXMM CBAT CA/B CXMM CBAT

NGC 3998 1.041.06
1.02 0.910.94

0.90 0.961.13
0.79 1.041.06

1.02 0.920.94
0.89 0.961.14

0.79

NGC 3718 1.001.02
0.96 0.991.03

0.94 4.425.26
3.52 0.991.03

0.96 0.981.03
0.94 4.465.41

3.57

NGC 4258* 0.991.02
0.96 1.07∗∗0.96 2.562.93

2.24 0.991.02
0.96 1.10 2.943.29

2.58

ESO 253-G003* 1.141.23
1.06 - 0.881.13

0.67 1.141.23
1.06 - 0.851.08

0.65

NGC 1052 1.001.02
0.97 0.870.89

0.85 0.830.93
0.74 1.001.02

0.99 0.890.90
0.87 0.901.00

0.79

NGC 2655 1.071.25
0.91 2.222.89

1.63 1.151.28
1.04 1.071.16

0.92 2.182.78
1.62

NGC 3147* 1.041.09
0.99 0.99∗∗0.90 1.001.34

0.64 1.041.09
0.90 0.920.99

∗∗ 1.081.47
0.70

NGC 2110* 1.041.05
1.02 0.900.97

∗∗ 0.600.61
0.59 1.031.05

1.02 0.971.08
∗∗ 0.580.59

0.57

LEDA 96373* 1.131.21
1.05 0.870.94

0.81 0.851.03
0.70 1.121.20

1.05 0.860.92
0.80 0.881.06

0.71

NGC 2992 1.0261.033
1.020 0.9090.915

0.903 0.1220.136
0.110 1.0261.033

1.019 0.9150.920
0.909 0.130.15

0.12

M 51 1.001.07
0.94 1.061.16

0.98 2.082.77
1.54 0.991.06

0.92 1.071.17
0.98 2.673.52

1.91

NGC 2273* 1.081.17
0.99 1.041.19

0.90 0.650.91
0.43 1.091.18

1.00 1.091.97
0.94 0.841.14

0.55

HE 1136-2304 1.0641.082
1.046 1.031.04

1.01 0.580.71
0.45 1.0651.081

1.047 1.0231.039
1.015 0.620.75

0.49

IGRJ11366 6002 1.151.22
1.09 - 1.421.71

1.10 1.151.22
1.09 - 1.441.76

1.14

IC 4518A* 1.111.19
1.03 1.10∗∗0.90 1.091.28

0.93 1.111.19
1.04 0.901.00

∗∗ 1.091.27
0.94

NGC 7674* 1.021.09
0.96 - 1.602.07

1.17 1.021.09
0.95 - 1.572.00

1.16

NGC 5033 1.051.07
1.04 0.760.78

0.74 0.270.41
0.14 1.051.07

1.04 0.760.78
0.74 0.280.42

0.13
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Table C.15: Soft (2-10 keV) and hard (10–79 keV) intrinsic and observed luminosities for all

the sample.

Observed Intrinsic

Name log(L2.0−10.0) log(L10.0−79.0) log(L2.0−10.0) log(L10.0−79.0) Model

NGC 3998 41.1441.15
41.12 41.3341.34

41.27 41.1541.16
41.14 40.6740.71

40.62 BORUS

41.2841.40
41.12 41.4641.62

41.16 41.2841.40
41.12 41.1641.33

40.88 XILLVER

NGC 3718 40.4540.46
40.39 40.6440.65

40.45 40.4940.52
40.46 40.6440.72

40.55 BORUS

40.4540.61
40.10 40.6340.71

40.03 40.4940.67
40.20 40.6340.79

40.36 XILLVER

NGC 4258* 39.9337.90
40.65 40.1440.22

40.07 40.1540.05
40.70 40.1540.22

40.07 BORUS

39.9340.10
39.25 40.0740.08

39.98 40.1140.32
39.67 40.0740.11

40.02 XILLVER

ESO 253-G003∗nu 42.6942.99
42.37 42.8043.67

42.61 42.8943.13
42.57 43.5943.75

43.35 BORUS

42.6943.03
42.47 43.6143.64

42.34 42.8943.14
42.21 43.6244.34

44.13 XILLVER

NGC 1052 41.4441.48
41.36 42.1342.18

41.83 41.7641.70
41.81 42.1542.23

42.04 BORUS

NGC 2655 40.6140.67
39.90 41.1841.21

40.76 41.0341.11
40.95 41.1941.26

41.08 BORUS

40.6040.74
40.19 40.1940.32

40.09 40.9641.14
40.66 41.2041.51

39.85 XILLVER

NGC 3147* 41.4041.60
40.08 42.0142.04

41.69 41.4041.56
41.16 42.0142.12

41.87 BORUS

40.3941.77
40.18 41.9542.07

41.93 41.3941.73
40.62 41.9542.02

41.86 XILLVER

NGC 2110* 42.4442.58
42.25 43.6143.62

43.60 42.5242.65
42.34 43.6143.62

43.60 BORUS

LEDA 96373* 42.3442.34
42.10 43.4143.42

42.98 43.4843.56
43.38 43.8043.92

43.63 BORUS

NGC 2992 42.91142.914
42.907 43.31843.322

43.290 42.9542.95
42.94 43.3243.34

43.30 BORUS

M 51 38.9440.11
38.72 39.8140.41

37.38 39.6839.80
39.51 40.2540.75

40.32 BORUS

38.9539.83
37.47 39.6939.86

37.69 39.6940.37
39.13 40.0041.24

39.42 XILLVER

NGC 2273* 40.9041.24
37.49 41.9041.93

39.30 42.3642.68
41.33 42.5842.77

42.25 BORUS

HE 1136-2304 43.2343.24
43.19 43.5443.55

43.36 43.2343.25
43.21 43.5443.61

43.46 BORUS

43.2243.36
42.36 43.5243.75

42.88 43.2342.44
41.81 43.5243.76

42.94 XILLVER

IGRJ11366-6002nu 42.3542.34
42.14 42.5842.59

40.95 42.3942.59
42.02 42.5842.76

42.27 BORUS

42.2442.43
42.14 42.5842.69

41.10 42.3942.53
42.18 42.5842.79

42.15 XILLVER

IC 4518A* 41.9742.10
41.37 43.0843.13

42.88 42.2142.40
41.86 43.1043.16

43.02 BORUS

41.9742.39
41.00 43.0843.07

42.48 42.2542.50
41.59 43.0943.23

42.89 XILLVER

Name, soft and hard luminosities (observed and intrinsic) and the best fit model.

Objects with * symbols are the galaxies with not simultaneous observations. The

quantities in this table marked with ** are unconstrained errors. nu mark objects with

only NuSTAR data, then the luminosity in the soft bad (2.0–10.0 keV), was calculated

in the band (3.0 – 10.0 keV).
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Table C.16: Cont.: Soft (2-10 keV) and hard (10–79 keV) intrinsic and observed luminosities

for all the sample.

Observed Intrinsic

Name log(L2.0−10.0) log(L10.0−79.0) log(L2.0−10.0) log(L10.0−79.0) Model

NGC 7674∗nu 42.1742.19
41.24 43.0042.88

42.14 42.4242.59
42.15 43.0243.14

42.86 BORUS

42.1542.49
41.41 42.9943.12

42.00 42.3942.689
40.85 43.0343.23

42.63 XILLVER

NGC 5033 41.0440.05
40.01 41.4341.44

41.34 41.0441.06
41.02 41.4341.47

41.38 BORUS

41.0441.14
40.97 41.3841.33

41.16 41.0441.12
40.94 41.3841.44

41.31 XILLVER

Name, soft and hard luminosities (observed and intrinsic) and the best fit model.

Objects with * symbols are the galaxies with not simultaneous observations. The

quantities in this table marked with ** are unconstrained errors. nu mark objects with

only NuSTAR data, then the luminosity in the soft bad (2.0–10.0 keV), was calculated

in the band (3.0 – 10.0 keV).
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Table C.17: Bolometric correction, bolometric luminosity and accretion rate for the sample of

galaxies.

Name k2.0−10.0 LBol log(λEdd)

(1) (2) (3) (4)

NGC3998 15.3515.41
15.29 42.3342.34

42.32 -4.71−5.40
−4.02

NGC3718 15.3315.40
15.27 41.6841.85

41.38 -4.57−5.10
−4.17

NGC4258* 15.3315.39
15.27 41.0841.11

41.05 -4.59−5.26
−3.92

NGC5033 15.3415.40
15.28 42.0242.03

42.00 -3.77−4.46
−3.09

ESO253-G003* 15.8216.11
15.57 44.0944.34

43.77 -3.76−4.21
−3.38

NGC1052 15.3915.45
15.33 42.9242.95

42.89 -3.86−4.53
−3.19

NGC2655 15.3415.40
15.28 42.2242.30

42.13 -4.09−4.71
−3.48

NGC3147* 15.3615.43
15.29 42.5942.75

42.35 -4.33−4.87
−3.87

NGC2110* 15.5915.70
15.47 43.7143.84

43.53 -3.78−4.35
−3.26

LEDA96373* 16.7416.99
16.46 44.7344.84

44.60 -2.59−3.18
−2.02

NGC2992 15.8815.92
15.83 44.1544.15

44.14 -2.29−2.99
−1.60

M51 15.3315.39
15.27 40.8740.99

40.69 -3.83−4.41
−3.31

NGC2273* 15.5415.69
15.35 43.6043.84

43.06 -2.50−2.96
−2.34

HE1136 16.2216.27
16.16 44.4444.46

44.42 -3.06−3.74
−2.38

IGRJ11366 15.5315.66
15.38 43.5843.78

43.20 -3.09−3.59
−2.77

IC4518A 15.5115.61
15.39 43.5143.67

43.26 -3.39−3.93
−2.94

NGC7674* 15.5315.72
15.35 43.5943.89

43.03 -3.70−4.10
−3.56

(Col. 1) name, (Col. 2) bolometric correction, (Col. 3) bolometric luminosity and (Col.

4) accretion rate. All these values were estimated using Duras et al. (2020).
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APPENDIX D. SPECTRAL MODELS
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Figure D.1: Spectral modelling of NGC 3998. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.2: Spectral modelling of NGC 3718. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.3: Spectral modelling of NGC 4258*. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.5: Spectral modelling of NGC 1052. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.6: Spectral modelling of NGC 2655. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.7: Spectral modelling of NGC 3147. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.8: Spectral modelling of NGC 2110. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.9: Spectral modelling of LEDA 96373. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.10: Spectral modelling of NGC 2992. The plots correspond to BORUS (left) and

XILLVER
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Figure D.11: Spectral modelling of M 51. The plots correspond to BORUS (left) and XILLVER
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Figure D.12: Spectral modelling of NGC 2273. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.13: Spectral modelling of HE 1136-2304. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.15: Spectral modelling of IC4518. The plots correspond to BORUS (left) and XIL-

LVER (right)
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Figure D.16: Spectral modelling of NGC 7674. The plots correspond to BORUS (left) and

XILLVER (right)
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Figure D.17: Spectral modelling of NGC 5033. The plots correspond to BORUS (left) and

XILLVER (right)
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APPENDIX E

Other Scientific Contributions

Finally, in this Chapter, I will summarize other scientific works in which I have partic-

ipated during the development of my PhD but do not constitute the core of my main

research. I was invited to collaborate in these studies because they are related to my

PhD work.
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APPENDIX E. OTHER SCIENTIFIC CONTRIBUTIONS

Reference: Patricia Da Silva et al. (2022), submitted to MNRAS.

My contribution to this work was to extract and analyse the X-ray spectra used to

compare with optical and infrared data. In addition, I perform the variability analysis

and develop a method to fit a complex model in the spectra fitting. Furthermore, I

actively participated in the discussion of the paper.
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Reference: Osorio-Clavijo et al. (2022), Monthly Notices of the Royal Astronomical

Society (MNRAS), Volume 510, pp.5102-5118.

My contribution to this work was the participation in the analysis of the X-ray

spectra in the discussion of the paper.
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APPENDIX E. OTHER SCIENTIFIC CONTRIBUTIONS

Reference: Patricia Da Silva et al. (2021), Monthly Notices of the Royal Astronom-

ical Society, Volume 505, pp.223-235

My contribution to this work was to extract and analyse the X-ray spectra used to

compare with optical and infrared data. Furthermore, I actively participated in the

discussion of the paper.
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Reference: Bandyopadhya, Bidisha et al. (2019), Monthly Notices of the Royal As-

tronomical Society, Volume 490, Issue 4, p.4606-4621.

My contribution to this work was the estimation of the fluxes (in the soft, 0.5–

10.0 keV and hard 10.0–79.0 keV energy band) used to perform the SED as well as to

participate in the discussion section.
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APPENDIX E. OTHER SCIENTIFIC CONTRIBUTIONS

Reference: Hernández-Garcı́a, L et al. (2019), Monthly Notices of the Royal Astro-

nomical Society, Volume 489, Issue 3, p.4049-4062.

In this work, I develop models in CLOUDY to study the existence (or not) of an

AGN in this galaxy. In addition, I participate actively in the discussion.
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Hernández-Garcı́a L., González-Martı́n O., Masegosa J., Márquez I., 2014, A&A, 569,

A26
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