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Introduction

Active galaxies are galaxies which have a small core of aomssmbedded in an
otherwise typical galaxy. This core may be highly variabid &ery bright com-
pared to the rest of the galaxy. For "normal”’ galaxies, we tbamk of the total
energy they emit as the sum of the emission from each of the f&tand in the
galaxy. For the "active” galaxies, usually called Activel&zdic Nuclei (AGN),
thisis not true. There is a great deal more emitted energyttiexe should be and
this excess energy is found in the infrared, radio, UV, antch)X+egions of the
electromagnetic spectrum. Models of active galaxies autnate are based on the
presence of a supermassive black hole which lies at thercefntiee galaxy. The
dense central galaxy provides material which accretestbetblack hole (rang-
ing from 10 — 10° solar masses) releasing a large amount of gravitationafjgne
Accretion occurs via an accretion disc that efficiently cants gravitational en-
ergy into radiation.

There are several types of active galaxies: Seyferts, gaiaemad blazars. A fur-
ther classification is based on their optical/UV spectraadrand narrow emission
lines are both present in AGN 1s while only the latters arélesn AGN 2s.

The standard Unification Model for AGN assumes the samenatatructure for
both Seyfert 1 and Seyfert 2 galaxies (Antonucci 1993), wwithobservational
differences ascribed to an axisymmetric distribution of,dacated between the
Broad Line Region (BLR) and the Narrow Line Region (NLR), irder to ob-
scure the former, but not the latter. A natural geometrical physical scenario
is that of a homogeneous torus on a parsec scale (Krolik & IBege1988). If
the so-called torus intercepts our line of sight the prinamyjssion and the BLR
are obscured with a resulting lack of broad lines in the @£V spectrum and
a classification as Seyfert 2. On the contrary, if the nuclsusobscured, the
source is classified as a Seyfert 1 and every component opdatram is visible.
This classification holds true also in X-rays, where Sey2sriook usually ab-
sorbed, as expected. Besides, in X-ray spectra a numbdrafatmponents arise
as reprocessing of the primary emission from the circunearciaterial. The
most striking effect is the absorption from intervening tnaumatter. The column
density of the absorber discriminates between two kindsoafces: Compton-
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Introduction

thick if it exceeds the value N> o7 = 10?"cm™2 (i.e. when the optical depth
for Compton scattering equals unity), completely blockimg nuclear continuum
up to 10 keV or moreCompton-thinf it is lower, allowing only photons more
energetic than a certain threshold to pierce through thenat

Absorbed AGN represent ideal laboratories to study the@onsomponents
which originate in circumnuclear matter outside the abisrbegions, because
in this case they are not outshined by the nuclear emissidre high energy
spectrum is dominated by Compton reflection and a strongfibmmescence line
which are likely to be produced in a compact (parsec-scélejpton-thick and
low ionized material, traditionally identified with the adsber along the line of
sight (the torus envisaged in the Seyfert unification saéeha®n the other hand,
the soft X-ray spectrum had to await the high resolution 8peteters aboard
XMM-Newton and Chandra to reveal its real nature. The spetis dominated
by emission lines, mainly from He- and H-like K transitiorfslight metals and
L transitions of Fe (Kinkhabwala et al. 2002; Sambruna e2@01b; Sako et al.
2000). The continuum observed in lower resolution CCD spegas mainly due
to the blending of these features. Different diagnostitstesem to suggest that in
these sources the observed lines are produced in a gas@finénl by the AGN,
rather than in a hot gas in collisional equilibrium. The wegadented high spatial
resolution of Chandra added another key ingredient to tlzzlpuevealing that
the soft X-ray emission of bright obscured Seyfert galawias actually extended
on hundreds of pc, thus being clearly produced in a gas weglbrm the torus
(Young, Wilson & Shopbell 2001; Sambruna et al. 2001a; Salkd. 2000).

In the framework of this scenario, we selected and analyzsghgple of ob-
scured AGN observed by the XMM-Newton in order to study thi¢ Xeray band
of obscured AGN. With the aim to analyze large numbers of AGhh\good-
guality X-ray spectra and to perform statistical studiedwaee built the catalogue
CAIXA-A, a Catalogue of AGN In the XMMNewtonArchive - Absorbed. All the
EPIC pn spectra of the sources in CAIXA-A were extracted hgemeously, and
a baseline model was applied in order to derive their basiayXproperties and
select only those sources absorbed by column density IthigarlG? cm 2. At
the end of the selection procedure, CAIXA-A consists offal tadio-quiet, X-ray
obscuredly > 2x10?2cnT?) AGN observed by XMM-Newton in targeted obser-
vations, whose data were public as of November 22, 2011. Mgitt09 sources,
this is the largest catalog of high signal-to-noise X-ragctpa of obscured AGN.
We then focused on the analysis of the high resolution satty<RGS spectra of
CAIXA-A sources, adopting different, complementary, nogth of analysis with
both phenomenological and self-consistent approacheg. obkervational evi-
dence discussed in this thesis leads to think that the CAXgources seems to
be dominated by the photoionization, although collisigniinized plasma may
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Introduction

play a significant role in some sources.

The structure of this thesis is as follows. Chapter 1 intoeduthe reader to
Active Galactic Nuclei and their classification, to the Sp&ld=nergy Distribution
(SED) of AGN across the whole electromagnetic spectrum.hap@er 2 the main
mechanisms involved in the production and absorption o&y&rin order to un-
derstand the physics behind AGN emission in this band, wilbbefly explained.
Chapter 3 is devoted to the description of the sample andihlgsis of the spec-
tra in the soft X-ray band. Finally, a discussion of the resaf this thesis can be
found in the Conclusions.
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Chapter 1

Active Galactic Nuclel

The term Active Galactic Nuclei (AGN) refers to a few percehgalaxies whose
emission from the inner region cannot be ascribed to stdrs.'Z00’ of galaxies
that fits this definition is wide and varied, and the clasdiieg mainly based on
luminosity and spectroscopical features, is complex artcatveays straightfor-
ward. AGN are powered by accretion of matter onto a Super Magdack Hole
(SMBH), lying at the center of a galaxy, which accretes mudttmn the galaxy
itself (gas and stars). BHs are very simple objects, definednty three inde-
pendent parameters: the mass, the angular momentum (theasypi the electric
charget The mass of the BH (in the range®:010'°M,, for AGN) and especially
the circumnuclear matter can produce different phenomedaatier properties
such as the luminosity and the spectral energy distribution

The main and common trait of AGN is their huge luminosity,itglly in the
range 16% — 10*® erg s71, that spans over 20 decades of the electromagnetic
spectrum, making them among the most luminous objects iskirdrom radio
to gamma rays. Any source can reach a maximum value of lurntyncalled
‘Eddington luminosity’ when the continuum radiation fomatwards balances the
gravitational force inwards in hydrostatic equilibriuni.the luminosity exceeds
this limit, then the radiation pressure drives an outflow. afélier the emission
mechanism is involved, the limit Eddington Luminosity teda (for fully ionized
hydrogen gas: see Sect. 1.1.2.)

47GM
il M )e_;g (1.1)

Leqg= —————— = 1.3x 1038(—
O-T M@

tells us that a mass of the ordst ~ 10°M,, is required to achieve the typical
AGN luminosity.

Lt is usually assumed that the electric charge is neglidini@strophysically relevant BHs.



Chapter 1. Active Galactic Nuclei

1.0.1 AGN Taxonomy

The taxonomy of AGN tends to be rather confusing as we do ndujlg under-
stand the physics underlying this phenomenon. Undoubtamitye of the differ-
ences we see between various types of AGN are due more to theevabserve
them than to intrinsic differences; this theme represdm$asis of the unification
models (see Sect. 1.2.).

In Figure 1.1, a summarizing scheme shows some of the vaspesies’ of
the rich AGN family.

Radio Radio
Quiet Loud

[ LINER ] Seyfert Radlo Quasar Blazar
/ \ Galaxy (Type 1) (Type 0)

Sy 1 Sy 2 NLRG BLRG BL Lac oW
(Type 1) | | (Type 2) (Type 1) (Tvpe 2)

Figure 1.1: AGN taxonomy scheme

A detailed description of all the different types of AGN doe#t fall in the
purposes of this thesis. We just want to broadly give an ideheoclassification
and introduce the Unification Model for AGN. A first classificam comes from
two main parameters of the spectrum of an AGN:

1. Radio Emission: AGN show a large distribution of radid_§) and opti-
cal (Lo) luminosities with a bimodal distribution of the ratio beten the
two luminosities, Withﬁ ~ 10 as the dividing value. Objects below this

value are called Radio- Qwet AGN, sources Wltb38> 10 are indicated as
Radio-Loud AGN. This last class of galaxies is °10-15% of ttalt The
intense radio emission in Radio-Loud AGN is believed to Hateel with
the presence of relativistic, collimated flows of mattetqjeSince we will
investigate only radio-quiet objects in this thesis, in tbilowing we will
focus on the characteristics of this subclass.

2. Emission lines: in the optical/UV spectrum of AGN emission lines much
more intense and broader than in usual galaxies are usuatgipt. They
can be divided into:



e Broad Emission Lines: lines corresponding to permittedditgons
with Full Width at Half Maximum (FWHM) of thousands of kn's

e Narrow Emission Lines: lines from permitted and forbiddeamsi-
tions with FWHM of hundreds of kng?

Broad lines observed in the optical/UV spectra of Seyfertasdas have typical
widths of ~ 5000 km s, but can be as large as 10000 km er more. Such
widths are interpreted as being due to the Keplerian veéscdf a large number
of clouds (the Broad Line Region: BLR) rotating around the &t& distance of
0.01-0.1 pc (see figure 1.4). The density of this gas is beti¢e be very high,
of the order of 18 — 10'* cm™3, as required by the observed lack of forbidden
transitions. Still under debate is the origin of these ckadd several models
have been proposed (see Sect. 1.2). The narrow lines havesmatler widths,
typically a few times 100 km=3. This is easily explained if they are produced
by gas (the Narrow Line Region: NLR) farther away from the Bbtending on

~ 100 pc scale (see figure 1.4), as often directly observeceiintages. The gas
has a density of f0- 10° cm3, lower than that required for the BLR and low
enough to explain the presence of forbidden lines. It idyikmmposed by the
inner part of the Galactic disc, photoionized by the nucteatinuum (Bianchi &
Guainazzi 2007).

A further classification depends on the presence or absdnBeoad Emission
Lines. Two different class of sources can be introduced:

1. Type 1 AGN: Broad Emission Lines and Narrow Emission Liass both
present in the optical spectrum;

2. Type 2 AGN: only narrow emission lines are present.

The column density of the absorbing matter around the demiideus (I;) can
be used as a further classification criterium:

1. Obscured AGN: evidence of intrinsic cold absorption ia ¥xray band in
excess to that due to the Milky Way;

2. Unobscured AGN: there is no excess cold absorption in th@»>band.

A good correlation between this classification and the revione is observed:
type 2 AGN are usually X-ray absorbed, while type 1 AGN are #onong the
unobscured AGN a further discrimination can be introduea@n if classified as
type 2 AGN, these objects have a nuclear luminosity which maycompletely
absorbed in X-rays by the circumnuclear material. The Vailhg classification is
based on the column density of the absorbing circumnucledenal (N ):

7



Chapter 1. Active Galactic Nuclei

e Compton Thin sources: present a typical N < 10?* cm2. They have a
nuclear flux much higher than a Compton Thick object’s oneabse the
circumnuclear material is transparent to the radiatiomén2-10 keV band.

e Compton Thick sources: present a typical N > 10?* cm™. Most of
the radiation coming from the inner part of the galaxy is abed by the
circumnuclear material.

1.1 Fueling the central engine

One of the main characteristics of AGN is their extreme luwsities, typically
ranging between ®and 108 erg s* and produced in a very small region. Since
the first quasar's (3C 273) redshift was measured in 1963 bgtdda Schmidt
(Schmidt 1963) great efforts have been spent in understgnvanat mechanisms
could be involved in producing such a great amount of raalaith such compact
regions, without exceeding the Eddington luminosity tokie process effective.
The extreme compactnedd (R) of the nuclei of active galaxies leads almost un-
ambiguously to postulate the presence of supermassivk btdes (SMBHS), in
the range 19— 10°M,.

In the following we will discuss the process of accretiomught to be responsible
for fueling the central engine of AGN and compact systemseinegal, through
the conversion of gravitational energy into radiation.

1.1.1 Accretion efficiency

The mechanism of accretion on a supermassive black holédshewery efficient
in order to produce such high luminosities in active galaxi¢f the energy is
converted so thd = nmc, the efficiency; needs to be very high. If we consider
the standard nuclear processes that fuel stars we can aaly eemaximum value
of n = 0.007, in the case of Hydrogen burning. In the following w# show that
the process of accretion can reach 0.42.
Let us consider an object with masswvhich is falling onto a much more massive
body with massM.. If the object of massis in a free-falling regime from infinity
it gains kinetic energy at the expense of gravitational gnetf we consider a
proton with massn,, :

1 GM

EmPV%f = r”\o
When matter reaches the surface of the compact object &iar@rgy is trans-
formed into heat, with a consequent irradiation. If the ation rate ism, the

(1.2)
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1.1. Fueling the central engine

kinetic energy dissipation l};m\ﬁff and hence the luminositl, = ‘fj—'f is:

1. GMm
L = Emv%f == (1.3)
It is convenient to introduce the Schwarzschild’s radiusdio object with mass

M:

2GM
which corresponds roughly tox310" ¢cm or 0.01 light days for a M, black
hole. Inserting s in the expression 1.3 we get:

, (1.4)

I's

1. ,r1g
L= Emc?(?) (1.5)

Defining 5 = 5, then:
L = pic. (1.6)

It would then seem natural to assume that the accretion ezftigi reaches its
higher values in the vicinity of a BH. However, this is not assarily true, be-
cause BHs do not have a surface and the accretion mechanistrbominduced
by the presence of an accretion disc of gas rotating arounBith

The value of the efficiency factaris of the order of 0.1 for a neutron star and it is
very easy to show that it is proportional to the compactnésiseohidden object.
Considering a spinning BH, with a non null angular momenttime, accretion
takes place not beyond the so called 'radius of marginalilgialn s Since fs

in a Kerr metric is strongly dependent from the BH spin we have 0.06 for a
non-rotating BH and ~ 0.42 for a maximally rotating BH. We refer the reader to
Shapiro, Teukolsky & Lightman (1983) for a very elegant nealatical approach.

1.1.2 Eddington Luminosity

In order to have a stable system, the outward force due tcatffiation pressure
cannot exceed the inward gravitational force. The outflgwWinx of energy at a
distancer is F = L/4nr?, whereL is the luminosity (erg/s) of the source. Since
the momentum of a photon with ener§y= hv is p = E/c, the total outflowing
momentum will be:

F_ L
c ~ 4mrict

I::'rad =

The outward radiation force on a single photon can be olbdammatiplying P,aq
times the interaction cross section of the photon:
L

1.7
Arr2c (3.7)

Frad = 0e



Chapter 1. Active Galactic Nuclei

where o, is the Thomson cross section. The gravitational force oncéopr
electron couple by an object with malgkis:

-GM(m, +mg) —-GM
Fgrav = rzp ~ r2 mp (1-8)

Since the gravitational force acting on the gas has to balanexceed the out-
flowing radiation force to keep the system stable, from eqoat.7 and 1.8 we
have:

|Frad| < |Fgrav|
L - GMm,
Tehnrc = T r2

47Gemy,

Ledd < M ~ 1.26 x 10°3(M/M,,) erg/s (1.9)

e

The equation 1.9 is known d@&ddington luminosityand it can be used to deter-
mine the minimum massMgqq) to produce a luminositygqq. The Eddington
luminosity can also be interpreted as the maximum lumigasiita source with
massM fueled by a spherical accretion.

Whatever the emission mechanism is involved the limit Egttin Luminosity
relation (for fully ionized hydrogen gas)

ArGMmyc M
Legg = 22 HC g5 1038(—) il (1.10)
O-T M@ S

tell us that a mass of the ordst ~ 10°M,, is required to achieve the typical AGN
brightness.

Another important characteristic shared among AGN is tregiability timescale,
of the order of days, which implicates a sub-parsec scatedfithe emitting re-
gion

RaN % C X tgay < 1 pC < Rgaaxy ~ 10° pc

as confirmed by many observations showing an unresolvedsemisore in all
electromagnetic bands. The extreme compact(‘r%s)saf AGN leads naturally
to consider supermassive black holes (SMBHS) liable forhthge luminosity.
After all is well-known that ‘normal’ galaxies, like our owhost SMBHSs at their
core with masses of M, — 10®M,, directly estimated by stellar kinematics (see
Schodel et al. 2002, 2006, for details) for details. The Efaradigm’ is nearly
unanimously accepted among the scientific community arnreésepts the starting
point to understand the AGN physics.

10



1.1. Fueling the central engine

If a SMBH converts mass to energy at a rateMf it must do it with high
efficiencyn to produce the immense luminosity observed

L = pMc? (1.11)

Low efficiency stellar nuclear reactions like pp-chajn= 0.007, or triple-alpha
processy = 0.00062 are ruled out. The only plausible alternative is awmme
a process where matter around the black hole slowly spinsland converting
gravitational potential energy in kinetic energy. As welwée in the next section
this kinetic energy, converted in internal energy, can lssigated and produce a
lot of radiation, with efficiency in the rangg~ 0.06 — 0.4.

With a prudential value af = 0.1, from (1.2), itis possible to reach Eddington
luminosity with an accretion rate of

Mg = — = 108 Mg—2 (1.12)

a quite reasonable value if compared to the typical black hwhsses involved,
Mgy = 10PM, = M.

1.1.3 Accretion physics

Accretion can take place in different ways and the final tedepends on many
factors like the geometry of the system, the presence of aatifield, the op-
tical depth of the accreting material, and so on. The simpheslel of accretion
was developed between 50s and 60s by Bondi and is based aicaphecretion
approximation. Although instructive, this model does notlfpractical applica-
tion because accreting material always have some angulalemtoim that breaks
spherical symmetry and especially it does not work with cisjevithout a solid
surface, like black holes. The right symmetry we need to ickemss the cylin-
drical one, with matter orbiting around the central comédgéect and forming an
accretion disk.

From the point of view of energetics the question is very $anBy the law of
conservation of energy, a portion of gas with masflling on a compact object
with massM and radiusR, satisfies

1 GMm

Assuming that all of the energy is converted into radiation

1 GMm
Etot = Em iy = T = Erad (114)

11



Chapter 1. Active Galactic Nuclei

Differentiating the previous equation we get the lumingsit

_dEa _dU _ GMdm _ GMm
L= dd dt R dt R (1.15)

Therefore luminosity is proportional to the accretion rate and to the com-
pactness % , and that is the reason why accretion is so efficient for pskal
objects like black holes. Indeed, recalling equation 1.4@ the definition of
‘Schwarzschild radius’, efficiency can be written as

_ .GM . 1(Rs\.,
Rs = 2?:L_2(R)mc’-_nmc’-=>
1/Rs
- Z(X= 1.16
=7 Z(R) (1.16)

Obviously not all of the energy is transformed into radiatand 1.16 represents
an upper limit to the efficiency. In equation 1.16, for blackds, we can replace
R with the last stable orbit radiu’s, which isRs, = 3Rs for non-rotating BHs
andRs, ~ Rs for maximally rotating ones, obtaining

n(a=0) « 0.16

n@~ M)

Il
NI~ Ol -

1

=05

wherea € [0, M) is the adimensional spin of the black hole. Actually we canno
neglect relativistic effects and we should solve the ertiteulus in Schwarzchild
metric for a non-rotating BH and in Kerr metric for a rotatioge, obtaining

n(a=0) = 0057
n(@~ M) 0.42 (1.17)

1S

A maximally rotating black hole forces the surrounding pmrtof spacetime to
co-rotate with it, allowing matter to reach a radius threees smaller than in the
case of a Schwarzchild black hole, and bringing to an effayiesf an order of
magnitude larger.

The main problem with accretion is to find a clear way to let glas loose
angular momentum (considering that the system is isolated}o convert gravi-
tational energy into radiation. In a classical approacith lpooblems are resolved
invoking viscosity forces between disk annuli, originatsdthe differential disk
rotation. The nature of this mechanism is still under deldateuseful results can
be obtained confining all our ignorance about kinematicosgy arising from
turbulent motions in a dimensionless parametéthe so calledd-prescription’)

12



1.1. Fueling the central engine

as proposed by Shakura & Sunyaev (1973). Leaving the detdhe beautiful re-
view by Pringle (1981) we will briefly describe the main coptssbehind Shakura
and Sunyaev approach showing the most important equatimhtha results.

The first problem to solve, as we mentioned before, is thelangitomentum
loss: the idea is that viscosity forces act to decrease wgldifference between
annuli. If we consider only two annuli, the outermost slow heighbour down
letting it lose rotational kinetic energy and letting itlfad the potential well pro-
duced by the black hole. At the same time the angular momeisttransferred to
the outer part of the disk. Since the last stable orbit isu#c and assuming that
gas can radiate efficienflythe falling material will form a thin accretion disk.

Let us consider an annulus at radRsvith surface mass densiy, orbiting
with Keplerian angular velocifyaround the BH. Making use of mass conservation
(continuity equation) and angular momentum conservatiegossible to obtain
a differential equation that describes hawaries with radius

0% 35{\@%}

R R oR (1.18)
Generally, kinematic viscosityis a function of local properties of the disk like
Randt and therefore (1.9) is a non-linear (and not analyticallyaale) diffusion
equation for surface densiB; Instead, assumingas constant, equation (1.9) can
be solved and(R, t) can be written in an integral form using the Bessel function
J:. In Figure 1.2 the time evolution of a disk annulus is showrhemt = 0 the
whole mass is confined arould andXy(tp) = (R — Ry); then, as time goes by,
viscosity forces cause the energy loss and the gas flows ddwar O while a
small fraction moves outward carrying the angular momerdnich guaranteeing
the conservation.

In order to obtain a complete description of our accretinguduns, we should
solve Navier-Stokes equations considering all forcesluaa(gravitational, cen-
trifugal and viscous) and, as previously, we would have tevith the ‘viscosity
uncertainty’. In their enlighten paper Shakura and Sunya®king use of the
thin disk approximation, were able to find an easy-to-haedlgression for vis-
cosity and adopting the ‘steady disk’ approximation (ire.= ‘cons), which is
satisfied in many situations of astrophysical interest,eneapable of achieve a
simple expression for the rate of energy dissipated by atedithe disk

2Time scale for viscous processes, responsible for angudarentum redistribution, is larger
than radiative and dynamic (orbital) time scale

GM
30 —
= NR

13



Chapter 1. Active Galactic Nuclei

0.0 04 03 12 . s 20 24
Figure 1.2: The viscous evolution of a ring of matter of mass m. The serdensityz

is shown as a function of dimensionless radius % where R is the initial radius of the
ring, and dimensionless time= 12% wherev is the viscosity. (from Shakura & Sunyaey,
1973)

_ 3GMm Ro
Q= TR [1_ \/%) (1.19)

Assuming that the dissipated energy is entirely converiemradiation, the total
luminosity of the disk is simply
* : 1mGM

L fRO 2(-Q) - 27RdR 5 R (1.20)
Thus, during radial motion half of the liberated potentiaryy goes into increas-
ing the kinetic energy and half goes into heat and then irdaati@n. In order
to obtain the emission spectrum we should be able to preukceinission from
any part of the disk and than integrate over the whole suidace other words,
we should solve the radiative transfer equation for anyusdOtherwise, if the
disk were optically thick, every part would emit like a blao&dy with its radius-
dependent temperatufe(R) and, from the Stefan-Boltzmann law, the energy flux
density might just be

U=0cTiR) (1.21)

As for the steady disk approximation, the optically thickldapproximation ex-
tremely simplify our problem. Equating 1.19 with 1.21 we tiet temperature at

14



1.1. Fueling the central engine

each radius _
Q=U>=
_ | 3GMm Ro :
= Ts(R) = [BnR% (1 - ﬁ]] (1.22)

A typical value for AGN would bel's =~ 10°K while for stellar-mass black holes
Ts » 10°K, respectively corresponding to UV and X-ray bands, as sistaly
confirmed by observations. The overall spectrum is simpdysilim on the entire
disk surface of single black body radius-dependent emmissio

Rout
S, o f B.(Ts(R)27RdR (1.23)
Ro

whereR, is the outer radius of the disk arigl the Planckian photon distribu-
tion. The spectrum, shown in Figure 1.3, is the so-calledtirtemperature black
body’. At low frequencies the emission is due to the outer @aler (T,) part
of the disk and the spectrum follows the typi&l « v? Rayleigh-Jeans tail; the
Planck exponential cut-off is clearly visible at high fremeies, while in the mid-
dle the characteristi, « v3 trend for accretion spectra can be seen.

10} T T T
Sy
10! L. -
1} =
Ir.
1 L 1 L
1 10 102 10° 10*

Figure 1.3: Integrated spectrum of a steady, geometrically thin andcafly thick ac-
cretion disk. The units are arbitrary but the frequenciesesponding to F; and T. are
labelled. (from Shakura & Sunyaev, 1973)

The accretion model of geometrically thin and opticallycthdisk we have
just considered fits quite well the AGN case. As anyone caityagasagine there
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Chapter 1. Active Galactic Nuclei

is a vast literature on accretion physics and a lot of differaodel arising from
almost all the possible combinations between geometyitaih/thick and opti-
cally thin/thick conditions. One among all models that desd¢o be mentioned is
the ‘Advection Dominated Accretion Flows’ (ADAF) accrationodef. In ADAF
models the accretion rate is so low that the surface mass#tyglenthe disk is not
high enough to keep ions and electrons thermally couple@wialomb interac-
tions. As a consequence, the energy associated to iond) &reqoor radiators,
cannot be locally emitted and it is advected together withabcretion flow be-
yond the black hole event horizon. Therefore a large fractibthe available
energy turns into internal energy and the gas becomes hagiwally thin, with
a very low radiative efficiency. Great attention has been$ed on ADAF models
thanks to their success in explaining the emission from tala@ic Center (see
Narayan, Yi & Mahadevan 1995).

1.2 Unification Model

In 1985 when Antonucci & Miller (1985) observed the Seyfefi@&C 1068 in
polarized light, they noticed that broad lines, completddgent in the total spec-
trum, were clearly visible and similar to those observedegfért 1s. This result
led them to suggest that type 2 objects harbour a type 1 maclehich is ob-
scured by intervening gas. Its presence may be indirectgmed thanks to a
reflecting ‘mirror’ (such as a gas of electrons) which seatgart of the nuclear
radiation towards the line of sight, introducing a detelgt@egree of polarization.
Therefore, the basic assumption of what was called the ‘tatibn Model’ (see
Antonucci 1993) is that type 1 and type 2 objects are abdgletquivalent, the
only difference being whether the absorbing gas interadyatéine of sight to the
nucleus or not. The absorbing medium assumes clearly thaafoantal role in
this scenario. It is usually envisaged as an optically tlickus’ embedding the
nucleus and the ‘Broad Line Region’ (BLR) (see Figure 1.4)wé observe the
torus edge-on, all the nuclear radiation, including linesrf the BLR which is
inside it, is completely blocked and we classify the sousca gype 2. The narrow
lines are still visible, because the ‘Narrow Line RegionL@) is located farther
away from the nucleus, outside the torus. On the other héatitk torus does not
intercept our line of sight, we observe every component efgpectrum and the
object is classified as a type 1.

The basic idea behind the Unification Model, i.e. that geoiceteffects play
a fundamental role in the classification of AGN, is probaldyrect, but a number
of observational evidence suggests that some complicasioould be introduced.

4ADAFs are a subclass of ‘Radiatively-Inefficient AccretiBlows’ (RIAF) disks, character-
ized by a sub-Eddington accretion rate that brakes downtiadiefficiency
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1.2. Unification Model
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Figure 1.4: AGN unification model sketch: a cartoon illustrating the fitrdtion Model.
Credit: M. Polletta, Laurea Thesis, 1996, adapted from Uxnd Padovani, 1995

Since the first work by Antonucci & Miller (1985), polarizeddad lines have
been observed in several other Seyfert 2s, but there arenalspexamples of type
2 objects which, observed in polarized light, still do notgent broad lines (see
Tran 2001, 2003). Moreover, simple extrapolations of thicapUV scenario to
the X-ray emission do not easily fit the observations, legqdimmetimes to differ-
ent classifications between the two bands. Indeed, a nunfiladrsoured objects
in X-rays turn out to be type 1 AGN when observed in the optieald (Maiolino
et al. 2001; Fiore et al. 2001, 2002). There is also evideacéhk existence of
unobscured Seyfert 2s (Panessa & Bassani 2002; Bianchi 20 2). A major
issue about misclassification in X-ay and optical arisegternon-simultaneous
data available in both wavelengths. However, a number adsca$ unabsorbed
type 2 and absorbed type 1 AGNs have been confirmed with amaliemal
simultaneous campaign in X-rays and optical.

The great success of the classical Unification Model, tagettith the prob-
lems it cannot explain, justify all the efforts spent to psep a number of alterna-
tives. Among them, one of the most promising is the one ad@idvis (2000).
In the proposed scenario, a funnel-shaped thin shell outfldvstitutes the torus
and offers the possibility to explain many other featureseoed in AGN (see
Figure 1.5).
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Figure 1.5: A cartoon depicting the alternative Unification Model pregd by Elvis
(Elvis 2000). The figure is divided in four quadrants whidbstrate (clockwise from top
left): the geometrical angles involved in the structureg tesulting classification for a
distant observer, the outflow velocities for each line ohsand typical radii and column
densities. (from Elvis, 2000)

18



1.3. AGN Spectral Energy Distribution

1.3 AGN Spectral Energy Distribution

AGN shine over~ 10 decades of the electromagnetic spectrum, from the radio
to the gamma rays and in most of this wide energy range thetharbrightest
objects in the sky. In the following sections we will desertihe Spectral Energy
Distribution (SED, shown in Fig. 1.6) of Seyfert galaxies,tihe context of the
Unification Model, in the different energy bands of the elestagnetic spectrum.
It should be noted that the following description appliedive all radio quiet
AGN, once accounted for the characteristic properties oh eaibclass. More-
over, the same consideration holds true for radio loud abjet least those not
dominated by jet emission), even if, in this case, the diffiees are clearly bet-
ter defined in some electromagnetic bands, such as the ramssien, naturally
larger in this class, and theray spectrum, typically observed only in blazars.

10 cm 1mm 1um 1000 A 1 keV 100 keV
T T T T T T

big blue bump

IR bump

fo] = submillimeter

break X-ray emission

Log (VF,))

| | | | | | |
10 12 14 16 18 20
Log (v)

Figure 1.6: A typical Spectral Energy Distribution (SED) for a radio uiAGN is
shown. The y axis is arbitrarily normalized, data were takem (Elvis et al. 1994),
together with an extrapolation in the 'gap’. The gap betwd®00— 100A (10 - 107
eV) is due to HI absorption from our own Galaxy; abd@ um (< 1072 eV) there is the
‘submillimeter break’ (see Section 1.3.2).
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Figure 1.7: Merged UV/optical spectrum of the Seyfert 1 galaxy Mrk 33%a-M
jor emission features are labelled and the small blue bumpbeaseen between
2000A and 4000 A (from Zheng et al. 1995)

1.3.1 Optical/lUV

The dominant feature in the UV/optical spectra of AGN is tigelidue bump, as
we can clearly see in Fig. 1.6 and 1.7, which can be attribid¢dermal emis-
sion from a plasma at a temperature in the rang&'1K. The peak energy is
around the Lyman edged & 1216A), and the spectrum can be well approximated
by a power law both at lower and higher frequencies. The eomgsom an op-
tically thick and geometrically thin accretion disc for a BM should peak in
the UV (its temperatures are expected to be of the order #€° K.). The big
blue bump is therefore most likely ascribed to thermal eimmsfrom the accre-
tion disc. However, this association is not evident, sif@edxact shape of the
optical/UV continuum is often strongly contaminated byrlght from the host
galaxy, absorption by intervening materials and reddehindust. Moreover, the
superposition of the broad emission lines in this energgeamakes this analy-
sis very complex. In particular, a set of blended Balmer amdll Emission lines
together with the Balmer continuum make up the 'small bluapti which alters
the shape of the underlying continuum in the range betw@800 A and 4000 A
(see figure 1.7). It should also be remarked that in the exrdiraviolet our own
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1.3. AGN Spectral Energy Distribution

Galaxy is opaque and no data are available in that 'gap’ (geefil.6).

1.3.2 Infrared

The integrated IR emission (2-2@én) accounts, on average, for the80% of the
bolometric luminosity of AGN and it is believed to be mainlyelto reprocessing
of the primary radiation from dust. The presence of the IR puwith a minimum
around m (see Fig. 1.6), is ubiquitous in AGN (Sanders et al. 1983+ al.
2005) and it leads to the conclusion that the emission musitdrenal, since the
required temperatures are in the right rang&000K) for hot dust in the nuclear
regions (at higher temperatures dust grains would subdndihe submillimeter
break at the end of the far-IR band (see Fig. 1.6) can be easibnciled with
the rapid loss of efficiency of dust grains at long waveleagfthis would explain
the sharp cutoff observed just shortward of 1 mm. The sultionaadius can be
defined as the minimum distance from the AGN at which grairs given com-
position can exist. Indeed, in the clumpy torus model preddsy Nenkova et al.
(2008) the inner radius of the torus is defined by the dusimabion temperature
Tsupas follows:

L )0.5( 1500 K)2-6 o (1.24)

~ 04
Ra (1045 erg st Tsub

wherelL is the intrinsic AGN luminosity and J, is typically in the range 1000-
1500 K. In more luminous AGN, Rincreases, and hence the opening angle of the
torus must also increase. This leads to a luminosity depereden the observed
Typel-Type2 ratio: this is often referred to as the recetings (Lawrence 1991;
Simpson 2005).

The reprocessing dust model is also supported by infraradbitity. An opti-
cal/UV variation should be followed by an IR variation, buitlwa significant
time delay due to the larger scale where the dust is disathutn the particu-
lar case of Fairall 9 this is exactly what was observed: aydets measured of
about 400 days (Clavel, Wamsteker & Glass 1989). This mdeatsiie minimum
distance of dust is just below a parsec or so, in extremelyl ggreement with
the expected sublimation radius for an object of such lusitgo The emerging
scenario is a nucleus where the UV/optical continuum fuélpldtes the dust up
to the sublimation radius. Beyond this radius, the sametaxh heats the dust to
a wide range of temperatures (depending on the distancetfrecentral source),
producing the observed IR bump around 10#80. It should be noted, however,
that a significant contribution of starlight to the dust legthas been proposed,
especially in the far IR band (Prieto, Pérez Garcia & Rz Espinosa 2001).
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1.3.3 Radio

The radio emission, in radio-quiet AGN, contributes vetidito the bolomet-

ric luminosity; the luminosity can be 5-6 orders of magnéudwer than the
UV/optical continuum. The emitting region is usually vergnapact, the radio
spectra are very flat and become steeper at shorter waviede(sgte Lal & Ho

2010, and references therein). This a typical charadeon$inon-thermal emis-
sion and hence synchrotron radiation is generally involetha mechanism re-
sponsible for the radio continuum. The flatness of the ragecsum can be
ascribed to a complex source structure and the presencerdfdquency cutoffs

found in some objects can be explained in terms of synchictedf absorption,
even if the frequency dependence is not as steep as it sheuld b

1.3.4 X-rays

The X-ray properties of AGN have been intensively studiethimlast decades,
since the first X-ray missions in the mid-1970’s. The X-rayigsion from AGN
extends from the Galactic absorption cut-off~ad.1 keV up to~ 300keV. The
intrinsic X-ray continuum is to first order a power law due ton@ptonization of
UV photons produced by the disc in a surrounding hot 'cordh&ng & Price
1977; Liang 1979), possibly due to magnetic fields from thdybof the disc
itself (Haardt & Maraschi 1991; Zdziarski et al. 1994). Hewe many other
components are present in this energy range, due to reginges the primary
continuum from circumnuclear material. We will discussitian physical mech-
anisms in this energy range and the observational feataesan be investigated
in Chapter 2.
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Chapter 2
The X-ray emission in AGN

In this chapter we will be briefly present the main mechanigmslved in the
production and absorption of X-rays, the main physical me&dms in this en-
ergy range and the observational features that can be igat=sl, in order to
understand the physics behind AGN emission in this bandattiqular the basic
principles of atomic physics that lead to the productionpdcral lines will be
summarized.

2.1 Radiative processes

There are three main processes by which the radiation otganath matter: Bremsstrahlung
emission, Synchrotron radiation and Compton processedy Compton pro-

cesses are important in understanding the X-ray emissicadid-quiet AGN, so

we will briefly describe them in some more detail in the nextisa.

2.1.1 Compton processes

For low photon energiesy < mc, the scattering of radiation from free electrons
is the classical ‘Thomson scattering’. It must be remenmbéhnat for Thomson
scattering, when the incident photons are approximatedcasignuous electro-
magnetic waves

Ei = E¢ (2.1)
dO'T) rg
— =2 (1+cogd (2.2)
( da unpol 2 ( )
oT = E;7rr(2, (2.3)
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Chapter 2. The X-ray emission in AGN

HereE; andE; are the incident and scattered photon energy, respectietydQ

is the differential Thomson cross section for unpolarizezddent radiationd the
angle between the scattered wave and the incident waveryaade?/mec? the
classical electron radius. Siné& = E; the scattering is called ‘coherent’ or
‘elastic’. When the photon energies are higherkgV), quantum effects arise,
altering the kinematics of the scattering process and thescsection. The kine-
matic effects occur because the photon possesses a momenttias well as an
energyhy and the scattering will no longer be elasti; (* E) because of the
recoil of the charge. Making use of the conservation of maomarand energy,
the energy of the scattered photon can be easily calculated

Ei

Ef = =
1+ —5 (1~ cos)

(2.4)

The differential cross section for unpolarized radiati®shown in quantum elec-
trodynamics to by given by the Klein-Nishina formula

dO' rg E% Ei Ef .
— -0 =y = g 2.
o 2Ei(EfJr g ~Smo (2:5)

In the regime of Compton scattering, it may happen that agrhoollides with a
moving electron with a kinetic energy larger than the phaoargy. In this case
the energy transfer takes place in the opposite directrom £lectron to photon,
and the process is called ‘Inverse Compton’ (IC). In ordendaee an immediate
idea about how the energy transfer acts, let us consideneimest frame of the
laboratory, an hyper-relativistic electron;> 1, and a photon with initial energy
E;. In the rest frame of the electron, the photon energy befaeollision is

E. = Eiy(1 - Bcos) (2.6)

whered is the angle between the photon and electron trajectorigilaboratory
rest frame, an@ = v/c is the dimensionless velocity of the electron. Assuming
Ei' < me Ljin the rest frame of the electron the scattering is desdrtipethe
Thomson cross section and the energy of the photon remaimssathe same,
E; ~ E;. On the other hand, in the rest frame of the laboratory théqrhenergy
after the collision is

E: = E;y(1 + 8 cosb) (2.7)

Comparing the above equation with the previous one, it iy éasee that the
photon has a final energy-fold the initial value. This process therefore converts

This approximation is applied, for example, to scatteriegeen UV photons produced by
the AGN accretion disk and relativistic electrons in thesunding corona.
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2.1. Radiative processes

a low-energy photon to a high-energy one and it is very dffedor y > 1
electrons. Since the photon energy can be as high as, lgt'4@akeV and still
be in the Thomson limit, it can be seen that photons of enosreaergiesy x 100
keV) can be produced. The total power lost by the electron anélyeconverted
into increased radiation, can be shown (Blumenthal & Go@idQ) to be

4 - 63 y<E?>
Pc = 3O'TC’}/ﬁ Uy (1 10me < E > (28)
where
U, = fEin dE (2.9)

is the initial photon energy density (s the photon occupation number in the
phase space). In equation 2.8, the term in brackets repsadencorrections due
to recoil, where< E? > and< E; > are mean values integrated ouéy.

The total IC power calculated in equation 2.8 concerns deiogjlision be-
tween an electron and a photon. When photon and electraibdisbns are con-
sidered, the calculations needed to obtain the power spedcire arduous and
sometimes can be solved only numerically. To begin withsatering that each
collision increases the initial energy of the photon by adag¢?, it should be
quite clear that the resulting final spectrum strongly delsesn how many times
the photons are scattered. Secondly, as hyper-relatieigictrons approagh< 1
(y > 1), large relativistic corrections on the energy transferraquired. The best
studied case, and the most common, is the repeated sogtbgrimon-relativistic
electrons. The electrons are assumed to be thermallyldistd withkT < mc
while the photons are assumed to have small initial enekgigsrespect to the
thermal electron ones. In this case the average energy gacopision (neglect-
ing the recoil corrections) can be shown to be

A?Iii ~ 4:;—-:;2 <1 (2.10)
For an optically thick mediuntr > 1, the number of collisions made by a photon
before escaping from the sourcerfs whererr is the Thomson scattering optical
deptit. For optically thin mediumzr < 1, the number of collisions isy. It
is useful to introduce the so-called ‘Compton parameteliciiis defined, in the
non-relativistic regime, as

_ kT 2
=43 max(rr, %) (2.11)

211 ~ pkeR, Wherep andR are the density and the size of the finite medium, respeygtiaat
kesis the electron scattering opacity, which for ionized hygio iskes = o1 /my,.
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Chapter 2. The X-ray emission in AGN

This parameter describes the cumulative effect of manyesaags on the photon
energy. The complete evolution of the spectrum producedoig described by
the Kompaneets equation, a specialized form of a FokkereRlaquation which
can be shown to be a power law. In particular, for a non-theateatron energy
distribution, described by a power law with indexthe outcoming spectrum in
the optically thin regime is
-1
Vi

Jic « (;)T (2.12)

The shape of the spectrum is, hence, identical to synchrefmtssion.

2.2 Lines production

There are several ionization and recombination processgste relevant in the
X-ray band. Some of these processes also play directly aima@ectral line

formation. We will first introduce some important ionizatiexcitation mecha-
nisms and then the inverse processes of recombinationtde#on that lead to
production of spectral lines or, sometimes, continuumatiain.

2.2.1 Generating the vacancy
Collisional excitation and photoexcitation

A bound electron in a ion can be brought into a higher, excéedrgy level
through a collision with a free electron or by absorption @haton. Both these
processes are referred as ‘bound-bound’ because theréasination, due to the
electron/photon low enerdy When the excitation energy comes from a photon
the process is called ‘photoexcitation’. The dynamics ajtpbxcitation (and de-
excitation) is very simple and will be expose later in thistem (see ‘radiative
de-excitation’ and ‘resonant scattering’). When the sewfeenergy is a free elec-
tron the excitation is called ‘collisional’. The cross sentQ;; from leveli to level

j for collisional excitation can be conveniently paramettigs

735 Ey Q(U)
. —_0o—-H 2.1
QW) = 25 (213)
whereU = E/E;; with E;; the excitation energy from levelto j, E the energy
of the exciting electronky the Rydberg energy (136/), ag the Bohr radius and
w;i the statistical weight of the lower level The dimensionless quantifyU) is

3When it is not important to distinguish between processés customary to label ionization
mechanisms as ‘bound-free’ processes and recombinatiohanesms as ‘free-bound’ processes.
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2.2. Lines production

the so-called ‘collision strength’. Averaging the freeattens over a Maxwellian
velocity distribution, it is possible to express the numbgexcitations per unit
volume per unit time as

Sij = SoQY)T H2e” (2.14)
where
y = E”/kT
3 [ 81 ,
Sy = m(aoEH
and

Q(y) = ye fl ) QU)eVdu

is the average collision strength. From equation (3.2) wesese that for lowl
there are exponentially few excitations (only the eledronthe energetic tail of
the Maxwellian distribution have enough energy for exmta, for high T the
number of excitations also approaches zero, because ofrthk sollision cross
section.

Collisional ionization

Collisional (or ‘direct’) ionization occurs when duringghnteraction of a free
electron with an atom or ion, the free electron transfers ghits energy to one

of the bound electrons, which is then able to escape fromahe A necessary
condition is that the kinetic enerdy of the free electron must be larger than the
binding energyl of the atomic shell from which the electron escapes. Thexe ar
several formulae that describe the effective cross seQiasa function oE. The
Lotz’s formula (1968) gives a correct order of magnitudehaf tross section and
has the proper asymptotic behaviour

ul’Q=Clnu (2.15)

whereu = E/I andC = ans, whereng is the number of electrons in the shell
anda a normalizing constana(= 4.5 x 102 m? ke\?). ForE — oo, the cross
sectionQ ~ (In E)/E — 0, meaning that energetic electrons are not very efficient
in ionizing atoms because they pass too fast. As for coliai@xcitation it is
possible to average the electrons over a Maxwellian digioh in order to obtain
the total number of direct ionizations per unit volume peit ime, Cp,. It is
interesting to consideCp, in two relevant situation

 2VZC g VKT

KT < I :
< CD| i 2

(2.16)
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Chapter 2. The X-ray emission in AGN

T | - Cor ~ 2V2C nen; In(KT/1)
Vame 1 VKT

As for collisional excitation, for low temperatures - eqoat2.16 - the ion-
ization rate goes exponentially to zero because only fewgetie electrons have
enough energy to ionize the atom, while for high temperatdrequation 2.17
- the ionization rate approaches zero because the crosersecsmall at high
energies.

(2.17)

Photoionization

Photoionization occurs when an incident photon transfiéits &nergy to a bound
electron allowing the electron to escape. In a similar waytiat happens in direct
ionization the photon energl¢, must be at least equal to the binding energy of the
electron,l. ForE > | a rough approximation for the total cross section is given
by
Zﬂ

opi(E) o E3 (2.18)
whereZ is the atomic number of the atom ands a number which varies between
4 and 5. FoE < | the cross section is zero, rises abruptly at threshold,|, and
then roughly decreases Bs®. For a given ionizing spectrunk,(E) (photons per
unit volume per unit energy), the total number of photoiatians are

Cp = cf nio(E)F(E)dE (2.19)
0
For H-like ions the total cross section can be written as
[ 64rng 2( I )3
op| = (3\/322)@30 E (220)

wheren is the principal quantum number of the ejected electnotie fine struc-
ture constant and, the Bohr radius. The gaunt factg(E, n) is of the order of
unit and varies slowly. Equation 2.20 is also applicabletwsiin excited states.

2.2.2 Filling the vacancy
Collisional and radiative de-excitation

Collisional and radiative de-excitation are the inversecpsses of collisional ex-
citation and photoexcitation, respectively. If a boundtten of an atom or ion in
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2.2. Lines production

an excited state, whatever the excitation mechanism, deoaylower level emit-
ting a photon, the process is referred to as ‘radiative agtaon’. The spectral
lines produced in this way are only seen in gases at very lowities (typically
less than a few thousand particles pef). At higher densities, the antagonist
process, the ‘collisional de-excitation’, suppressesdiproduction.

The rate coefficiens); of collisional de-excitations from levgl to leveli is
related toS;;, the rate of excitations expressed by equation (3.2). Tlaéioa can
be derived from the principle of detailed balance, and isgivy

S = %;si,-eEii/kT (2.21)
wherew; andwj are the statistical weights of leveland j respectively. In as-
trophysics, collisional de-excitation is important ontyr thigh density plasmas,
where due to collisions higher levels are populated, or fetastable levels (levels
that have only a small probability to decay radiatively) eldo-called ‘forbidden
lines’ are produced by radiative de-excitation of such stetale states. Their ab-
sence in the spectrum means that collisional de-excitaithre dominant process
(see Section 2.2.3).

Auger effect & fluorescence

When a photon has an energy higher than the binding enerdpe @léctrons in a
shell of an ion, one of them can be ejected through photoetedisorption (the
phenomenon of photoionization seen before). The shelh@oean then be filled
by an electron from an outer shells and the energy resultmg the transition
can be released in two different ways.

In the first case a photon is emitted and, by conservatioreniésgy equals
the difference between the energy of the initial and the Sitate of the electron
that makes the transition. This process is called ‘fluonesge Depending on
the quantum numbers of the involved electron, the tramsiicquires different
denominations: e.g. for a vacancy in Keshell(as usually happens for ionization
by X-ray photons) if the electron came from theshell the emitted photon is
calledKa and the transition is the one with the highest probabilitg¢our; if the
original shell was thé/, the transition is calle&ks (both transitions are, indeed,
doublets, because of spin-orbit coupling effects). Thal fmtobability that the de-
excitation happens via the emission of a photon, whateestrémsition, is called
‘fluorescence yield'. The fluorescence yield increases wittlear charge and is
largest for the innermost shéells

4t is not surprising that th&« fluorescence line of iron, which is the most abundant of heavy
elements, is very prominent in a number of astrophysicalcas) AGN included.
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Chapter 2. The X-ray emission in AGN

In the second case the energy released by the electron isdglynan outer
electron, being allowed to leave the ion. This radiationf@®cess is called ‘Auger
effect’.

Radiative recombination

Radiative recombination is the inverse process of phoipation: a free electron
is captured by an ion while emitting a photon. The releasddtian is the so-

called free-bound continuum emission. By the principleha tletailed balance
there is a relation between the photoionization cross@eoty:(E) for photons

with energyE, and the recombination cross section,(v) for electrons with ve-

locity v, namely the ‘Milne relation’

2

J p E
—= — 2.22
b gn(mcv) (2.22)

whereg, is the statistical weight of the quantum level into which #hectron is

captured. Averaging over a Maxwellian electron velocistdbution it is possible
to calculate the recombination rate to théh quantum levelR,, whose tempera-
ture dependence, in opposite limit situations, can be aspikas

KT <1 : Ry~ T2 (2.23)
KT > | : Ry ~ In(1/kT) x T~3/2 (2.24)

From equation (3.11), fof — 0, R, — o meaning that a cool plasma is hard
to ionize. From equation (3.12), fGr —» oo, R, — 0 because — o~ in (3.10)
and because the sharp decreasewfat high energies. Radiative recombination
is a a continuum emission because the energy of the emittetmphby law of
conservation, is

hy = Ec + I, (2.25)

wherel, is the ionization potential of the-th level in which the free electron falls
andE; is the free electron energy and the latter can have, in pigcany value.
Therefore the energy of the emitted photon is only downtkahifhy > 1,) and
the emission produced in this matter is usually called ‘B Recombination
Continua’ (RRC). RRC lines plays a very important role ingptea diagnostic, as
explained in the next section.

Resonant scattering

The last process of lines production is resonant scatteRegonant scattering is
a process where a photon is absorbed by an atom and then tteebas a line
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2.2. Lines production

photon of the same energy into a different direction. As foorgy resonance
lines (allowed transitions) the transition probabilitea® large, the time interval
between absorption and emission is extremely short, artdsliae reason why

this process can bae factoregarded as a scattering process, as suggested by the
name.

2.2.3 lonization equilibria and plasma diagnostic

The knowledge of ion concentrations is required in orderaicudate the X-ray
emission or absorption from a plasma. These concentrat@m®e determined
by solving the equations for ionization balance (or in maymplicated cases by
solving the time-dependent equations) where the ioniaadiod recombination
rates are very important. Two types of ionization equilibomi are particularly
relevant for X-ray plasmas.

Collisional equilibrium

Here, the excitations and ionizations are dominated bytreleg¢on collisions.

The electrons are hot, with characteristic temperaturegpenable with the en-
ergies of the spectral lines observed. The emergent specsrnearly a unique
function of the electron temperature distribution and tleemental abundances.
These conditions apply in stellar coronae, in the intraelusiedia of clusters of
galaxies, in elliptical galaxies, and in the shocked gaddrsapernova remnants.

Photoionization equilibrium

In this case, the presence of an intense continuum radiiglthhas a signifi-

cant effect on the ionization and thermal structure of theogunding gas. The
electrons are generally too cool to excite prominent X-ragd. Instead, excited
levels are populated by direct recombination and by ragiatascades following
recombination onto higher levels, and by direct photoaticih from the contin-

uum. These conditions can apply in the circumsource media@ttion-powered
sources, such as X-ray binaries and AGN.

The main spectroscopic differences between collisionaltyzed and pho-
toionized plasmas are due to the very different electrorptgatures. For colli-
sional ionization, the electron temperature is comparaliie the ionization po-
tential, while for photoionization, the photon field doessnhof the work, so the
electron temperature can be much lower. Perhaps the mdst apectroscopic
diagnostics for distinguishing collisional ionizatiorofn photoionization are ra-
diative recombination continua (RRC). As we have seen imtiegious section,
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Chapter 2. The X-ray emission in AGN

the energy of the photon produced by recombination is giwethb sum of the
ionization potential and the electron energy - equatioh3g. As stated above,
in the case of collisional ionization equilibrium (CIET, ~ |, and the resulting
recombination radiation line is broad, with a typical width~ kT.. In the case of
photoionization equilibrium (PIEXTe < I,, and the recombination radiation line
is narrow. When observing this effect with high resolutipectrometers, for a gas
in CIE, RRC is too broad to be visible and hence the presenaesbérp RRC is a
strong indicator of PIE. Other diagnostic tools deservinbe mentioned exist in
X-rays spectroscopy, one of them linked to tte-like K-shelllines, probably the
most important in X-ray spectra of cosmic sources. The rasimellhelium-like
transitions are as follows

:1s2ptP; — 182 1S,
: 1s2p°P, — 18215,
: 1s2p°P; — 182 1S,
: 152p381 — 182 15,

N < X =

W s an electric dipole transition, also called the resonarasesition, and is some-
times designated by. X andY are the so-called intercombination lines. These
are usually blended (especially for the lower-Z elemerdgy] are collectively
designated by. Z is the forbidden line, often designated byt is a relativistic
magnetic-dipole transition, with a very low radiative-dgaate. Analyzing the
line ratios it is possible to estimate the temperature aeddémsity of the gas.
For example the rati® = (X + Y + Z)/W is a decreasing function of electron
temperature while the ratie = Z/(X +Y) is very sensitive to density. The density
sensitivity comes from the fact that tR&, level can be collisionally excited to
the3P levels. At high enough electron density, the process ssbagscompetes
with radiative decay of the forbidden line. Theref@®elrops off above a critical
density,n.. The critical density depends strongly on Z (the atomic nernpbFor
C*, n. ~ 10° cm3, while, for St%, n. ~ 10" cm3.

2.3 The X-ray emission in AGN

2.3.1 The primary emission

The primary X-ray spectrum of Seyfert galaxies is a simplgrdaw with spec-
tral index 1.8-2.0 and a high-energy cutoff around 100-2680 kPerola et al.
2002). In AGN, a radiatively-efficient accretion disc cahaocount directly for
the hard X-ray emission, since it mainly radiates in the W¥/X. After the sem-
inal work by Shakura & Sunyaev (1973) the most promising pfajsnechanism
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2.3. The X-ray emission in AGN

to produce such components is Comptonization of UV seed®pb@roduced by
the disc in a surrounding hot 'corona’ (Liang & Price 1977ahg 1979), possibly
due to magnetic fields from the body of the disc itself (Ha&daraschi 1991,
Zdziarski et al. 1994). The 'two-phase’ model assumes awg@hdgeometry
where the hot corona (dominated by electron-positron paithermal equilib-
rium at a temperature,] completely embeds the accretion disc, in this scenario
the high-energy cutoff naturally arises as a function gf The optical depthr
of the corona is defined by the compactness parametenith depends on the
height scale of the corona, the accretion disc radius andwérall luminosity of
the object. The inverse Compton scattering of the UV seetbpisemitted by the
underlying disc on the hot electrons produces a X-ray poseispectrum, which
photon index is a function only of land~.

However, this simple model fails to reproduce the observedy<spectra, since it
is required that most of the gravitational energy must bsipiéded in the corona
rather than in the disc, implying a X-ray luminosity comgaeato the one emit-
ted in the UV band. It has been shown that, on the contrary, Wiinosity are
much larger (Walter & Fink 1993). More complex geometriegdiaeen therefore
proposed. For instance, Haardt, Maraschi & Ghisellini @)9®&oposed and de-
veloped a 'patchy corona’ model, where hot electrons dbrtaver the disc and
are not distributed uniformly around it. The emission frdra tegions of the disc
under the active clouds is then effectively dominated byr#tation produced
by the corona, but the rest of the disc simply radiates aseifctbrona were not
present.

2.3.2 The reprocessed emission

The interaction between the disc and the corona is a fundamiegredient of
the two-phase model. A substantial fraction of the X-raytphe (actually half
of them in the plane parallel limit, if the corona emissiorisstropic) is emit-
ted in the direction of the accretion disc again. A large nendjf these photons
are absorbed by the disc and then re-emitted as black bodtica contribut-
ing once again as the seed photons to be Comptonized by tbeacoAnother
fraction of the X-ray radiation interacting with the disadGempton scattered and
adds to the primary spectrum emitted by the corona. Thissgise to a char-
acteristic reprocessed spectrum, very dependent fronothieation state of the
disc. If it is highly ionized, Compton scattering becomes thain interaction
mechanism, leading to a power law spectrum indistinguihfabm the primary
nuclear continuum. On the contrary, if matter is mostly reutphotoelectric-
absorption prevails at lower energies (Guilbert & Rees 18&htman & White
1988). This last process is responsible for an emissiontigpeavhere fluores-
cent narrow kv lines from the most abundant metals are detected. The stsbng
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Figure 2.1: Left panel Reflection of a power law X-ray spectrum from an opticallyckh
neutral material. The incident continuum is shown as a dhbhe, while the straight line is the
reprocessed spectrum, including the kKnes from the indicated elements, from (S. 199Rjght
panel The broadband spectrum of a Seyfert 2 galaxy. The primangiriaum (green) is heavily
absorbed by a column densityyN 10°* cm™2, identified as the putative torus, partially blocking
the line of sight. This material is responsible from the heaeutral X-ray reflection (blue) from
the visible side of the torus. Since the primary continuum fRimuch lower with respect to
unobscured objects several emission lines due to photmdmjas are detected (red), from Fabian
& Miniutti (2005).

emission line is produced by iron, at 6.4 keV if the matter sty neutral, and
up to 6.68 and 6.97 keV from more ionized material. This linenes together
with a sharp ionization edge at 7.1 keV, which accounts ferabsorbed photons
above the photoionization threshold for neutral iron (#mergy clearly shifts to
higher values for ionized iron). Photoelectric absorpi®an energy-dependent
process, so that incident soft X-rays are mostly absorbkdeWward photons tend
to be Compton scattered back out of the disc, producing asbrtmp peaking at
~ 30 keV (George & Fabian 1991; Matt, Perola & Piro 1991). Thadsl X-ray
reflection spectrum from a neutral and uniform density sirfimite slab of gas is
shown in Fig. 2.1 (top panel), where several emission linepeesent below 10
keV and the Compton hump can be seen above 20 keV.
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2.3. The X-ray emission in AGN

2.3.3 The soft excess

A soft, quasi-blackbody excess is often observed in theggmange below 1 keV
in most spectra of Seyfert 1s. For a very complete review mstiibject we refer
the reader to Fabian & Ross (2010). So far, we described #reasio where the
irradiation is weak and the gas dense, so it remains newtinath is unlikely in the
innermost regions of an AGN. It is expected that the irradiefrom the corona
Is intense enough to ionize at least the surface of the acoriédw. There might
also be sufficient radiation intrinsic to the accretion fl@ag( thermal black body
emission) which also ionizes the matter. Ross & Fabian (188Rulated X-ray
reflection spectra taking into account different paransetérthe accretion disc,
such as ionization state and temperature. In Fig. 2.2 we sthrowzed reflection
models calculated for different accretion rates (15%, 2R%8p and 30% of the
Eddington limit), for a 18 M, black hole. Several models have been proposed
in the last few years but the origins of such spectral featurehe soft X-rays of
AGN are still under debate. A blurred ionized reflection hasrbproposed by
(Crummy et al. 2006): the soft X-ray lines in the reflectioesjpum at standard
solar abundances might overlap each other so that theyisti@gally blur into a
mildly-structured soft hump. In this scenario the soft ygahould be linked with
the hard £10 keV) X-rays and reflection components; i.e., a broad imomdnd a
bump at~30 keV, are expected. Other authors proposed that the szEtssxould
result from warm Comptonization in an optically thick plasrPetrucci et al.
2012; Done et al. 2012). In this case, a correlation betweel/i/ and soft X-ray
emission is expected. Finally, the effect of partial covgiibnized absorption can
also account for part of the observed soft excess withoutineg material to be
moving at extreme velocities (e.g. Miller, Turner & Reevé92).

2.3.4 Reflection and absorption from the torus

Most of the emission from AGN is somewhat, or at least in paloscured. In
the local universe optically obscured type 2 AGN outnumbeshscured type 1
AGN by a factor~ 4, as shown by Maiolino & Rieke (1995a). Moreover, heavy
absorption in the X-rays is very common, since about halfiefdptically selected
Seyfert 2s in the local Universe are Compton-thick (Maiokt al. 1998).

The geometry of the different absorbers distributed arahiedcentral engine is
therefore crucial for the understanding of the mechanisrasfuel AGN. In the
following we will describe the different emission featurfesm the reprocessing
of the nuclear radiation from the circumnuclear absorbirgemal.

In the previous sections we showed how reflection in X-ragsiesto photoelectric
absorption (dominant below 4 keV) and Compton scattering (dominant frem
7 keV up to~ 30 keV). The X-ray properties of obscured AGN strongly depbem
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Figure 2.2: : lonized reflection models calculated for different adoretrates
(15%, 20%, 25% and 30% of the Eddington limit), for a® M, black hole.
Solid curves show the spectrum emerging from the surfaa flmy each model.
Dashed and dotted curves show the illuminating hard spacfeupower-law of
photon index 1.8) and the soft spectrum entering the sutég@ from the disc
below, respectively. From Ross & Fabian (1993).

the amount of absorbing column density: column densitiesad;! = 1.5x 10%
cm2 (i.e. when the optical depth for Compton scattering equailylicompletely
block the X-ray primary emission up to 10 keV or more and theseis classified
as 'Compton-thick’. Column densities below this value (biiit in excess of the
Galactic one) produce a photoelectric cutoff at energiewdsen 1 and 10 keV
and in this case the object is classified as 'Compton-thinhe@vise, the source
is completely unabsorbed and the spectrum unaltered. InERthe emerging
X-ray spectra for different absorbing column densitiesloarseen.

2.3.5 The reflection component

In Sect. refsubsec:uml1 we described how, after the disgmfgvolarized broad
lines in the optical spectra of NGC 1068 (Antonucci & Mille®85; Miller &
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Figure 2.3: The X-ray spectrum of an obscured Seyfert Galaxy, for dffer
column densities of the absorber, assumed to form a geaakdrihick torus
(from Matt, Guainazzi & Maiolino 2003).

Antonucci 1983), a torus was proposed as the most naturéicoation for the
circumnuclear absorber. If such torus is Compton-thickoiild be indirectly ob-
served even if it does not intercept the line of sight. In faetrt of the nuclear
radiation could hit the inner walls of the material and thersbattered towards the
observer. The reprocessed spectrum should have the sapeahthe Compton
reflection component produced by the accretion disc. In Big.several reflec-
tion spectra are calculated as a function of the column teosihe torus, from
2x10?% cm? up to 2x10%° cm2. However, as we will see in the next sections,
both Compton-thin and Compton-thick absorbers can ca-extbe same source
as already observed by several authors, e.g in NGC 1365li{R&taal. 2005),
NGC 6300 (Guainazzi 2002), UGC 4203 (Guainazzi et al. 2008)NGC 5506
(Bianchi et al. 2003). Matt (2000) proposed a model wheredhgs is assumed
always to be Compton-thick, while Compton-thin absorpttemes from large
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Figure 2.4: The reflection spectrum from the torus for different colunamsi-
ties: 2x10?2 cm 2 (dashed line), 10?° cm~2 (dotted—dashed line) xA.0?* cm?
(dotted line), 210?° cm~2 (solid line). The torus is assumed to be face-on, illu-
minated by a power law with photon index 2 and exponentiadftatt 100 keV
(from Matt, Guainazzi & Maiolino 2003).

scale (hundred of parsecs) dust lanes, like the one obsearitbdhe HST by
Malkan, Gorjian & Tam (1998).

2.4 The lron Ka line emission

The optically thick material surrounding the central nuslés also responsible for
emission lines due to fluorescence. If an X-ray photon hasargg higher than
the binding energy of the K-shell electrons of an ion, onéneft can be expelled
via photoelectric absorption. The vacancy is then filled hyekectron from a
different outer shell, with the release of a new photon, veh&sergy is equal to
the difference between the two shells, or giving the sameuamof energy to
another electron (the so called ‘Auger effect’). If the élen came from the L-
shell, the emitted photon is calledxkand the transition is that with the highest
probability to occur; if the original shell was the M, thengdtion is called I8.
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Figure 2.5: The EW of the iron line as a function of the inclination angtehe

accretion disc, for incident power law photon index of (frone top) 1.3, 1.5,

1.7, 1.9, 2.1 and 2.3. The assumed geometry correspondsli¢see George &

Fabian 1991, for details).

Both transitions are doublets, because of spin-orbit ¢dogpffects. The total
probability that the de-excitation happens via the emissica photon, whatever
the transition, is called ‘fluorescent yield’, rising furost of the atomic number
Z (Bambynek et al. 1972). Iron is by far the most abundant agrtbe heavy
elements (e.g. Anders & Grevesse 1989), because it repsabenfinal stage in
thermonuclear fusion. ThereforegKron lines are very prominent and crucial in
a great variety of astrophysical sources.

The relevant energies for neutral iron are 6.391 and 6.404f&ethe Koy, and
Ka, emission lines, respectively (Bearden 1967). The separafithese energies
is smaller than the best energy resolution available ingmiex-ray satellites, it
is then customary to adopt the value of 6.400 keV, as the medghted on the
probability ratio 1:2 between the two transitions. Analogly, the weighted mean
for the KB doublet is 7.058 keV (Bearden 1967).

2.4.1 The Equivalent Width

The Equivalent Width (EW) of an emission line is defined as:

_ [(Fu(E) - Fc(E)
EW=f =5 dE (2.26)
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whereF_(E) is the observed flux of the line, whilec(E) is the corresponding
continuum level at the same wavelength. It strongly dep@mdthe underlying
continuum and therefore, for a given incident spectrumejtahds only on the
physical properties of the material that produces the lineseveral type 1 AGN
the Iron Ka line is believed to be produced in the accretion disc. In thewing
we will briefly outline the main key parameters such as themggoy of the disc
and the ionization structure of the emitting gas.

Let us assume a geometry with an accretion disc illuminaged-$sotropically
from above: it is clear that when the material is seen edgefW of the line
is fainter than if it were face-on. The equation (from GHiselHaardt & Matt
1994) that describes the dependence from the angleosi between the normal
to the reflecting surface and the line of sight can be writeen a

EW(u) = El\r/]%; Iog(l + %) (2.27)

This is due to the different projected areas in the two casds@the fact that,

in the latter, the emitted photon would have lower probtibgito be absorbed
and/or scattered again. If both the line and the Comptoncteftecomponent are
produced by the same material, the EW of the iron line shoatdetate almost
linearly with the amount of reflection, which is typicallygessed in terms of the
solid angle R% subtended by the reflector. In Fig. 2.5 the reader may find that
for a face-on disc with R=1, typical values for the iron liné&/Eare about 150 eV,
decreasing for larger angles and higher photon indexes.iofEation structure

of a material can be described by the ionization parameteichwexpresses the
balance between the photoionization and the recombinedien

_47TF

- (2.28)

whereF is the incident flux andh the hydrogen number density. Matt, Fabian
& Ross (1993, 1996) have performed detailed calculationshenreprocessed
spectrum as a function of the ionization parameter of thecteflg material. For
£ < 100 erg cm 4, we are in the "cold’ reflection regime, with an Iron line a4 6.
keV. When 100< ¢ < 500 erg cm s}, the available iron ions are kel -Fexxlii .

In this range the L-shell vacancy allows the resonant alisorief the Ko pho-
tons and the following de-excitation. The process of alisammnd re-emission
(the so called resonant scattering’) will eventually endai loss of the photon
through the Auger effect, except for a very tiny fraction bé tinitial line flux.
Therefore, the resulting EW is very weak. For 50@ < 5000 erg cm ', iron is
mainly Fexxv -Fexxvi: resonant scattering is still effective, but line photores a
no longer lost, because the lack of L-shell electrons prsvinre Auger effect to
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Figure 2.6: The EW of the iron line against the reflection continuum onlyder
data) and the total continuum (lower data) as a function efcthlumn density of
a face-on torus (from Matt, Guainazzi & Maiolino 2003).

occur: strong lines at 6.68 and 6.97 keV are produced. Inridewhen the value
of the ionization parameter is even larger, iron ions aremetaly stripped and
no line is expected.

All the above discussion is still valid if the iron line is ghaced by the torus
instead of the disc, the main differences being in the rasdit effects which will
be treated in section 2.4.2 for the standard accretion disc.

In heavily obscured sources {N> 10?4 cm~?),where the primary continuum is
completely absorbed well above the iron line energy, the EW@Iron Ka line
usually ranges betweerl-3 keV. In less obscured sources, it depends on the frac-
tion of the intrinsic continuum emission absorbed at the énergy, for N < 10?
cm2. It is useful to note that iron lines with EWs of about 100 e¥ aot neces-
sarily produced by a Compton-thick material, as shown inrédl6, where values
for Compton-thin matter are shown. The same figure displagipected EWs as
calculated against the reflected continuum only, with \v@keesily over-exceeding
1 keV.

A significant fraction of photons produced by the fluores@mission of an iron
Ka line can be Compton scattered once or more before escapimgtfre mate-
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rial where they are produced. This phenomenon has beenystglied in the
past and it can be observed as a series of 'Compton Shoulnetsie red side
of the line core (see Matt, Perola & Piro 1991; George & Faliigal; Leahy &
Creighton 1993; Sunyaev & Churazov 1996). We refer the retadelatt (2002),
where the author extensively described the case of a siegltesing, the first
order Compton Shoulder, which is by far the strongest.

2.4.2 The profile of the Iron Line

The iron line profile is intrinsically narrow, apart from thatural thermal broad-
ening (much lower than the resolution of X-ray instrumerisyl the Compton
Shoulder described above. However, if it is produced in tueetion disc (as ex-
pected: see section 1.3.4), a number of effects contribdtege a peculiar profile
(see Fabian et al. 2000, for a review). Firstly, the line saolened because of the
rotation velocity of the accretion disc. Each radius pradua double-horned line
profile, with the blue peak due to the region approaching bseover, the red one
to that receding (first panel in figure 2.7). The effect is diehigher for the in-
ner radii of the disc, whose rotational velocities are lar@nce these velocities
reach easily relativistic values, the blue peaks are beameédhus enhanced with
respect to the red ones. Moreover, the transverse Doppbat eflso becomes
important, shifting the overall profile to lower energieedsnd panel in figure
2.7). A comparable effect is due to gravitational redslaft,shown in the third
panel of figure 2.7. The resulting profile is a good diagnostat both for the
accretion disc and the central black hole’s propertiesstféif all, it is very sen-
sitive to the inclination angle of the disc with respect te time of sight. When
the disc is face-on, only transverse Doppler and gravitatioedshift effect are
clearly present, because there is no region of the disc whiattually moving in
the direction of the line of sight. As the inclination angigas, so do the velocity
component along the line of sight of the approaching anddiageregions of the
disc, thus increasing the separation between the two peake ioverall profile
(see figure 2.8).

2.5 lonized absorption

Very little is known about the flow patterns of gas in the inmest regions of
AGN. Probing the gas kinematics (velocities) and dynanacsélerations) around
black holes is a fundamental to understand the geometryeafithumnuclear re-
gions and the energy generation mechanism. Warm abson@enamportant
diagnostic of the physical conditions within the centrgioms of active galaxies.
For more detailed reviews on this topic we refer the readétamossa (2000),
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Figure 2.7: All the individual effects that contribute to forge the cheteristic
double-horned relativistic line (from Fabian et al. 2000)

Blustin et al. (2005) and Cappi (2006). The study of the iedimaterial provides
a wealth of information about the nature of the warm absoitself, its relation
to other components of the active nucleus, and the intridGibl X-ray spectral
shape. Concerning the nature and location of the warm abs@dveral different
models have been suggested: (i) a relation of the WA to the @LRgh-density
component of the inner BLR, a BLR confining medium, winds friolmated stars,
or a matter bounded BLR component; see Reynolds et al. 1893 accretion
disc wind (e.g. Konigl & Kartje 1994), (iii) a relation to therus (e.g. Reynolds
etal. 1997), or (iv) a relation to the NLR (see, e.g., the twoaponent WA model
of Otani et al. 1996). The reason for the large variety of nimdescussed is that
not all physical properties of the warm absorber (its dgnsjtcolumn density
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Figure 2.8: Iron line profiles as a function of the inclination angle of @ccretion

disc. The BH is assumed rapidly rotating (2a=0.998) and tloped line emissiv-

ity index isg = 0.5, with the disc extending from the last stable orbit (1930

50 1y (from Reynolds & Nowak 2003).

N, covering factorn = w/4n, distance from the nucleus, elemental abundances
Z, its velocity field, and the shape of the illuminating comitim) can be directly
determined from X-ray spectral fits, but only certain conaltions of these pa-
rameters.

About half of the X-ray spectra of local bright Seyfert gaésxshow evidence of a
warm absorber with column densities in the rang€ $0.0?* cm 2 (e.g Reynolds
1997). High-resolution grating observations performethwdiMM-Newton and
Chandra have shown that the warm absorber has a typical tatapeof~ 10°

K and, in some cases, outflowing velocities of a few timeski s* (Krongold

et al. 2003). The presence of narrow blue-shifted absaorpines at rest-frame
energies higher than 7 keV in the spectra of a number of rqdiet AGN are
commonly identified with FeXXV and/or FeXXVI K-shell resamaabsorption
from a highly ionized zone of circumnuclear gas (fog 3 - 6 erg s* cm). The
blue-shifted velocities of the lines are also often quitgéareaching mildly rela-
tivistic values, up to- 0.2—-0.4c and in some cases showing short term variability
(Cappi et al. 2009). Very recently, X-ray evidence for ulaat outflows (UFOs),
with blue-shifted velocities x 10* km s (~0.033c), has been recently reported
in a number of local AGN (Tombesi et al. 2010, 2011). The deiaoof these
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UFOs is consistent with the observation of fast outflows fifedent classes of
AGNs also in other wavebands, from the relativistic jetsadio-loud AGNs to
the broad-absorption lines (BAL) in the UV and X-ray spedfalistant quasars
(e.g Chartas, Brandt & Gallagher 2003).

2.6 Soft X-ray emission in obscured sources

A soft X-ray excess above the extrapolation of the absorhetear emission is
very common in nearby X-ray obscured AGN (Guainazzi, Matt&dba 2005;
Turner et al. 1997). High resolution spectroscopy of softa}{-emission in ob-
scured AGN reveals that it is dominated by strong emissiwesli In fact, X-ray
spectra of many obscured AGN exhibit strong emission limethé soft X-ray
band (0.5-3 keV), the so called 'soft exc€sslue to the ubiquitous presence of
warm gas surrounding the central nucleus. Emission froouginuclear regions
is much easier to observe in Seyfert 2s (and in particulaoimg@on-thick ones),
where the nuclear radiation is obscured, than in unobscbegtert 1s, in which
these components are heavily diluted by the photons fromubkeus.

Thanks to the unprecedented sensitivity and energy reésolof the grating
detectors on-board Chandra and XMM-Newton, it is now pdsditr the first
time to perform true spectroscopy of the reprocessed emnisSioft X-ray spectra
in obscured AGN are dominated by He- and H-like transitidnaetals from car-
bon to nitrogen, as well as by L-shell transitions fronx¥#e to Fexxl (Sako et
al., 2000, Sambruna et al., 2001 and Kinkhabwala et al., 0% detection of
narrow radiative recombination continua (Liedahl et @383) features, the large
intensity ratio between the forbidden component of thel Qy-« triplet and the
Ovill Ly-, and the large integrated line luminosity & 10*°%ergs™) indicate
again that the AGN radiation field is the most likely culpot the gas ionization
balance (Guainazzi and Bianchi, 2007). This conclusionlmamchieved only
through measurements at the highest possible spectréitiesocurrently avail-
able.

The soft X-ray spectrum of Compton-thick Seyfert 2s had taiathe high
resolution spectrometers aboard XMM-Newton and Chandravieal its real na-
ture, at least in the three brightest sources, where suckpariment was possi-
ble: NGC 1068 (Kinkhabwala et al. 2002; Brinkman A.C. et &8l02; Ogle et al.
2003), Circinus (Sambruna et al. 2001b) and Mrk3 (Sako €04l0; Bianchi et al.
2005; Pounds K.A. & Page K.L. 2005).

The spectrum of the Seyfert 2 galaxy, NGC 1068, is shown in E@ at differ-
ent energy-resolutions: in the bottom panel the spectrientavith the moder-

SDespite the same name, this component has nothing to dohétisaft excess’ described in
Sect. 2.3.3, which cannot be observed in obscured AGN
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Figure 2.9: The spectrum of the archetypal Seyfert 2 galaxies NGC 10@#fatent
energy-resolutions: in thtop panelthe spectrum (fluxed) taken with the high-resolution
RGS cameras (BE ~300; (der Herder et al., 2001)) and in thmttom panethe spectrum
taken with the moderate energy-resolution XE/~15 (Struder et al., 2001) European
Photon Imaging Camera (EPIC).
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2.6. Soft X-ray emission in obscured sources

ate energy-resolution (EE ~15 (Struder et al., 2001) European Photon Imaging
Camera (EPIC), and in the top panel the high-resolution R&8ecas (EAE
~300; (der Herder et al., 2001)). Despite the much largerectitig area, line
features are irremediably blurred in the former. Indeed,@CD, low-resolution
soft X-rays spectra of NGC 1068 can be equally well fit by défg scenarios (
Turner et al., 1997 and Guainazzi et al., 1999), some of tloeatly ruled out by
the high-resolution spectroscopic measurements (Brinkebal., 2002).

The same three sources revealed that their soft X-ray emisgas actually
extended on hundreds of parsec, thus being clearly producadyas well be-
yond the torus (Young, Wilson & Shopbell 2001; Sambruna e@01a; Sako
et al. 2000). Moreover, the dimension and morphology of émsssion closely
resemble that of NLR, as mapped by {l#ll] 15007 emission line. These argu-
ments, together with the fact that the NLR is also generalielied to be mainly
constituted of gas photoionized by the nuclear continuechBianchi, Guainazzi
& Chiaberge (2006) to analyze the connection between safiyXemission and
NLR. They selected a sample of 8 Seyfert 2 galaxies with edd[OIll] emis-
sion in theirHST images, which were also observed Giijandra They showed
that all of them present a soft X-ray emission with extensaod morphology
highly correlated with that of the NLR. Figure 2.10 showstoams of theChan-
dra soft X-ray emission superimposed on tH8T [Olll] images for 4 sources of
their sample. Moreover, as said above, the most likely origi this emission is
from a photoionized gas and therefore they tested with tde GhOUDY® a sim-
ple scenario where the same gas photoionized by the nudetinaum produces
both the soft X-ray and thgOIll] emission. Solutions satisfying the observed
ratio between the two components exist, and require thatgigndecrease with
radius roughly liker =2, similarly to what often found in the optical NLR.

Despite the important progress made possible by recentureasnts with
Chandra and XMM-Newton, the origin of the soft X-ray emissia obscured
AGN is still unclear. Our understanding of the evolution o€etion onto super-
massive black holes, and of its interaction with gas and stathe dense nuclear
environment would receive a burst by the knowledge of thgimof the soft X-ray
emission.

In this scenario, Guainazzi & Bianchi (2007) produced CIERGN (Catalog
of lonized Emission Lines in Obscured AGtNe first catalogue of soft X-ray
emission lines in a sample of 69 sources which includes altype>1.5 AGN
(according to the NED optical classification) observed g Reflection Grating
Spectrometer (RGS) on board XMM-Newton, and whose data pealéc as of

6CLOUDY is a large-scale spectral synthesis code designsihtolate fully physical condi-
tions within an astronomical plasma and then predict thétethspectrum. See Ferland et al. 1998
et al. (1998) for details
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Figure 2.10: Soft X-ray (0.2-2 keV) ACIS/Chandra images of four obscut&N in the
Bianchi, Guainazzi & Chiaberge (2006) sample (contourg)egoosed to the HST/WFC2
O[] filter images (greyscale).The contours correspoadite logarithmic intervals in
the range of 1.5-50% (NGC 1386), 5-80% (Mrk 3), 5-90% (NGC 33%nd 2-50%
(NGC 5347) of the peak flux.
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2.6. Soft X-ray emission in obscured sources

September 2006.

Their analysis confirmed the dominance of emission lines theecontinuum
in the soft X-ray band of these sources, the presence ofwmdRenliative Recom-
bination Continua (RRC) and the important contributionrrbigher-order series
lines (see Figure 2.11 and Figure 2.12).

In fact, they detected narrow RRC features from Carbon angy@xin 36%
(25/69) of the objects of their sample and in 29% (26%) of thgds in their
sample the RRC width is constrained to be lower than 50 (10jFeyure 2.11).
The width of these features indicates typical plasma teatpegs of the order of
a few eV Kinkhabwala et al. (2002). These features are uneqal signatures of
photoionized spectra (Liedahl & Paerels 1996).

RRC
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Figure 2.11: Luminosity versus intrinsic width for the RRC features dtgel in CIELO.
Filled data points correspond to a measurement of the RRC wadtiptydata points
correspond to RRC width upper limitCircles Oviil; squares Ovii; triangles Cv.
Data points corresponding to upper limits on both quastiiee not shown for clarity.
Taken from Guainazzi & Bianchi (2007).

Another hint for photoionization is the prominence of the IDYorbidden
line. In principle, diagnostics on thev@ triplet may be a good indicator of the
ionization mechanism of the gas. Indeed, the predominaiitbe dorbidden com-
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Chapter 2. The X-ray emission in AGN

ponent is a sign of photoionization, and the significant cteda of the resonant
transition a hint that pure recombination is not the only hagsm to produce
the emission lines, but photoexcitation has also an importde. In Fig. 2.12 we
show theCIELO experimental results for the intensity of the/© He8 against
the f component of the @I He-w triplet with the predictions of pure photoioniza-
tion, and with models where radiative decay from photoexich and recombi-
nation from photoionization are self-consistently cad¢ed (modephot oi on;
Kinkhabwala et al. (2002)).

Ratio between OVII He-S8 and forbidden (f)
10-3 T T T T T T T T T T T T T T \//1 =

10

10

OV (f) Intensity (ph cm®s™, 22.101A)

P L Lol
10° 10° 10°
OVIl He-g Intensity (ph cm”s’, 18.61 B6A)

Figure 2.12: Intensity of Ovil He line against the intensity of thé component of
the Hee triplet in CIELO (only data points corresponding to a detatof the latter are
shown; data points correspond to upper limits on the interdithe former are shown
asempty symbo)s Thedashed-dotted linesepresent the prediction of thEhot oi on
code for O/il column densities increasing frodoy); = 10*° to 107° cm2 in steps of
one decade, assumitg = 5 eV andvy,p, = 200 km st. Thelong-dashed lingep-
resents the predictions for pure photoionization. $haded areasepresent the locii of
thephot oi on predictions, when the turbulent velocity varies in the e0g500 km st
at constant temperature and for the extreme values of thencotensity interval. The
areas representing a variation of the temperature in thgeran20 keV at constant veloc-
ity and column density are comparatively smaller, and floeeenot shown. Taken from
Guainazzi & Bianchi (2007).
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2.6. Soft X-ray emission in obscured sources

The Guainazzi & Bianchi (2007) results support the scenavizereby the
active nucleus is responsible for the X-ray “soft excessaiadt ubiquitously ob-
served in nearby obscured AGN via photoionization of cirouniear gas. They
confirm on a statistical basis the conclusions drawn frond#tailed study of the
brightest spectra in CIELO sample.

Despite the results of CIELO, there are still many open issetated to the
X-ray properties of these objects. High-resolution X-ragaroscopy is crucial
to the solution of this issue.
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Chapter 3

CAIXA-A: a systematic analysis of
high-resolution soft X-ray spectra of
obscured AGN

A soft X-ray excess above the extrapolation of the absorletear emission is
very common in nearby X-ray obscured AGN (Guainazzi, Matt&dba 2005;
Turner et al. 1997). As mentioned in Chapter 2, high resotupectroscopy
of soft X-ray emission in obscured AGN reveals that it is doatéd by strong
emission lines. The common spatial coincidence betweesdtieX-ray emission
and the optical NLR suggests they can be one and the samemgatiotoionized
by the central AGN. However, there are still many open issalesit the exact
nature of this soft excess: the most effective way to addresse questions is to
analyze large numbers of AGN with good-quality X-ray spg&nd to perform
statistical studies, taking into account data in other \emgths and other basic
properties of the objects.

The European Space Agency’s (ESA) X-ray Multi-Mirror Missi (XMM-
Newtor) was launched on December 10th 1999 (an overview okii&1-Newton
spacecraft and on board instruments can be consulted im@&ppA). The XMM-
Newtonpublic archive has since become the repository of an enasramount
of high-quality X-ray data and a precious legacy for futunssions. In partic-
ular, our knowledge of the physics of AGN has dramaticallpioved thanks to
the large sensitivity of the European Photon Imaging Car(tePdC) pn charge-
coupled device (CCD) arrays. At this time, a systematic asmddgeneous study
of the EPIC pn spectra of AGN represents a necessary stefiyddke advan-
tage of this highly successful X-ray mission. Moreover thefl€tion Grating
Spectrometer (RGS) on board XMM-Newton (den Herder et @128 the most
suitable instrument currently flying for a systematic higlselution X-ray spec-
troscopic study on a sizable sample of obscured AGN and thethé study of
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the soft excess, due to its unprecedented effective ardeeif.2-2 keV band, as
well as its good absolute aspect solution accuracg (MA).

In this scenario, Guainazzi & Bianchi (2007) collected a gknof 69 nearby
obscured AGN observed with the RGS on board XMM-Newton. Tésiits of
their research have been compiled into CIELO-A@M{alog of lonized Emission
Lines in Obscured AGNCIELO-AGN comprises all the typel.5 AGN (accord-
ing to the NED optical classification) observed by XMM-Newtand whose data
were public as of September 2006. Their results supporciressio, whereby the
active nucleus is responsible for the X-ray “soft excessgiadt ubiquitously ob-
served in nearby obscured AGN via photoionization of cirouoiear gas. They
confirm on a statistical basis the conclusions drawn frond#tailed study of the
brightest spectra in the CIELO sample (see section 2.6 foerdetails on their
results). The limitation of the CIELO approach lies in thetfidnat it has been used
an optical selection and not an X-ray selection. As we sleglfarther below the
optical classification does not match perfectly with theay-classification (see
section 1.2).

With the aim to analyze large numbers of AGN with good-qyafitray spectra
and to perform statistical studies, Bianchi et al. (2009)lishhed CAIXA, a Cat-
alogue of AGN In the XMMNewtonArchive. CAIXA consists of all the radio-
quiet X-ray unobscured (IN< 2 x 10?2 cm?) AGN observed by XMMNewton
in targeted observations, whose data are public as of MdGR.2

In this thesis, we have built the complementary catalogu@AdXA: CAIXA-A,

a Catalogue of AGN In the XMMNewtonArchive - Absorbed. CAIXA-A con-
sists of all the radio-quiet, X-ray obscured{N 2x 10?>cm2) AGN observed by
XMM-Newton in targeted observations, whose data were puddiof November
22, 2011. With its 109 sources, this is the largest cataldggif signal-to-noise
X-ray spectra of obscured AGN. All the EPIC pn spectra anthallRGS spectra
of the sources in CAIXA-A were extracted homogeneously,abdseline model
was applied in order to derive their basic X-ray propertigsthis chapter, we
describe the homogeneous spectral analysis of the X-rayida AIXA-A and
present all the results derived by applying to the RGS saatifferent methods
of analysis.

To investigate the soft X-ray excess of obscured AGN, we seedces where
the RGS band is not dominated by the primary continuum andadlfieexcess
component can be modelled properly. Since recently quitenwastudies have
claimed the existence of objects for which optical and Xakgsifications do not
match (see Sect. 1.2), we selected objects With> 2 x 10°%cnt?, therefore
relying on the X-ray rather than the optical classificati®@u, our selection cri-
terion is based on the value bf;. To calculate an accurate column density we
need enough counts and a broad band: we selected our soyraralizing the
0.5-10 keV EPIC pn spectra of all the AGN observed by XMM-Namvin tar-
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geted observations, whose data were public as of Novemb@022, in order to
derive their column densitidd,. To analyze the soft excess we need a very good
spectral resolution coupled with a large effective areahanQ.2-2 keV band, so
the RGS is the most suitable instrument (the Chandra Highggneansmission
Grating Spectrometer have better spectral resolutiondwei effective area, see
Appendix A: Fig. A.3).

3.1 The sample

As an update to the parent CAIXA sample, we performed a séareti AGN ob-
servations in the XMM-Newton Science Archive (XSA), whosgadwere public
as of November 22, 2011 (16:00:00 UTC). All quasars nomyrraldlio-loud were
excluded from the list. For all the source in this list we sbad the NASA/IPAC
Extragalactic Database (NED) for published redshifts. tA# sources with no
measured redshift known prior to November 22, 2011 wereuebetl from the
list. EPIC pn spectra with less than 200 (background-satadd counts in either
of the (rest-frame) bands of 0.5-2 and 2-10 keV were rejediedause they do
not possess enough independent bins to be fitted with our s (ske Appendix
B for an introduction to X-ray data analysis).

EPIC pn (Struder et al. 2001) data were reprocessed, withvdA For the
observations performed in Small Window mode, backgrourettsa were gen-
erated using blank-field event lists, according to the ptaoe presented in Read
& Ponman (2003). In all other cases, background spectra emracted from
source-free regions close to the target in the observatientdile.

Source extraction radii and screening for intervals of riigrparticle back-
ground were performed via an iterative process which leadsmhaximization of
the signal-to-noise ratio, similarly to what described indAcelli et al. (2004).
Spectra were binned in order to oversample the intrinsicungental energy res-
olution by a factor not lower than 3, and to have spectral bk at least 25
background-subtracted counts. This ensures the apgitgaifithe y? statistics.

All spectra were analyzed withsfec12.8.0m. The cosmological parameters
used throughout this paper afig = 70 km s Mpc, Q, = 0.73 andQ,,, = 0.23
(i.e. the default ones in ¥PEC12.8.0m).

Our purpose is to select objects witly > 2x 10%%cnT?, so that the RGS band
is not dominated by the primary continuum and the soft excesgponent can be
modelled properly. To do this we applied two different madel the pn spectra.
The first kind of fit is with a single powerlaw:

F(E) = e "N [Ae"®MET™ 1+ 3x G (3.1)
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and the second kind of fit is with two powerlaws:
F(E) = e "N [Ae"®MET: + Be "OMET + 3x G| (3.2)

whereo (E) is the photoelectric cross-section, adopting solar abucetaas in
Anderson & Ebihara (1982)\§ is the Galactic column density appropriate for
each line of sight (after Dickey & Lockman 1990y;, < NP are two local column
densities at the redshift of the source, possibly coexjsfirelated to absorption
on different scalesA andB are two normalization factor§,s andI, the spectral
photon indexes for the soft an the hard spectrum,@Grade three Gaussian emis-
sion lines at rest-frame energies fixed to 6.4, 6.7 and 6.9%dsappropriate for
neutral, He- and H-like iron K, respectively.

We found three broad classes of sources: unobscured soiNges: 2 x
10%%cn1?), obscured Compton-thin sources{A0??cnt? < Ny < 10?%cn?) and
obscured Compton-thick sourcad{ > 10?*cnT?).

The main problem for the unobscured sources (FigoR)lis represented by
significant residuals in the soft X-ray part of the spectruvhere the effects of
absorption from ionized matter is not taken into accountiayrodels. The lack
of a proper modeling of warm absorbers in our model is didthtethe complexity
of these components, which do not allow an automatic hagdlowever, we
checked that the lack of a modelling of the warm absorptioesdwot affect the
measure of the cold column density, which is the main parameted for the
selection procedure. The addition of a second powerlawnggdly required by
the fit as we can see in Fig. 3Bdttor), but there is no trace of cold absorption
with Ny > 2 x 10?%cnT2. In any case, residuals due to warm absorbers are still
present.

Instead for the obscured Compton-thin sourced (F?cni? < Ny < 10%4cnT?)
the residuals in the soft X-ray part of the spectrum repregensoft excess un-
der investigation in this work (Fig. 3t@p). The addition of a second powerlaw
is strongly required by the fit. In Fig. 3R6ttom) we show the double powerlaw
model for IC4518A. In this case, the addition of a second ptamesignificantly
improves the quality of the fit and the soft excess is modelita asimple pow-
erlaw, even if there are still residuals due to the most sgegmission lines. The
residuals in the hard band are an indication of the presdrac€ompton reflection
continuum, which is not included in our simple models.

Finally there are the Compton-thick sourcég; (> 10%%cnT?). An example
is shown in Fig. 3.3op. The fit is clearly bad, also with the addition of a second
powerlaw (as shown in Fig. 3dtton) with several features in the 0.5-1 keV
band and a very prominent irdf, fluorescent line. Even if the best fit value for
the local column density is less thank210??cnT?, in these sources the spectral
photon index for the hard spectrum is very flat. This photateinvalue suggests
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Figure 3.1: Best fit data and modeT¢p: single powerlawBottom: double powerlaw)
for ESO141-G055, an unobscured{N¢ 2 x 10?2cnT?) source. The residuals at low
energy are due to the warm absorbers.
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Figure 3.2: Best fit data and modeTop: single powerlawBottom: double powerlaw)
for IC4518A: an obscured (N> 2 x 10%2cnT2, Compton-thin) sourceTop: The excess

at low energy is the soft excesBottom: In this case, the soft excess is modeled with a
simple powerlaw, but there are still residuals due to the nfidense emission lines.
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a reflection-dominated spectrum, the primary continuunmdpsuppressed by a
significant Ny > 107%cnT?) absorption.
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Figure 3.3: Best fit data and modeT¢p: single powerlawBottom: double powerlaw)
for MRK3: an obscured Compton-thick sourcesq(N 10?*cni2). The excess at low
energy is the soft excess.

After the fitting procedure, we selected all the sources With> 2x 10%%cnt?
(measured in the 2-10 keV band) in at least one of the two mnsaatethat have
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a flatI',, in the second model (“Compton thick” sources) and/or thatralarge
EW of the neutral irorK,. All sources with a local column density less than
2 x 10%%cnT? were instead excluded from the catalogue. An inspectionyley e
of all the spectra was eventually performed in order to rezrenwy possible error
introduced by automatic fitting and selection procedursgmeed above.

At the end of this selection procedure, the total catalogueprises 171 ob-
servations of 109 radio-quiet X-ray obscured AGN. TherfdCAIXA-A, the
"Catalog of AGN In the XMM-Newton Archive - Absorbed ” consssof all the
radio-quiet, X-ray obscured\Nf; > 2 x 10°?cnt?) AGN with known redshift ob-
served by XMM-Newton, whose data were public as of NovemR2e2P11 and
with more than 200 EPIC pn (background-subtracted) courggher of the (rest-

frame) bands of 0.5-2 and 2-10 keV.
Tab. 3.1 shows the list of sources in the sample, togethér téir right as-
cension and declination, redshift, XMM-Newton obsid angasure time.

Table 3.1: XMM-Newton observations of CAIXA-A sources: right ascesrsand
declination, redshift, XMM-Newton obsid, exposure time.

RA DEC SOURCE z XMM obsid exposure
time (ks)
49,5791 68.4921 2MASXJ03181899+6829322 0.0901 0312190506.40
59.2356  -40.696 2MASXJ03565655-4041453  0.0748 055195060 7.93
114936 -31.7174 2MASXJ07394469-3143024  0.0258 05012102 29.12
126.18  29.9899 2MASXJ08244333+2959238 0.0253 05041020019.01
189.681 9.46018 2MASXJ12384342+0927362 0.0829  05041D06017.44

180.241 6.80642 CGCG041-020 0.036045 0312191701 9.69
213.291 -65.3392 CIRCINUS 0.0014 0111240101 91.31
279.585 -65.4276 ESO103-G35 0.0133 0109130601 9.16
281.934  -63.157 ESO104-G11 0.0151 0405380501  26.73
248.809 -58.08 ESO137-G34 0.009 0307001901 17.38
252.834 -59.2348 ES0138-G01 0.00914 0405380201 15.64
0405380901 11.10
87.1092 -47.7642 ESO205-3 0.0505 0554500301 34.38
196.609 -40.4146 ESO323-G077 0.015 0300240501 23.83
79.8992 -32.6578 ES0362-G018 0.013 0312190701 8.89
203.359 -34.0148 ESO383-G18 0.013 0307000901 12.06
44.0898 -32.1856 ESO417-G006 0.016291 0602560201 6.34
13.484  -70.6345 F00521-7054 0.0689 0301151601 10.33

119.5 39.3414 FBQSJ075800.0+392029 0.0960 0305990101 17 10.
0406740101 11.28

89.5083 -38.3346 HO0557-385 0.0339 0404260101 24.53
0404260301 52.64
43.9676  9.31183 IC1867 0.025728 0203610501 17.15
154.078 -33.5638 IC2560 0.0098 0203890101 71.95
224.422 -43.1321 IC4518A 0.0163 0401790901 8.81
1.00817 70.3217 IGRJ00040+7020 0.0960 0550450101 17.95
160.094 -46.4238 IGRJ10404-4625 0.0239 0401791201 10.47
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3.1.1 Optical classification versus X-ray absorption

The optical classification scheme which follows the orignotabased AGN uni-
fied model (Antonucci 1993) is expected to be strictly cated with the X-ray
absorption. However, recently quite a few studies haverddithe existence of
objects for which optical and X-ray classifications do notechgsee Sect. 1.2).
It is commonly found in X-ray selected samples th&0% - 30% of AGN which
have only narrow lines in their optical spectra, suggeséRrtinction and thus
classified as type 2, do not show absorption in their X-rayxcspde.g. Panessa
& Bassani 2002; Tozzi et al. 2006; Bianchi et al. 2012). Ondtieer hand, there
are more and more objects optically classified as type 1 wéidw significant
amount of absorption in their X-ray spectra, a feature wiscat odds with the
presence of broad lines in the optical band (e.g. Garcet 808l7; Panessa et al.
2008).

A major issue about misclassification in X-ay and opticatesifor the non-
simultaneous data available in both wavelengths. Howevetimber of cases
of unabsorbed type 2 and absorbed type 1 AGNs have been cedfinith an
observational simultaneous campaign in X-rays and optitae existence of a
more complex structure surrounding the central engine oNA&her than the
one predicted by the unification model has been proposed atedyadiscussed in
the past few years (Maiolino & Rieke 1995b; Elvis 2000; M&0Q) and recently
in Bianchi (2009); Risaliti & Elvis (2010); Elvis (2012). Weefer the reader to
Bianchi, Maiolino & Risaliti (2012) for a more detailed rew on this issue.

In this section we explore the connection between optiealssfication and X-
ray absorption in the CAIXA-A sample. For the optical cléissition we used the
13th edition of the Catalog of Quasars and Active Galacticlily Véron-Cetty
& Véron (2010). As seen in Figure 3.4 the optical classifwatio not perfectly
match with the X-ray classification even if most of the CAD®Asources are
optically classified as Type 2 or intermediate objects, geeted.

In Figure 3.5 we show the position of the 109 CAIXA-A sourcesd] with re-
spect to the Véron-Cetty & Véron (2010) sources (Greed)}tha CIELO sources
(Blue). Sources in our sample are more than those of CIEL@usecthe catalog
was updated until November 2011, while CIELO comprises timdyobservations
whose data were public as of September 2006. In additiorCtEEO selection
criteria excluded all the typel.5 AGN (according to the NASA/IPAC Extra-
galactic Database (NED) optical classification), whichstidnte a not-negligible
fraction (10,1%) of CAIXA-A, being X-ray obscured sourcédoreover, not all
sources present in CIELO are also present in CAIXA-A. OnlyG3ELO-AGN
(see Figure 3Bop) are CAIXA-A sources too. The other 36 CIELO-AGN, due
to their unabsorbed nature, (see FigureBdiBom) were excluded from CAIXA-
A. This is due to the new selection criteria used for the CAIXAatalogue, in
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Figure 3.4: Optical classification of the objects in CAIXA-A given by @atalog of
Quasars and Active Galactic Nuclei bgn-Cetty & \eron (2010) (see Tab. 3.1). Sy1:
Seyfert 1s (3 sources: IRAS09149-6206, UGC05101, NGCH&3P)y Seyfert 2s (70
sources, 64% of CAIXA-A sources); intermediate Seyfeaxigd (30 sources); LINERs(6
sources): NGC1052, NGC2655, NGC4102, NGC6240, NGC4686;3386 (for the
latter the optical classification is made by us based on thextspm taken from Falco
et al. (1999).

65



Chapter 3. CAIXA-A

VERON
*  CAIXA-A
¢ CIELO

Figure 3.5: The position (right ascensions and declinations) of The CB9XA-A
sources (Red) with respect to two known cataloguerol-Cetty & \eron (2010) sources
(Green) and The 69 CIELO sources (Blue).

particular to have used the X-ray classification and no lolageoptical classifi-
cation as occurred in CIELODue to main goal of the analysis presented here, a
criterion based oy is much more efficient with respect to the optical one (used
in the CIELO sample). These 36 CIELO-AGN are optical tyde5 sources, but
they are X-ray unobscured (N« 2 x 10°2 cm?) objects. Therefore these sources
are dominated by the primary continuum below 2 keV, and tR&iS spectrum
cannot be used to investigate the soft excess in unobscoueces.

A detailed analysis of the EPIC-pn spectra of CAIXA-A is begdhe scopes
of this work, and is deferred to a future work. In the follogjronly the RGS
spectra will be analyzed.

3.2 The RGS spectra of CAIXA-A

For each observation, we have reprocessed RGS data staitinthe Observa-
tion Data Files using SASv11 (XMM Science Analysis System), and the most
advanced calibration files available as of November 2011ck@aund spectra
were generated using blank field event lists, accumulated ttifferent positions

on the sky vault along the mission. When more than one obisenvaf the same

'How much of this misclassification is due to non-simultarseobservations is beyond the
scopes of this work, and is deferred to a future work.

66



3.2. The RGS spectra of CAIXA-A

80 [T

60

*  CAIXA-A
* CELO
©  33: CIELO in CAIXA-A

*

o

(@]
w
a -
el @
@ ..
20
40[
60 *
|
0
8o 7
*
80
40
‘@0
20[ ®
Q
w
o ®
ol .
*
MEC.2
20
A
¥
40
0| *
| o

o]

*  CAIXA-A
.

CIELO
36: CIELO non in CAIXA-A

Figure 3.6: The position (right ascensions and declinations) of The@ABKA-A source
(Red) with respect to the CIELO source (BlueJop) Red circle: the 33 sources both
in CIELO that in CAIXA-A. Bottom) Green circle: the 36 CIELO-AGN excluded from
CAIXA-A.
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object was available, spectra of the same source from diftexbservations were
merged, together with their response matrices, after ¢chgdkat no significant
spectral variability occurred.

CAIXA-A includes poor to high quality RGS spectra: in Figu& we show
for each source the percentage of net source count rate®ited RGS1+RGS2
in the Q4 — 0.9 keV band), with respect to the background and in Figure 3.8 we
show for each source the total counts vs the percentage sboete count rates
with respect to the background for combined RGS1+RGS2 iDt#he 0.9 keV
band. Since the background is modeled, it is possible thaesspurces posses
a negative percentage, i.e. the total observed count rdtevex than the one
expected by background alone. In these cases, we assigeed pezcentage. In
Figure 3.9, 3.10, 3.11 we show the RGS spectra for specthedifferent quality:
also in poor-quality spectra, some lines are clearly piesen
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Figure 3.7: Percentage of net source count rates (RGS1+RG32: @9 keV), with respect to
the background. The effective area reaches the maximunei@.#0.9 keV band so in this band
we have a clearer idea of the quality of the spectra. Sincéadlckground is modeled there are
sources with negative percentage: in these cases, we edsigralue of 0. Some representative
sources are labeled for each quality of specBhue good quality spectraRed middle quality
spectraMagenta poor quality spectra.

In order to extract as much information as possible, we peréad the analysis
of RGS spectra following three different approaches.

2The effective area reaches the maximum in the 0.4-0.9 ke tswe Fig A.3) so in this band
we have a clearer idea of the quality of the spectra.
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Figure 3.8: Total counts vs percentage of net source count rates wigreoe$o the background
for combined RGS1+RGS2 in®-0.9 keV band Blue good quality spectrdRed middle quality
spectra;Magenta poor quality spectra. The same representative sourcefiddhin Fig.3.7 are
highlighted.

A CIELO-like each spectrum was systematically searched for the presenc
of emission lines, modeling local continua with= 1 power-laws and the
transitions with Gaussian profiles with the lines energydit@ laboratory
transition energies.

B Blind search for emission linegach spectrum was systematically searched
for the presence of emission lines, modeling local contimith I' = 1
power-laws and the transitions with Gaussian profiles whith énergy of
the lines as free parameters.

C Self-consistent modellingelf-consistent modelling of the soft X-ray emis-
sion lines with models using five different combinations latgma.

Method A and B are similar. The difference between the twa@gaghes is
that in the first the energy of the lines is fixed to laboratoapsition energies (fol-
lowing that described in Guainazzi & Bianchi (2007), so wkechit CIELO-like
analysis), while in the second method the energy of the limesfree parame-
ter, so we called iBlind search for emission linemnalysis. The third approach
analyzes RGS spectra reproducing the soft emission in tefraslf-consistent
models of plasma in photoionization equilibrium using th&lpc photoioniza-
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Figure 3.9: High-quality RGS spectra (see Figure 3.7) which exhibit ldrgest number of
detected emission lineSop. NGC1068, the best quality spectra in CAIXA-Bottom NGC4151.
Spectra of the two RGS cameras (and error in red) have beeotlsetbwith a 5-channels wide
triangular kernel for illustration purposes only. The piasis of the line transitions considered in

Method A are labeled (see Tah.3.2).
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tion codecLoupy? (Ferland (2000)) or collisional equilibrium using tRePEC
model APEC (an emission spectrum from collisionally-i@dziffuse gas calcu-
lated using the ATOMDB codg. We will refer to this method witlSelf-consistent
modellinganalysis.

The? statistic assumes that all the spectral channels are Gaudistributed
and that the estimate for the variance is uncorrelated Wwelobserved counts. If
there are small numbers of counts in a channel, as in mostroRG$ spectra,
these requirements will not be satisfied. An alternativestie, the Cash (1979),
should be used in this case. So we used the Xspec normalizevef this
statistic CSTAT) to determine the best-fit parameter and its uncertainties.

3.3 Method A: CIELO-like

Each spectrum was systematically searched for the presétieebrightest emis-
sion lines expected to arise from an ionized plasma. We samebusly fit to-
gether the spectra of the two RGS cameras, usiageXversion 12.8.0m. The
fits to the data were performed on the unbinned spectra (& &tatistics) and
the emission lines were modeled with Gaussian profiles, evther intrinsic width
was always frozen to zero, also for the components of a nietltipor the Radia-
tive Recombination Continua (RRC) only the intrinsic widtlas considered as
an additional free fit parameter. Laboratory energies atr@aeted from the CHI-
ANTI database (Dere et al. 2001). We constrain the energytg m a small
range of possible values near the laboratory transitiongégge chosen that have
been selected from the most intense emission lines in thelk8V band either
arising in a photo- or collisionally ionized plasma (seel&aB.2 for the selected
transitions).

“Local” fits to the data were performed on the spectra=®® channels wide
intervals (constructed centered on the laboratory tremsénergies chosen), using
Gaussian profiles to account for any line features. Contimer@ modeled with
I' = 1 power-laws, leaving free in each fit the continuum normalizatidhig
the power-law photon index). Line luminosities have beememted for Galactic
photoelectric absorption using column densities aftek&yc& Lockman (1990).

Fits of He« triplets have been performed keeping the relative distdrece
tween the centroid energies of the components fixed to theewdictated by
atomic physics. A line is considered to be detected whenussifl inconsistent

3http://www.pa.uky.edu/ gary/cloudy/

4More information can be found at http://atomdb.org/

SSince the model used to fit the continuum is not very sensititee photon indeX, due to
the very limited band width of each segment, it has been figed t
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with O at the 1e level.

In Tab. 3.2 we list transition, laboratory wavelength andnber of CAIXA-A
sources for which a given transition has been detected (seé&mure 3.12). For
each transition that we have looked for we have found at Bdstections.

The three lines more detected in our analysis were thel Qy-« (61), the
Fexvil 3d-2p ¢P;) (51) and the @i Ly-g (49). For all the triplets we looked
for, the forbidden component has always more detectiorts i@gpect to the res-
onant line and intercombination components. RadiativeoRdxination Continua
(RRC) features from Carbon and Oxygen are detected in des@neces. The
predominance in the triplets of the forbidden lines and thedgnumber of RRC
indicates that photoionization plays an important rolehmibnization balance of
CAIXA-A sources. In Fig. 3.13 we show the number of detectidor source:
most sources have 9 detections, only a few (11 sources) haretiran 15 detec-
tions and only 8 sources have no detections. The sourceqwitietections are
all sources with poor quality spectra, as we can see in Flg., 3vhile the sources
with more then 15 detections have middle-to-hight qualigcira.
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Figure 3.12: Transition of CAIXA-A sources detected at the- level (see Tab. 3.2),
when only a-priori selected transitions are looked for (Nl A: see text for details).

In Fig. 3.15, 3.16, 3.17 we show the RGS local fits spectraesmely
for high-quality spectra (NGC1068 the best quality speatr&AIXA-A, see
Fig. 3.14; 23 detections), middle quality spectra (NGC428detections), and
low quality spectra (ES0O323-G077, 10 detections; MRK223(étections).
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3.3. Method A: CIELO-like

Table 3.2: Number of CAIXA-AsourcesNge, for which a given transition (labo-
ratory wavelengtii,,p) has been detected,Ne; > O at the 1o level.

Transition Alab E CAIXA-A Nget
A)  (Kev)
Nex Ly-a 12.134 1.0218 31
Nelx He- (r) 13.447 0.9221 23
Nelx He- (i) 13.553 0.9149 27
Nelx He (f) 13.699 0.9051 39
Fexviil 20 14.207 0.8728 45
Ovill RRC 14.228 0.8714 35
Fexvi 3d-2p ¢P,) 15.015 0.8257 51
Fexvil 3d-2p €D,) 15.262 0.8125 44
Ovil Ly-B 16.006 0.7746 49
Ovil RRC 16.771 0.7393 42
Fexvil 3s-2p (3G/M2) 17.076 0.7262 44
Ovil Heg 18.627 0.6656 46
Oviil Ly-a 18.967 0.6536 61
Ovil He (r) 21.602 0.5739 26
Ovil He (i) 21.803 0.5687 19
Ovil He (f) 22.101 0.5611 38
NvII 24.785 0.5003 44
Cvi RRC 25.306 0.4900 23
NVI He- (r) 28.790 0.4307 15
NVI He- (i) 29.083 0.4282 8
NvI He- (f) 29.534 0.4259 19
Cv RRC 31.622 0.3921 28
Cvi Ly-a 33.73F% 0.3675 35

adoublet: 1; = 121321 A, 1, = 121375 APdoublet: 1; = 17.0500 A, A, =
17.0970 Acdoublet: 1, = 337342 A, 1, = 337396 A
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Figure 3.13: Number of detections for source with Method A.
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Figure 3.14: Number of detections for source with Method A vs percentégetsource
count rates for combined RG&4-0.9 keV), with respect to the background. The effective
area reaches the maximum in the 0.4-0.9 keV band so in thi$ Wwarhave a clearer idea
of the quality of the spectra.
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3.3. Method A: CIELO-like

Figure 3.15: Example of source with high quality spectrum (see Fig. 3.M3C1068
most significative detections with Method A. The spectr&wamed to a minimum of 3
counts per spectral channel for visual clarity.
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Figure 3.16: Example of source with middle quality spectrum (see Fig)3.01GC424
most significative detections with Method A. The spectra&wamed to a minimum of 3
counts per spectral channel for visual clarity.
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3.3. Method A: CIELO-like
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Figure 3.17: Poor quality spectra: ES0O323-G077 most significative d&ies with
Method A. The spectra were binned to a minimum of 3 countsgemtral channel for
visual clarity.
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Chapter 3. CAIXA-A

The most intense RRC transitions expected in the RGS enamgypass are:
Ovii at 14.228A, Qi at 16.771A, @1 at 25.306A and € at 31.622A. At
least one of these RRC features is detected in 39% (42/1a8¢aibjects of our
sample: Qi in 35/109 (Fig 3.18), @11 in 42/109 (Fig 3.19), @ in 23/109
(Fig 3.20) and @ in 28/109 (Fig 3.21). Our result is very similar to that found
in the CIELO sample by Guainazzi & Bianchi (2007) (see Fid.12. In fact
they detected RRC features in 36% (25/69) of the objectsaf gample. The
measurements of the RRC width, which represents a diraotast of the tem-
perature of the plasma (Liedahl & Paerels 1996), clustehéenrange 1-10 eV
(Fig 3.22). There is an obvious selection effect, favorimg detection of narrow
features, but it is nonetheless a very significant commopeatg of our sample.
The association of high ionization emission lines with saclow-temperature
plasma is strongly indicative of a plasma whose ionizatiatesis governed by
photoionization as opposed to collisional ionization.

1
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t e I tE, %
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0.1 | | - | | | |
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Lv OVIIl RRC(10% erg s7%)

Figure 3.18: Luminosity of @111 RRC versus intrinsic width for thev@1 RRC features
detected in our sample. Measures (15) are highlighted in adidhe other points (56)
are upper limits (in either quantity). Unconstraining upgdenits are not shown. We
excluded the IRAS09149-620&/0 RRC sigma measure, because its valuelQ keV)
is unphysical.

In addition ton = 2p—1stransitions for H- and He-like atom8AIXA-AAGN

contains a fair number of detections of discrete highermmeonance transitions
(np—1s, n > 2). These transitions are selectively enhanced by phoitation.
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Figure 3.19: Luminosity of @11RRC versus intrinsic width for thev@ RRC features
detected in our sample. Measures (12) are highlighted ina#idhe other points (62) are
upper limits (in either quantity). Unconstraining uppemiks are not shown.

Since the forbidderf transition in He-like triplets is unaffected by photoexci-
tation, the intensity ratio between higher order series fat@nsition intensities
provides a potentially powerful diagnostic of the impodeif resonant scattering
in photoionized spectra (e.g. Kinkhabwala et al. 2002). Aaneple of the appli-
cation of this diagnostic test t6AIXA-AAGN is shown in Fig. 3.23, where we
display the intensity of the @1 He-8 against the forbidden component of thelO
He- triplet®. In this plot, we compare the experimental results with treslje-
tions of pure photoionization, and with models where radgatiecay from pho-
toexcitation and recombination from photoionization agt-sonsistently calcu-
lated (modephot oi on; Kinkhabwala et al. (2002)). We have produced a grid of
models for different values of @1 column densitiesNov;, €[10'°,10?° cm?)),
turbulence velocitiesy,, €[0,500 km s1]), and temperaturekT €[1,20 keV]).
Most of our values are in agreement with these photoiormatiodels, with rel-
atively low column densities and hence a significanti coation from resonant
scattering. We have two sources (MKN231 and NGC3227) witly iggh Ovii
He intensity values and some sources with very high intensatyes of the
forbidden component of the Hefriplet .

8For comparison see the results for CIELO (Guainazzi & Bia@607) in Fig. 2.12.
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Figure 3.20: Luminosity of @IRRC versus intrinsic width for the \CRRC features
detected in our sample. Measures (6) are highlighted in alidhe other points (45) are
upper limits (in either quantity). Unconstraining uppemiks are not shown.

High He- forbidden versus Hg-intensity ratio (larger then expected for pure
photoionization) can be explained by the fact that the nreasents on the Hg-
Ovil transition at 18270A could be contaminated by the nearbyiNRRC at
185872A (e.g. Guainazzi & Bianchi 2007).

On the other hand, the\@ He-x forbidden line is significantly suppressed
in collisionally ionised plasma, which could justify a loiwersus Hes intensity
ratio, as for MKN231 and NGC3227.

In Fig. 3.24 we plot the @1 f transition intensity against the intensity of
the Ovill Ly-a. A ratio between the intensity of the forbidden component of
the Ovi triplet and the @111 Ly-a < 1 is a signature of photoionized plasma
again because the forbidden component is strongly sumggtaasa plasma in
collisional equilibrium (e.g. Guainazzi & Bianchi 2007).sAve can see in Fig-
ure 3.24 there are only three CAIXA-A sources that have ti® rgreater than
one: NGC6240, NGC1365 and NGC4395. The first two sources, 83Cand
NGC1365, are known to have high-resolution X-ray spectraidated by colli-
sional ionization (Boller et al. 2003; Guainazzi et al. 2Dn the other hand the
error for NGC4395 is greater than the errors estimated fohalother CAIXA-A
sources and the @il Ly-a energy is very different from the laboratory energy
(see Fig. 3.26). These issues prevent us from drawing ahylgaical mean-
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Figure 3.21: Luminosity of @RRC versus intrinsic width for the\®RRC features de-
tected in our sample. Measures (5) are highlighted in retifted other points (35) are
upper limits (in either quantity). Unconstraining uppemiks are not shown.

ing of the Ovil f/Oviil « ratio in this source. We find no correlation between the
Ovii f/Oviil a ratio and the total luminosity in these oxygen lines.
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Figure 3.22: Luminosity versus intrinsic width for all the RRC featuretetted in our
sampleBlue: CviIRRC;Green:CvRRC;Red: Oviil RRC;Black: OviiRRC. Upper limits
are not shown. We excluded the IRAS09149-6206/ QRC sigma measure, because its
value & 10keV) is unphysical.

84



3.3. Method A: CIELO-like
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Figure 3.23: Intensity of Ovii He line against the intensity of the forbidden component of the
He-a triplet. Thered linesrepresent the prediction fon@ column densitie®Noy; = 10°° cm 2,
assumingkT = 20 eV andvy, = 500 km s? (solid) andkT = 1 eV andvyp = 50 km s
(dashedl. Thegreen linegepresent the prediction forn@ column densitie®Noy; = 10'° cm,
assumingyp = 500 km s? (solid) andvy,p = 50 km s (dashed. Theblue linesrepresent the
prediction (from bottom to top) for @1 column densitie®oy; = 10 cm 2, Noyi; = 1017 cm2,
Novi = 10 cm2 andNoy, = 10'° cm 2, assuminT = 5 eV andvy, = 200 km s
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Finally, we have as well checked whether the detected limeggncentroids
in each source were systematically shifted with respedtddaboratory energies
in the following transitions: @11 He-(f) (see Figure 3.25), and\@ Ly-a (see
Figure 3.26). Our analysis found none of these systemadtfis $bee Figure 3.27).
On the other hand, we found some occurrences of discreEneieeen the best-
fit centroid and the laboratory energies in individual linB&5C4945 is the only
source who shows significant systematic energy shifts @nstime direction) at
the 1o level for both lines, suggesting an inflowing gas{1000 km s'). How-
ever, we refrain from attributing any astrophysical megriothese discrepancies,
which may be due to contamination by nearby transitionsdues errors in the
aspect solution of the RGS cameras, or spurious detections.
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Figure 3.25: Ovil He-of line energy centroids of CAIXA-A sources against lumiyosi
The red line represents the laboratory energy.

87



Chapter 3. CAIXA-A

Energy Vs Luminosity OVIIl Ly-a

0.660 T LA T LA ‘ T T T L ‘ T LA T LA
0.658 — —_
0.656 — pany |
L 7777 |
| - 1 o e‘. —
L - L T - ] - —
E 0.654 ‘ ‘ =S by b oy
g T bl = b = |
> L - 1 ™ H B 1 2
5 L L T 2
= L |
& e L i T | -
0.652— 1 L Je‘, P |
L - I
L f 2
0.650 — m - —
0.648 — T _}4{ |
L | ‘ L | ‘ L | ‘ L | ‘ L |
107 10° 10° 10* 10° 10°

Luminosity OVIll Ly-a (10* erg s™)

Figure 3.26: Ovin Ly-a: line energy centroids shift. The red line represents thmia
ratory energy. We exclude NGC4395 becaugedzsgs = 0.673593 eV against the labo-
ratory energy that is 0.6536 eV (while the energy for thaiGHe(f) is consistent with
the laboratory energy).
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Figure 3.27: Line energy centroids shift. NGC4945 is the only one soutoe shows
significant systematic energy shifts (in the same diregtithe 1 level for both lines.
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3.4 Method B: Blind search for emission lines

In this section, we present a new approach for the analysiseedCAIXA-A cata-
logue: each spectrum was again systematically searchdéagfpresence of emis-
sion lines, but this time the energy of the emission lines etisas a free param-
eter. Each spectrum was divided into narrow bands. “Loctdté the data were
performed on unbinned spectra 100 channels intervalsy @aussian profiles to
account for any line features. Local continua were modelgd Iv= 1 power-
laws’, leaving free in each fit the continuum normalizatidni§ the power-law
photon index). No assumption was maal@riori on the line centroid energies.
Each interval of the spectrum was modelled as Gaussian liheswergy that was
left free to vary between the minimum and the maximum enefghe interval
itself, and with normalization that was left free to vary\weén zero and 10
photonscn?s™. Then they? map is stored as a function of these two parameters,
and the combinations of energy and normalization that givergprovement of
68%, 90%, 99% compared to the fit with the powerlaw only arekedhrLine lu-
minosities have been corrected for Galactic photoeleab$orption using column
densities after Dickey & Lockman (1990).

In Figure 3.29, 3.30 we show the contour plots for two intenggparameters
for our “local” fits for the archetypal Seyfert 2 galaxies NGI&8. Contour levels
are drawn at predefined values)3f(2.3, 4.61, and 9.21) with respect to the best-
fit model, corresponding to the 68%, 90%, and 99% statistioafidence level
for the two interesting parameters chosen (energy and f&u)erimposed on the
plot you can see the locations of the emission lines searfdrad the previous
analysis (see Sect. 3.3).

As already said before, CAIXA-A spectra have different gyaAs for Method
A, generally we have more detections for sources with goo® R€rcentage of
net count rates as shown in Fig 3.28, but we find some detectitso for poor
quality spectra at all confidence levels.

NGC1068 is the source with the best statistical quality in@atalogue (see
Fig 3.28), but we got good results also with other sourcet thmse with middle
statistical quality (as example NGC424 shown in Figure 3.3233), and those
with poor statistical quality (MRK273 shown in Figure 3.34)

’Since the model used to fit the continuum is not very sensititbe photon indexX, due to
the very limited band width of each segment, it has been figeld t
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Figure 3.30: As in Fig.3.29.
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Figure 3.32: NGC424: centroid energy versus flux contour plots for thectetd
emission lines in the XMM-Newton RGS spectrum using Metho@&e text for
details). The contours refers (C= 2.30, 4.61 and 9.21, i.e. confidence levels
of 68, 90 and 99 per cent, respectively, for two interestingameters. Ranges
@4thout detections at least at 90% confidence level are rawsh
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Figure 3.33: As in Fig.3.32.
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Figure 3.34: MRK273: centroid energy versus flux contour plots for theedegtd
emission lines in the XMM-Newton RGS spectrum using Metho@&e text for
details). The contours refers (C= 2.30, 4.61 and 9.21, i.e. confidence levels
of 68, 90 and 99 per cent, respectively, for two interestingameters. Ranges
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Figure 3.35: As in Fig.3.34.

In Tab. 3.3 we summarized the results of our analysis acegridi the differ-
ent confidence levels. In Fig. 3.36 we show the number of tetexfor source
according to the different confidence levels: all the CAIXAsource have at least
one detection at each confidence level (74 sources have dtidatat 99% con-
fidence level) and a few (6 sources) have more than 15 detscéilso at 99%
confidence level (21 sources at 90% confidence level and G4emat 68% con-
fidence level).

To test the robustness of our method and therefore to egtithat’noise”,
we made a simulated spectrum without emission lines for sacince with the
XSPECfakeit nonecommand. We simulated a simple power-law spectrum sub-
jected to the Galactic photoelectric absorptirabs whose parameter is fixed
to the hydrogen column of the corresponding source aftekdyi& Lockman
(1990)). The photon index of the powerlaw was kept fixed at iJerthe nor-
malization has been fitted in order to reproduce the obsdhredf each source.
Background spectrum, response matrix and exposure timeafdr fake spectrum
are those of the corresponding XMM-Newton RGS observatOnce obtained
all the fake spectra we analyzed them with the same procecha for the real
spectra. So we obtained a number of detected lines that veeteelpin Tab. 3.3
according to the different confidence levels.
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Figure 3.36: Number of detections for source with Method B at 68%, 90% % 9
confidence levels.
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Table 3.3: Number of detected lines for the analysis with Method B oftlad
CAIXA-A catalogue for real and fake (simple-powerlaw) sfpacLast column is
the result of the Kolmogorov-Smirnov test. See text for deta

Confidence level Real Fake prob
68% 2557 1850 0.0084
90% 1265 527 @4x 1077
99% 569 56 0.00031

We compared the results of the analysis on the fake spedinahve results of
the Method B analysis with th€STWOidI routine that returns the Kolmogorov-
Smirnov statistic and associated probability that two yarraf data values are
drawn from the same distribution. To be more precise, giveareay datal, and
an array data2, this routine returns the Kolmogorov-Smvirstatisticd, and the
significance leveprob for the null hypothesis that two given data sets are drawn
from the same distribution. Small values of prob show thatahmulative distri-
bution function of datal is significantly different from thaf data2. The result
of this test indicates that the two distributions are défdr(see Tab. 3.7) at each
confidence level. The differences between the two numbettstetcted lines (see
Tab. 3.3) greatly increases when we pass from the 68% to 99%¥deoce level,
so many of our detections are real.

In Figure 3.37 we show the total number of each detected (meed spectra)
for the 1o level (AC= 2.30), for the 90% confidence leval@=4.61) and for the
99% confidence level\C= 9.21) against the energy of the lines. We obtained in
this way a sort of spectrum representative of our 109 ohjeftgperimposed we
plotted the results (smoothed with a 5-channels wide tu&rgernel: we used
the IDL CONVOI® command) for the fake spectra, in order to have an estimate of
the noise.

Analyzing more in detail the results of the Method B (see zedfigures from
3.38 t0 3.43) we can say that:

e The most detected emission lines arel© a, Ovil f, Fexvii 3d-2p ¢P)
for all confidence levels. These lines are also among the dedstted lines
with Method A.

e Diagnostics on the @i triplet is a good indicator of the ionization mech-

8The CONVOL function convolves an array with a kernel, andmes the result. Convolution
is a general process that can be used for various types ofteingpsignal processing, shifting,
differentiation, edge detection, etc.
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Figure 3.37: Cumulative emission line detections with Method B at tH& G®p), 900
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anism of the gas. Indeed, the predominance of the forbidderponent in
this analysis is a sign of photoionization, confirming what feund with
Method A.

Among the detected emission lines, we found a transitiorclwisian be
readily identified with neutral S &K at 2.308 keV (House 1969), likely aris-
ing from the same Compton-thick material responsible ferghoduction
of the features which dominate the high-energy part of thexigpm, that
is the Compton reflection component and the neutral iranlike. Other
fluorescence lines are not detected.

At an energy between the)8v Ka and the Skini Ka triplet, there is an
accumulation of several detections not clearly associatéshown transi-
tions (see Figure 3.37): this is probably a blend of the twa@eht sets of
lines that automatic fits cannot entangle. Both Si lines aiefitted with

Method A, where we consider only the most intense emissiwslin the
0.3-1 keV band, while these Si lines are very intense onlhéncase of a
gas with a little higher photoionization (or collisionahiaation) than that
which produces most of the lines considered.

No unknown lines are significantly detected at any confidéewa, except
for a structure around 0.4 keV (31 A). This structure showddoie to
a series of emission lines ofx8& . In the future we will investigate the
potential diagnostic capabilities of these lines to diaagte the ionization
equilibrium of the gas that produces them.
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Figure 3.38: Same as Fig.3.37, but for the energy rarige 10A.
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Figure 3.39: Same as Fig.3.37, but for the energy rarige- 15A.
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Figure 3.40: Same as Fig.3.37, but for the energy rarige- 20A.
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Figure 3.41: Same as Fig.3.37, but for the energy rarafe- 24A.
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Figure 3.42: Same as Fig.3.37, but for the energy rargge- 30A.
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Figure 3.43: Same as Fig.3.37, but for the energy rargfe- 37A.
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3.5 Method C: Self-consistent plasma models in col-
lisional and photoionization equilibrium

After the phenomenological fits performed in the last twdises, we proceeded
to a self-consistent modelling of the soft X-ray emissioes detected in the RGS
spectra of CAIXA-A. The basic atomic processes in astrojgays<-ray emit-
ting plasmas are two-body collisional excitation and iatian, photoexcitation
and ionization, spontaneous radiative decay, and two-lvedgmbination (see
Sect.2.2.1). A consequence of this is that the plasmas capgmated into two
categories depending on the temperafly®f the gas and the ionization energy
of the ions that constitute it:

1. Collisional:kgTe ~ ionization energy of plasma ions.
2. PhotoionizedkgTe << ionization energy of plasma ions .

In this section, we analyze our data with five different camaliions of plasma.
The five baseline models we used to fit the 0.4-0.9%spectra can be roughly
expressed by the five following general formulas:

e a single photoionized plasma:

C: F(E) = e "®M[PR], (3.3)

a single collisionally-ionized plasma:

A F(E) = e “®NI[Coy], (3.4)

a collisionally-ionized plasma plus a photoionized phase:

AC: F(E) = e “ENI[Phe + Cogl, (3.5)

two different collisionally-ionized plasma:

AA: F(E) = e “®NI[Cop + COpgl, (3.6)

two photoionized phases:

CC: F(E) = e ®Ni[Phe; + Phes], (3.7)

9The choice of the 0.4-0.9 keV band corresponds to the reditargest effective area of both
RGS units together (see Fig.A.3).
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where o (E) is the photoelectric cross-section (abundances as in rantle
Grevesse 1989N; is the Galactic absorbing column density along the line of
sight to the source (Dickey & Lockman 199@p, is emission from a a collision-
ally ionized plasma, as modelled by APEC, the Astrophyditatma Emission
Code, which uses atomic data in the companion AstrophyBieegima Emission
Database (APED) to calculate spectral models for hot plasitize APEC param-
eters are the normalization, the electron temperaturettenglasma metallicity.
We fixed the plasma metallicity to 1 and we fit the model withmalization and
electron temperature as free parametd?be is the emission from a photoion-
ized gas reproduced with self-consistenbupy?? (Ferland 2000) models as de-
scribed in Bianchi et al. (2010) and Marinucci et al. (20I0)e main ingredient
is the ionization parametét (Osterbrock et al. (2006)), defined as:

~ fVR %dv
~ 4nr2cn,
wherec is the speed of lightr the distance of the gas from the illuminating
source,ne its density andvg the frequency corresponding to 1 Rydberg. The
incident continuum has been modeled as in Korista et al. )L @constant elec-
tron density g = 10° cm™ has been used and elemental abundances can be found
as in Table 9 ofcLoupy documentatiolt. The resulting grid parameters are
logU = [-2.00 : 400], step 0.25, and logy = [19.0 : 235], step 0.1. Only
the reflected spectrum, arising from the illuminated fac¢hefcloud, has been
taken into account in our model. We also produced tablesdiitbrent densities
(ne = 10° — 10* cm~3): all the fits presented in this thesis resulted to be insigsi
to this parameter, as expected since we are always treairgity regimes where
line ratios of He-like triplets are insensitive to densi®o(quet & Dubau (2000)).
In Fig. 3.44, 3.45, 3.46, 3.47, 3.48 we show examples of bisstefspectively
for ModelC, ModelA, ModelAC, ModelAA, ModelCC.

Up to now we used all spectra for our analysis because we wekenlg for
individual lines, but it is known that, if the data used in fli@re not particularly
good, one may be able to find many different models for whidgadte fits can
be found. For this kind of analysis we need spectra of gooditgutherefore
we selected only those sources that had at least 20% bacidysaltracted mean
count rates for combined RGS (RGS1+RGS2) betweénr 0.9 keV!2,

In Fig. 3.8 we show the total counts against the percentadmckground-
subtracted count rates ind3- 0.9 keV band: 29 spectra are above the 20% thresh-
old, and will be analyses in this section. In Tab. 3.4 we tigtee 29 CAIXA-A

Onttp://www.pa.uky.edu/ gary/cloudy/

“Hazy 1 version 08, p. 67:http://viewec. nubl ado. or g/ i ndex. cgi / t ags/
rel ease/ c08. 00/ docs/ hazyl 08. eps?revi si on=23428&r oot =cl oudy

12The effective area reaches the maximum in the 0.4-0.9 ke t=m® Fig A.3.

(3.8)
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equilibrium
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Figure 3.44: Example of best fits for ModelC for RGS1 (black) and RGS2 (iestyveen 0.4
and 0.9 keV. In the lower panel the plot of the residua is shown
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Figure 3.45: Example of best fits for ModelA for RGS1 (black) and RGS2 (rieefveen 0.4

and 0.9 keV. In the lower panel the plot of the residua is shown
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equilibrium
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Figure 3.46: Example of best fits for ModelAC for RGS1 (black) and RGS2 Yiteetween 0.4
and 0.9 keV. In the lower panel the plot of the residua is shown
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Figure 3.47: Example of best fits for ModelAA for RGS1 (black) and RGS2 Jreetween 0.4
and 0.9 keV. In the lower panel the plot of the residua is shown
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Figure 3.48: Example of best fits for ModelCC for RGS1 (black) and RGS2)tedween 0.4
and 0.9 keV. In the lower panel the plot of the residua is shown
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sources with at least 20% background-subtracted mean cat@stfor combined
RGS (RGS1+RGS2) in.®- 0.9 keV band.

Despite this choice, we have a small numbers of counts in anghaso we
can't use the/? statistic: we used the Xspec normalized version of thigstiat
(csTAT) to determine the best-fit parameter and its uncertainties.

Parameter values and confidence regions only mean anyththg model
actual fits the data. The standard way of assessing this ertorm a test to reject
the null hypothesis that the observed data are drawn fronmibael. Thus we
calculate some statistic T andTtps > Taritica then we reject the model at the
confidence level corresponding TQriicar- ldeally, Teriticar IS independent of the
model so all that is required to evaluate the test is a tabia@il .iicai Values for
different confidence levels. This is the case férwhich is one of the reasons
why it is used so widely. However, for other test statistldse(the Cash statistics
we are using) this may not be true and the distribution of T tnbesestimated
for the model in use, then the observed value compared taltbiatbution. This
is done in XSPEC using the goodness command. The model idadadumany
times and a value of T calculated for each fake dataset. Tdredben ordered and
a distribution constructed. This distribution can be @dtusing plot goodness.
Now suppose thaf,,s exceeds 90% of the simulated T values, we can reject the
model at 90% confidence.

It is worth emphasizing that goodness-of-fit testing onlpws$ us to reject
a model with a certain level of confidence, it never providesvith a probabil-
ity that this is the correct model. The XSPEC "goodness” camdhsimulates
(Monte-Carlo simulation) spectra based on the model antsvdut the percent-
age of these simulations with the fit statistic less thanfitrathe data. The fit is
good when about 50% of the simulated spectra have the valGstat less than
that of the data in question. So if the observed spectrum waduped by the
model then this number should be around 50%.

To test the goodness of our fits we have tried different $iedis PGSTAT
(for Poisson data with Gaussian backgrourrel}Hi (Pearson chi-square statis-
tic for Poisson data)xs (Kolmogorov-Smirnov)cvm (Cramer-von Mises)AD
(Anderson-Darling) an&uns (Wald-Wolfowitz: the runs statistic tests for runs
of consecutive positive or negative residusls)

The results of “goodness of fit” with the statisHGSTAT, the statistiks, the
statisticcvM, the statistioaD and the statisti@uNs were around 100% for most
of our spectra regardless of the model used. Instead thésedtigoodness of
fit” with the statisticecHI were different from 100% for 12 sources as we reported
in Tab. 3.5, where we compare the goodness of fit for the éiffiemodels. Some

BWe refer the reader to http://heasarc.gsfc.nasa.gowdkéxspec/manual/XSappendixStatistics.html
for more detailed descriptions of the implementation ofthstatistics.
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Table 3.4: CAIXA-A sources with at least 20% background-subtractecame
count rates for combined RGS (RGS1+RGS2).h-00.9 keV band.
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source Z RGS %
NGC1068 0.0038 91.5
NGC3227 0.0039 88.5
NGC4151 0.0033 77
NGC5273 0.0035 59
MRK704 0.029 51.5
NGC4395 0.001064  49.5
IRAS09149-6206 0.0573 45
UGC4203 0.0135 45
NGC4388 0.008419 435
NGC1365 0.0055 39
ES0O362-G018 0.013 38
NGC34 0.0198 37
NGC4507 0.0118 35.5
NGC6240 0.0245 34.5
ESO138-G01 0.00914 33.5
NGC5643 0.0040 32
NGC424 0.0117 31
NGC5506 0.0062 31
2MASXJ12384342+0927362 0.0829 29
IRAS13197-1627 0.017 29
MRK3 0.0135 26.5
NGC7582 0.0053 26
MRK463 0.0504 24
FBQSJ075800.0+392029 0.0960 23
NGC1386 0.0029 23
NGC4102 0.002823 225
IRAS18325-5926 0.0202 22
NGC4945 0.0019 21
NGC7172 0.0087 21
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examples of comparison between the data and fitted distiigiare shown in

Fig. 3.49 and in Fig. 3.50: for sources with middle qualitgsipa (as NGC424,

Fig. 3.50) the goodness of fit is able to distinguish the bextet) instead for high

quality spectrum the goodness of fit fails to distinguish best model because
our automatic fits are too simple to well reproduce the NG@1&td NGC4151

spectra.

Table 3.5: Results of “goodness of fit” with the statistrcHI for CAIXA-A
sources with at least 20% background-subtracted mean cat@stfor combined
RGS (RGS1+RGS2) count rates (P) id 6 0.9 keV band.

Source MODEL Cstat d.o.f. Goodness
NGC1068 C 21974.1 2916 100
NGC1068 A 51758.4 2917 100
NGC1068 CC 15079.6 2913 100
NGC1068 AA 19695.6 2915 100
NGC1068 AC 14996.5 2914 100
NGC3227 C 5700.57 2943 100
NGC3227 A 7758.75 2944 100
NGC3227 CC 5660.98 2940 100
NGC3227 AA 7611.34 2942 100
NGC3227 AC 5314.56 2941 100
NGC4151 C 28086.8 2984 100
NGC4151 A 28539.1 2985 100
NGC4151 CC 6017.97 2981 100
NGC4151 AA 20489 2983 100
NGC4151 AC 10787.2 2982 100
NGC5273 C 2897.29 2902 100
NGC5273 A 3411.42 2903 100
NGC5273 CC 2876.15 2899 100
NGC5273 AA 2925.17 2901 100
NGC5273 AC 2877.03 2900 100
MRK704 C 3283.72 2919 100
MRK704 A 3584.17 2920 100
MRK704 CcC 3240.08 2916 100
MRK704 AA 3277.07 2918 100
MRK704 AC 3259.54 2917 100
NGC4395 C 3809.05 3004 93.41
NGC4395 A 6943.59 3005 100
NGC4395 CC 3782.33 3001 91.91
NGC4395 AA 3673.7 3003 89.62
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NGC4395 AC 3771.96 3002 91.79
IRAS09149-6206 C 2611.37 2925 100
IRAS09149-6206 A 2799.52 2926 100
IRAS09149-6206 CcC 2603.16 2922 100
IRAS09149-6206 AA 2625.49 2924 100
IRAS09149-6206 AC 2606.53 2923 100
UGC4203 C 3356.07 2932 100
UGC4203 A 3995.61 2933 100
UGC4203 CcC 3351.04 2929 100
UGC4203 AA 3910.68 2931 100
UGC4203 AC 3352.74 2930 100
NGC4388 C 1983.19 2941 100
NGC4388 A 2022.05 2942 100
NGC4388 CC 1961.26 2938 100
NGC4388 AA 1949.36 2940 100
NGC4388 AC 1961.96 2939 100
NGC1365 C 4571.95 2953 100
NGC1365 A 4187.71 2954 100
NGC1365 CcC 4415.19 2950 100
NGC1365 AA 3684.15 2952 99.98
NGC1365 AC 3653.93 2951 100
ES0362-G018 C 2162.85 2932 100
ES0362-G018 A 2185.38 2933 100
ES0O362-G018 CC 2096.22 2929 100
ESO362-G018 AA 2103 2931 100
ESO362-G018 AC 2113.13 2930 100
NGC34 C 3170.46 2916 100
NGC34 A 3459.36 2917 100
NGC34 CcC 3159.2 2913 100
NGC34 AA 3215.94 2915 100
NGC34 AC 3164.86 2914 100
NGC4507 A 4472.56 3000 100
NGC4507 C 4191.78 2999 100
NGC4507 AA 4026.65 2998 100
NGC4507 CcC 3654.5 2996 93.05
NGC4507 AC 3804.37 2997 97.28
NGC6240 C 3731.41 2967 99.96
NGC6240 A 7846.33 2968 100
NGC6240 CC 3689.39 2964 99.98
NGC6240 AA 6419.56 2966 100
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NGC6240 AC 3678.36 2965 99.98
ESO138-G01 C 3429.02 2932 97.32
ESO138-G01 A 4185.14 2933 100
ESO138-G01 CcC 3410.11 2929 92.75
ES0138-G01 AA 3498.46 2931 99.53
ES0138-G01 AC 3407.13 2930 92.91
NGC5643 C 1961.38 2950 89.13
NGC5643 A 1953.22 2951 93.14
NGC5643 CcC 1953.9 2947 85.42
NGC5643 AA 1953.22 2949 93.42
NGC5643 AC 1953.22 2948 93.44
NGC424 C 3826.22 2941 95.95
NGC424 A 4201.08 2942 98.22
NGC424 CC 3507.33 2938 63.19
NGC424 AA 3621.66 2940 61.7
NGC424 AC 3618.73 2939 56.88
NGC5506 C 424291 2959 99.92
NGC5506 A 5206.61 2960 99.98
NGC5506 CcC 4180.59 2956 99.97
NGC5506 AA 4223.03 2958 99.98
NGC5506 AC 3773.59 2957 99.95
2MASXJ12384342+0927362 C 2527.32 2921 100
2MASXJ12384342+0927362 A 2593.65 2922 100
2MASXJ12384342+0927362 CC 2519.77 2918 100
2MASXJ12384342+0927362 AA 2521.94 2920 100
2MASXJ12384342+0927362 AC 2524.53 2919 100
IRAS13197-1627 C 3445.74 2892 100
IRAS13197-1627 A 3483.45 2893 100
IRAS13197-1627 CC 3381.51 2889 100
IRAS13197-1627 AA 3301.53 2891 100
IRAS13197-1627 AC 3340.24 2890 100
MRKS3 C 4383.17 3003 100
MRKS3 A 5489.83 3004 100
MRK3 CcC 4132.75 3000 100
MRK3 AA 5120.16 3002 100
MRKS3 AC 4184.69 3001 100
NGC7582 C 3811.22 2972 99.99
NGC7582 A 4056.36 2973 99.99
NGC7582 CC 3639.57 2969 99.1
NGC7582 AA 3718.7 2971 99.79
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NGC7582 AC 3580.77 2970 99.09
MRK463 C 2602.86 2900 100
MRK463 A 2613.25 2901 100
MRK463 CC 2596.05 2897 100
MRK463 AA 2600.02 2899 100
MRK463 AC 2583.54 2898 100
FBQSJ075800.0+392029 C 3155.89 2939 95.28
FBQSJ075800.0+392029 A 3213.26 2940 99.88
FBQSJ075800.0+392029 CcC 3128.85 2936 87.37
FBQSJ075800.0+392029 AA 3142.93 2938 95.4
FBQSJ075800.0+392029 AC 3131.7 2937 88.95
NGC1386 C 2364.86 2929 100
NGC1386 A 2351.99 2930 100
NGC1386 CC 2328.58 2926 100
NGC1386 AA 2334.56 2928 100
NGC1386 AC 2326.93 2927 100
NGC4102 C 3468.3 2921 100
NGC4102 A 3477.73 2922 100
NGC4102 CC 3467.37 2918 100
NGC4102 AA 3572.13 2920 100
NGC4102 AC 3459.6 2919 100
IRAS18325-5926 C 3139.67 2881 100
IRAS18325-5926 A 3103.1 2882 100
IRAS18325-5926 CcC 3132.79 2878 100
IRAS18325-5926 AA 3218.42 2880 100
IRAS18325-5926 AC 3112.71 2879 100
NGC4945 C 3493.06 2924 45.32
NGC4945 A 3657.17 2925 96.7
NGC4945 CC 3489.69 2921 39.59
NGC4945 AA 3601.29 2923 90.1
NGC4945 AC 3468.42 2922 35.4
NGC7172 C 3638.77 2953 99.74
NGC7172 A 4170.54 2954 99.99
NGC7172 CcC 3611.15 2950 99.52
NGC7172 AA 4109.05 2952 100
NGC7172 AC 3610.3 2951 99.37

When the goodness of fit is able to distinguish the best mdueie is a pref-
erence for models with at least one photoionized comporseat {ab. 3.5). The
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Histogram from goodness command.

Histogram from goodness command.
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Figure 3.49: Comparison between the data and fitted distributions for ldRKlodel C, A,
CC, AA, AC. The histogram shows the fraction of simulatiorithva given value of the statistic
and the dotted line marks that for the observed data. Thergessdof fit fails to distinguish the

best model.
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soft excess in CAIXA-A sources seems to be dominated by éonigsom pho-
toionizated gas as suggested by our previous analysis. fllgesrceptions are
NGC4395 and NGC1365 where the model with two collision@diyized phases
is preferred, in agreement with thes@ /Ovii ratio > 1 as found with Method A
(section 3.3) see Figure 3.24. Referring to Table 3.5, tiseag@reference for mod-
els with two components (10/12 sources: two componentsliigiomally-ionized
plasma for 2/10 sources, two components of photoionizdtod/10 sources, a
component of collisionally-ionized plasma plus a compararphotoionization
for 4/10 sources) or for the model with emission from a singtetoionization
plasma (2/12 sources).

We have not found any kind of correlation between the pararaeif the fits,
then we will display only the distributions of the paramstef best fit for each
model. Errors on the parameters are very large, so thes#digins are very
uncertain.

In all the models with at least a photoionized componentak pélogU=2.5 is
clearly presentin the distributions of the ionization paegers (see Figure 3.51(a)).
A second peak at logU=4 appears in Model AC (Figure 3.51¢ehjle a larger
distribution of ionization parameters is found for Model cigure 3.51(b)).

The distributions of the column densitityy for ModelC and ModelAC are
similar, and seem to suggest that resonant scatteringesargl because peaks
at low values (Figure 3.52(a) and 3.52(c)). For ModelCC diséribution of the
column densitityNy (Figure 3.52(b)) is larger, with a peak at a significantlyitag
NH.

In Figure 3.53(a) we show the distribution of the tempematior ModelA.
The peak is at low temperature. The result for the ModelAQ.(Bi53(b)) is
similar, but with a tail at lower temperature. The distribatof the temperature
for ModelAA (Figure 3.53(c)) is instead, larger.
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Table 3.6: NGC424 best fit parameters.

MODEL Ul U2 Nyl Ny 2 KT1 KT2
C 2.47067 - 20.3896 - - -
A - - - - 0.193229 -
AA - - - - 0.108466 2.885
CcC 0.560052 2.4887 21.714 20.4045 - -
AC 2.4724 - 20.3688 - 0.119261 -

In each figure we marked the NGC424 best fit values which areseptative
of the distributions of all Models (see also Tab. 3.6). MaepMarinucci et al.
(2011) applied a similar self-consistent model at the seINGC424. At first,
they tried to fit the 8A- 35A spectrum of NGC424 using a single photoionized
phase and they obtained a rather good fit. Even if the fit waspagble, they
added another photoionized phase and the fit improves. Tit@guced a further
photoionized phase with a higher photoionization parambtg the fit is not sen-
sitive to the new component, so they tried to introduce asioltal component
with slightly better results. In our analysis we obtainedenor less the same re-
sults for this source. In fact for NGC424 the goodness of fiidates a preference
for the Model AC (56.88), even if the goodness for Model CC.183 is not bad.

As a further test to check which models better reproduce &te, dve simu-
lated spectra for each source with the XSPEC "fakeit noneiroand for all the
different models we used in tHdethod Canalysis: FakeC, FakeA, FakeAA,
FakeCC, FakeAC. The ionization parametetd; andU,, theNy1 N2 and the
temperatur&kT, andkT, was fixed to the best fit values of NGC424 for the cor-
responding models (see Tab. 3.6). Redshift, backgroursghorese matrix and
exposure time for each fake spectrum are those of the camdspy source. We
investigated all this fake spectra with theee-linesanalysis (Method B, Sect. 3.4).
This method is similar to what has been done before and argrekesto compare
the distributions of detected lines observed with that etqu for an homoge-
neous population of objects whose lines are produced by krmowdels. The
results are shown in Fig. 3.54 for tRAKEC spectra, in Fig. 3.55 for theAKEA
spectra, in Fig. 3.56 for tHeAKECCspectra, in Fig. 3.57 for theAKEAAspectra,
in Fig. 3.58 for theFAKEACspectra. Superimposed we plotted the results for the
fake-simple-powerlaw spectra smoothed with a 5-channigls tsiangular kernel,
in order to give an estimate of the noise (see Sect. 3.4).

We compared the results of the analysis on the fake spedinaiva results of
the Method B analysis with the Kolmogorov-Smirnov statistis we did before
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Figure 3.55: Cumulative emission line detections for FAKEA sourcesatiedeat the
68% (top), 900 (middle), 996 (bottom) confidence level. The blue line is an estimate
of the noise, extracted from simulations (see text for tgtairhe positions of the most
intense line transitions in this band are labeled.
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Figure 3.56: Cumulative emission line detections for FAKECC sourcesaletl at the
68% (top), 90 (middle), 996 (bottom) confidence level. The blue line is an estimate
of the noise, extracted from simulations (see text for t4gtairhe positions of the most
intense line transitions in this band are labeled.
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Figure 3.57: Cumulative emission line detections for FAKEAA sourcesadet at the
68% (top), 900 (middle), 996 (bottom) confidence level. The blue line is an estimate
of the noise, extracted from simulations (see text for tgtairhe positions of the most
intense line transitions in this band are labeled.
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Figure 3.58: Cumulative emission line detections for FAKEAC sourcesadetl at the
68% (top), 90 (middle), 9% (bottom) confidence level. The blue line is an estimate
of the noise, extracted from simulations (see text for t4gtairhe positions of the most
intense line transitions in this band are labeled.

133



Chapter 3. CAIXA-A

for the simple powerlaw fake spectra.

According to Table 3.7, regarding the models with a singlegonent this
test indicates the distributions obtained by Method B arstrotwsely related to
the distributions obtained by the analysis of the fake spesimulated with a
single photoionized phase model (FakeC) as soon as we mdvigher confi-
dence levels. Generally speaking the distribution fumctibcollisionally-ionized
plasma models are significantly different from that of reaad Indeed we ob-
tained the smallest values of probability (hence the ldrgiference between the
real and the simulated distributions) for the model with sadlisionally-ionized
plasma components at each confidence level, meanwhilelivéy/s required at
least a photoionized phase component, likely due to thetatin real data there
is a strong presence of\@ f lines. Anyway, compared to the models with a sin-
gle component, the addition of another photoionized phasms to improve the
agreement between real and fake data only at the 68% condidevel. In fact
the two models with the two photoionized phases or the pboiped phase plus
the collisionally-ionized phase are practically indigtiishable for 90% and 99%
confidence level. It should be noted, however, that we hasigiaesd to each fake
spectra the NGC424 best fit values: further investigatioasaeded in order to
estimate any bias introduced by this choice.

Finally, we searched for differences between the resultiseofinalysis on the
fake spectra and the results of the Method B analysis on e¢al eve subtracted
the cumulative emission line detections obtained with MdtB (Fig. 3.37) from
the cumulativeFAKEC emission line detections (Fig. 3.59), from the cumula-
tive FAKEA emission line detections (Fig. 3.60), from the cumulati#EAA
emission line detections (Fig. 3.61), from the cumulaiECCemission line
detections (Fig. 3.62) and from the cumulatteKEACemission line detections
(Fig. 3.63) at the 68%, 90%, 99% confidence level.

In all cases, the lines of Si, present in the data, are untilmaed by all the
models on fake data: evidently these lines are associattdanplasma with a
U/KT higher than those that produce the rest of the lines. edeer, there are
several differences depending on the model that we usedItbtba fake spectra.
The agreement between real data and FAKECC is very good asamwees in
Fig.3.62: there are not big residua except for th&\iFe 3d-2p £P,) lines, and
the Si lines present in all comparisons made. Once again malysis favors
photoionization as dominant process for CAIXA-A source®reif the presence
of some Favil 3d-2p ¢P,) lines suggests contribution from a gas in collisional
equilibrium. Nevertheless also in the case of a collisiya@nized plasma plus
a photoionized phase (FAKEAC) we found morexive 3d-2p ¢P;) lines in real
data as we can see in Fig.3.63 even if the difference demegisie respect to
the comparison with FAKECC. Always referring to Fig.3.63 sasults on real
data show less @Ka than that expected in the case of a collisionally-ionized

134



3.5. Method C: Self-consistent plasma models in collisiana photoionization
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Table 3.7: Comparison between the results of the analysis on the fadetrsp

with the results of the Method B analysis.

Confidence level d prob
FakeO:
POWERLAW

68% 0.0502857 0.0084
90% 0.148401 @4x 107
99% 0.287723 0.00031

Fakel:

CLOUDY

68% 0.0577186 0.0013
90% 0.0745134 0.0076
99% 0.1051495 0.014

Fake2:

APEC
68% 0.0600550 0.0016
90% 0.130184 Bx 107
99% 0.258184 Fx10

Fake3:

APEC+APEC

68% 0.0788158 7410707
90% 0.185280 2210716
99% 0.294687 5210718

Fake4:

CLOUDY+CLOUDY

68% 0.0450200 0.019
90% 0.134879 Px10%
99% 0.259208 D2x 1078

Fakeb:

CLOUDY+APEC

68% 0.0452045 0.015
90% 0.140279 3810799
99% 0.189543 7 %107,
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Figure 3.61: Differences between transition of FAKEAA sources detemtedransition
of CAIXA-A sources detected with Method B at th&G&p), 90 (middle), 996 (bot-
tom) confidence level. The positions of the most intenserlmsitions in this band are
labeled.
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Figure 3.62: Differences between transition of FAKECC sources deteamedransition

of CAIXA-A sources detected with Method B at thé&eg&p), 906 (middle), 996 (bot-

tom) confidence level. The positions of the most intenserlmsitions in this band are
labeled.
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Figure 3.63: Differences between transition of FAKEAC sources detemedransition
of CAIXA-A sources detected with Method B at th&G8&p), 90 (middle), 996 (bot-
tom) confidence level. The positions of the most intensdrlmsitions in this band are

labeled.
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3.5. Method C: Self-consistent plasma models in collisiana photoionization
equilibrium

plasma plus a photoionized phase. There are residua alsoviiorforbidden
component: once again an indication of photoionizationthencase of FAKEC
we have a good agreement (Fig.3.59), even if the differeneeseen transitions
of FAKEC sources and CAIXA-A sources indicate that in redbdhere are much
less Qvill Ly-a, OvillRRC and @1Ka than that expected in the case of a single
photoionized plasma. As indicated in table 3.7 the agreeéipetmveen real data
and FAKEA is worse than in the previous case. The main diffegs between the
real data and the FAKEA (Fig.3.60) are in th&1@® Ly-«a lines and in the @il
forbidden component. In fact, in the case of a collision#dlyized plasma the
forbidden component is generally suppressed, contraryhit we observe in the
real data. These differences are equally found in the casgpawith FAKEAA
(Fig.3.61). Moreover, in the case of two different collisadly-ionized plasma we
expect more @ Ka than that we found in real data.

141



Chapter 3. CAIXA-A

142



Chapter 4

Conclusions

The aim of this thesis was to investigate the soft X-ray excd®bscured active
galactic nuclei (AGN). With this aim we have built CAIXA-A @alogue of AGN
In the XMM-NewtonArchive - Absorbed), a sample of all the radio-quiet, X-ray
obscuredlly > 2x10?%cnT?) AGN observed by XMM-Newton in targeted obser-
vations, whose data were public as of November 22, 2011. M¥itt09 sources,
this is the largest catalog of high signal-to-noise X-ragcipa of obscured AGN.

To investigate the soft X-ray excess of obscured AGN, we seedces where
the soft X-ray band is not dominated by the primary continaunt the soft excess
component can be modelled properly. Our selection critdetased on the value
of Ny. To calculate an accurate column density we need a lot ofts@unu a broad
band: we selected our sources by analyzing the broad basd (OkeV) EPIC
pn spectra of all the AGN observed by XMM-Newton in targetédervations,
whose data were public as of November 22, 2011, in order fgaltreir column
densitiesNy. To analyze the soft excess we need good effective area ib.2he
2 keV band and a good resolution, so the RGS is the most saiitagitument. In
most of our RGS spectra there are small numbers of counts laanel, so we
used the Xspec normalized version of the Cash (1979) statistietermine the
best-fit parameter and its uncertainties.

In order to extract as much information as possible, we peréd the analysis
of high-resolution RGS spectra following different apprbas. Each spectrum
was systematically searched for the presence of emissies, Imodeling continua
with power-laws and the transitions with Gaussian profidstbod A). Firstly,
the energy of the lines was fixed to laboratory transitiorrgies (following that
described in Guainazzi & Bianchi (2007)). Our results carsbmmarized as
follows:

— For each transition that we have looked for we have foundast I8 detec-
tions.
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— The three more detected lines in our analysis wevaICLy-a (61 detec-
tions), Fexvil 3d-2p £P;) (51 detections) and @il Ly-g (49 detections).

— For all the triplets we looked for the forbidden componerd avays more
detections with respect to the resonant and intercombinéties. The pre-
dominance in the triplets of the forbidden lines indicatest {photoioniza-
tion plays an important role in the ionization balance of &A}A sources.

— Radiative Recombination Continua (RRC) features from Gardnd Oxy-
gen are detected in several sources. At least one of the RR@ és looked
for is detected in 39% (42/109) of the objects of our sample1Oin
35/109, /il in 42/109, &/1 in 23/109 and @ in 28/109. Our result is
very similar to that found in the CIELO sample by Guainazzi &mhi
(2007), in fact they detected RRC features in 36% (25/69hefdbjects
of their sample. The measurements of the RRC width, whictesgmts a
direct estimate of the temperature of the plasma (Liedahh&r&ls (1996)),
clusters in the range 1-10 eV. The association of high idiozamission
lines with such a low-temperature plasma is strongly indieaof a plasma
whose ionization state is governed by photoionization gmseed to colli-
sional ionization.

— Most of our values of @11 f versus Hes intensity ratio are in agreement
with the predictions of photoionization models, when tHe@fof resonant
scattering is taken into account.

— All our values for the ratio between the intensity of the fdden compo-
nent of the Qi triplet and the @11l Ly-a is < 1, except for NGC4395
(but the error for this source is larger than the errors esdtoh for all the
other CAIXA-A sources) and two sources in the literaturenwiéry intense
contribution of collisionally ionized plasma, NGC6240 aNGC1365. A
ratio between the intensity of thevD triplet f component and the D
Ly-a < 1is a signature of photoionized plasma.

— Our analysis found no systematic shifts of the detected dimergy cen-
troids.

After this fixed energy analysis whose results are in agreémwéh those
described in Guainazzi & Bianchi (2007) for the smaller ClEsample, each
spectrum was divided into narrow bands. Each interval ogeetrum was mod-
elled with a powerlaw and a Gaussian line with energy that letigree to vary
between the minimum and the maximum energy of the intersalfiiMethod B).
Our results can be summarized as follows:
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— The most detected transition lines arei® a, Ovii f, Fexvil 3d-2p £P,),
for all confidence levels, in good agreement with the redalisd with the
previous method.

— Diagnostics on the @i triplet reveals the predominance of the forbidden
component, as we found with Method A analysis. This is a gigeaof
photoionization.

— Among the detected emission lines, we found a transitiorckvicean be
readily identified with neutral S &K at 2.308 keV (House 1969), likely aris-
ing from the same Compton-thick material responsible ferghoduction
of the features which dominate the high-energy part of tleztspm, that
is the Compton reflection component and the neutral iranlike. Other
fluorescence lines are not detected.

— At an energy between the8v Ka and the Skl Ka triplet, there is an
accumulation of several detections not clearly associatéshown transi-
tions: this is probably a blend of the two adjacent sets edithat automatic
fits cannot disentangle. Both Si lines are not fitted with Neltid, where
we consider only the most intense emission lines in the Ok&Vlband,
while these lines are very intense only in the case of a gas avitigher
ionization parameter (or temperature) than that which pced most of the
lines considered.

— No unknown lines are significantly detected at any confidéexel, except
for a structure around 0.4 keV (31 A). This structure showddoe to
a series of emission lines ofx8& . In the future we will investigate the
potential diagnostic capabilities of these lines to diaegte the ionization
equilibrium of the gas that produces them.

To test the robustness of our method (to estimate the noisehade a simu-
lated spectrum without emission lines for each CAIXA-A ssiand we analyzed
them with the same procedure used for the real spectra. Thbemg of detected
lines in this case was much lower than the numbers of detéotesifor CAIXA-
A source spectra. Moreover the differences between the twtbers of detected
lines greatly increases when we pass from the 68% to 99% emdidlevel, so
many of our detections are real.

While the first part of our work is focused on a phenomenolalgstudy of
the CAIXA-A spectra, in the second one we investigated threxsp with self-
consistent plasma models in collisional and photoion@agquilibrium. The
different baseline models includes five different comhborad of photo- or col-
lisionally ionized plasma (Method C). For this kind of argfwe need spectra of
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good quality, therefore we selected only the 29 CAIXA-A sgthat had at least
20% of counts with respect to the background for combined RESS1+RGS2)
between 01 — 0.9 keV.

Since the Cash statistics cannot indicate the quality ofith@e computed its
goodness using Monte Carlo probability calculations. Témuits of “goodness
of fit” were able to disentangle between different modelsif&29 high quality
spectra sources. More generally, there is a preferenceddelmwith at least one
photoionized component, except for NGC1365 and NGC4396revine presence
of a collisional component is required, in agreement withrttio O/111 /Ovil > 1
found with Method A analysis. In any case, the CAIXA-A solg@eems to be
dominated by the photoionization as suggested by our pus\aoalysis.

As a further step, we simulated spectra for each source fahealdifferent
models we used iMethod C analyzing them wititMethod B This analysis was
designed to compare the distributions of detected linegrobd with that ex-
pected for an homogeneous population of objects whose éireproduced by
known models. We compared the results of the analysis orafteedpectra with
the results of Method B with the Kolmogorov-Smirnov statist

— Regarding the models with a single component, this testatds that the
observed distributions obtained by Method B are most cjasdhted to the
distributions obtained by the analysis of fake spectra k&ted with a sin-
gle photoionized phase model as soon as we move to highedeané lev-
els. Generally speaking the distribution functions of isahally-ionized
plasma models are significantly different from that of reatlag hence the
largest difference between the real and the simulatedialisivns.

— Indeed we obtained the largest difference for the modeltwithcollisionally-
ionized plasma components at each confidence level, melnwkialways
required at least a photoionized phase component likelytaltlee fact that
in the real data there is a strong presence il ©lines.

— Anyway, compared to the models with a single component, tidbtian
of another photoionized phase seems to improve the agredreémeen
real and fake data only at the 68% confidence level. Moredtiertwo
models with the two photoionized phases or the photoionptease plus
the collisionally-ionized phase are practically indigtinshable.

Finally, we searched for differences between the resulth@fanalysis on
the fake spectra and the results of Method B on real data: Wigasited the cu-
mulative emission line detections obtained with Method @&frthe cumulative
emission line detections of all fake spectra. In all cades|ihes of Si, present in
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the data, are underestimated by all the models on fake daterely these lines
are associated with a plasma with a U/KT higher than thosgtbduce the rest of
the lines. The agreement between real data and the modetwdthhotoionized
components is very good: there are not big residua exceph&Fexvii 3d-2p
(*P,) lines, and the Si lines present in all comparisons made. eQigain our
analysis favors photoionization as dominant process folX®AA sources, even
if the presence of some kel 3d-2p £P;) lines suggests contribution from a gas
in collisional equilibrium. Nevertheless also in the caéa oollisionally-ionized
plasma plus a photoionized phase we found morsevRe3d-2p ¢P,) lines in real
data even if the difference decreases with respect to thpaonson with the model
without a collisional phase. Our results on real data shes @&1Ka than that
expected in the case of a collisionally-ionized plasma plpsiotoionized phase.
There are residua also for the/@ forbidden component: once again an indication
of photoionization. In the case of the model with a singletplamized plasma we
have a good agreement, even if the differences with resp&tAtXA-A sources
indicate that in real data there are much lessiOLy-a, Ovill RRC and @1Ka
than that expected in the case of a single photoionized plasfhe agreement
between real data and the model with a single collisionalpmment is worse
than in the previous case. The main differences betweenetiledata and this
model are in the @il Ly-a lines and in the @11 forbidden component. In fact,
in the case of a collisionally-ionized plasma the forbiddemponent is generally
suppressed, contrary to what we observe in the real dataseTdi#erences are
equally found in the comparison with two collisional compats. We also have
more G/IKea than that we found in real data.

In conclusion, we addressed different, complementarycgmhes to study the
soft excess of obscured AGN: a phenomenological analysisaself consistent
modeling of CAIXA-A spectra. High resolution spectroscag\soft X-ray emis-
sion in obscured AGN reveals that it is dominated by strongsion lines, with a
low level of continuum. Several diagnostic tools both on Beight sources and on
a large sample (CIELO) agree on its origin in a photoionizas, gvith photoexci-
tation playing an important role. The analysis of CAIXA-Awsoes revealed that
the ‘soft excess’ observed in all the CAIXA-A spectra was tluthe blending of
bright emission lines, mainly from He- and H-like transitsoof light metals and
L transitions of Fe, with low or no continuum. The predomioarn the triplets
of the forbidden lines and the good number of RRC indicatasghotoionization
plays an important role in the ionization balance of CAlIXAsdurces. In fact, the
RRC width indicates typical plasma temperatures of therastla few eV. These
features are unequivocal signatures of photoionized spéctedahl & Paerels
1996). The observational evidence discussed in this tlaesisr agreement with
a picture where the observed lines should be produced in plgasionized by
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the AGN, with little contribution from any collisionally zed plasma. This con-
firms and extends the work of Guainazzi & Bianchi (2007) whalstd the soft
excess of less than seventy sources (the CIELO sample).ricese, this picture
is based on the study of a significantly larger number of dbjeelected relying
on the X-ray rather than the optical classifications. Moegpthese objects were
analyzed with different methods whose results are in ageeémith each other.

Therefore, this study allows us to confirm that the resultsagked from the
detailed study of high-quality spectra of the brightesiecl§ can be extended to
the whole population of obscured AGN.

Moreover, our work demonstrates the significance of studigish investi-
gate the spectra with self-consistent plasma models imstmial and photoion-
ization equilibrium (Bianchi et al. 2010; Marinucci et aDPL, applied similar
self-consistent models to Mrk 573 and NGC424 respectiyaligpse approach is
complementary to a phenomenological study of the CAIXA-&&pa, allowing
the measure of the main properties of the material resplen&ibthe soft X-ray
emission (column density, ionization parameter) and itian to the circumnu-
clear environment, putting them in the general context ounalerstanding of the
AGN structure.

4.1 Future perspectives

Our work can be improved by including all the XMM-Newton obs#ions whose
data were public after November 22, 2011 until today to iasegthe RGS spectra
guality, in particular to increase the number of sources lilaa at least 20% of
counts with respect to the background for combined RGS (RB&IS2) between
0.4-0.9 keV and so to increase the number of sources which can bgzadakith

a self-consistent modelling of the soft X-ray emission.

The currently operating X-ray space observatories perimay spectral imag-
ing with the use of CCDs. When available, cryogenic X-raynmialorimeter ar-
rays will far outperform CCDs in terms of spectral resolatienergy bandwidth
and count rate.

A microcalorimeter provide very high resolutioB (AE =40 to 1000) spectra
(comparable to that obtained with the gratings) but with &imhigher efficiency
than that of the gratings and over a very wide energy band3aio0L0 keV.

With the expected launch of ASTRO-H in 2015 a new era for Xastyonomy
will begin. Among all other instruments, it will take onbodahe Soft X-ray Spec-
trometer (SXS), thanks to its microcalorimeter an unpreoeénergy resolution
in the energy range between 0.5 and 12 keV will be reached.

ASTRO-H is an international X-ray observatory, which is @tle in the series
of the X-ray observatories from Japan. It is currently pkchno be launched
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in 2015. Astro-H (formerly known as "NeXT”) is a facility-abs mission to
be launched on a JAXA H-IIA into low Earth orbit. The core mmshent is the
Soft X-ray Spectrometer (SXS). The SXS consists of two camepts, the X-Ray
Telescope (XRT), and the X-ray Calorimeter Spectromet&@3X The XRT is a
lightweight mirror of the same heritage as the BBXRT, ASCAd &uzaku mis-
sions. The XCS is a 6x6 array of similar design as the Suzak8.XR order
to obtain high energy resolution, the XCS cooling systemtmasl the array to
50 ~mK.

The Soft X-ray Spectrometer combines a lightweight Softa}(-Telescope
(SXT) paired with a X-ray Calorimeter Spectrometer (XC3puiding non-dispersive
7 eV resolution in the 0.3-10 keV bandpass. The SXS represesignificant ad-
vance over all current high-resolution spectrometershaws in Fig. 4.1 and 4.2
which show a comparison with other present X-ray sate)lites

The Advanced Telescope for High-energy Astrophyskthénat) is being
proposed to ESA as the L2 mission, for a launch in 2028.

The Athena+ payload comprises three key elements:

e A single X-ray telescope with a focal length of 12 meters andiaprece-
dented effective area (2%at 1 keV). The X-ray telescope employs Sili-
con Pore Optics (SPO) has an excellent effective area-&smnadio and can
achieve high angular resolutior 5”) and a flat response across the field
of view.

e The X-ray Integral Field Unit (X-IFU), an advanced activehjielded X-ray
microcalorimeter spectrometer for high-resolution inmagiutilizing Tran-
sition Edge Sensors cooled to 50 mK.

e The Wide Field Imager (WFI), a Silicon Active Pixel Sensomeaa with
a large field of view, high count-rate capability and modenasolution
spectroscopic capability.

With such a mission configuration Athena+ will truly proviglansformational
capabilities, as illustrated in Fig. 4.3. It will provide amprovement factor
> 100 in high spectral resolution throughput (e.g. compaceASITRO-HmMI-
crocalorimeter and XMM-Newton gratings).

The unprecedented spectral resolution, together withatge leffective area,
of future X-ray missions such as Astro-H and, especiallyj{iENA (they will fly
with a X-ray microcalorimeter on board) will further our &tyito analyze the soft
X-ray excess of obscured AGN, examine many more AGN withtgresin, so that
our understanding of the nature of this component will bgdbrimproved.
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Figure 4.1: SXS Effective Area (black) compared to other high-resolui-ray spectrometers.
Pink: RGS, the spectrometer used in our work. (http://heagstc.nasa.gov/docs/astroh/)
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Figure 4.2: Black: SXS Line resolution power (defined as resolutiont{ggea)), compared to
other high-resolution missions, plus a typical imaging CBIue: RGS, the spectrometer used in
our work. (http://heasarc.gsfc.nasa.gov/docs/astroh/)
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Figure 4.3: Effective area curves for high resolution X-ray spectraengtoperational and
planned. Green: RGS, the spectrometer used in our workréBetral. 2013)
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Figure 4.4: (Left) Athena+ simulated color-coded image of the nearby Segfgelaxy NGC
5252 (from the Chandra image in Dadina et al. 2010). The sotiy$ are known (Dadina et al.
2010) to trace the [Olll] ionization cones forming a bicaalioutflow/illumination pattern driven
by the AGN which impacts all over the SO host galaxy (DSS @ptiontours indicated in white).
(Right-top Athena+ X-IFU simulated spectrum of the FeK emission lih&lGC 5252 assuming
the sum of a broad plus a narrow line component, from the BLdRraalecular torus respectively
(see also Matt, Dovciak, et al., 2013, Athena+ supportimgepa Right-bottom Athena+ X-1FU
simulated spectrum of a part of the plume of ionized emiss@rth of the nucleus and attributed
to 25% of shock (thermal) emission plus 75% of photoionizaission. (Cappi et al. 2013)
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Appendix A
XMM-Newton

The X-ray Multi-Mirror Mission (XMM) is the second Cornerstone of the
European Space Agency Horizon 2000 Science Programme. niReinaMM-
Newton it was launched with an Ariane 5 spacecraft from KourounEheGuyana,
on 10 December 1999, and put into an highly elliptical orwith an apogee of
about 114000 km and a perigee of about 7000 km. This choicéhtoorbit
allows for long, continuous exposures unaffected by Ealdbkage and avoids
degradation to the Charge Coupled Device (CCD) camerase $ive spacecraft
does not pass through the Earth’s proton belt. The satelétghs 3800 kg, is 10
m long and 16 m in span with its solar arrays deployed. It htiidse X-ray tele-
scopes, developed by Media Lario of Italy, each of which ams 58 Wolter-type
concentric mirrors. The payload carried by %KBIM consists of three scientific
instruments: the Reflection Grating Spectrometer (RGS),Bliropean Photon
Imaging Camera (EPIC), and the Optical Monitor (OM) (seel@#bl)
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fnstument  Main Purpose Energy Range/ Speciral Spatial Sensitivity Total
Bandwidth Rezolution Resclution Mass/Power
(E JaE) {arcsac)

EFIC High-throughput non 1 - 15 key 560 14 1ot 235 kg
dispersive imaging 1T-12004 (Hall Enesgy ergfem® sac 240W
spactroscopy Width)

oM Optical LY imeaging 180 - B0 nm 50 100 1 < 24 82 kg

[ttty Grsamey rragnitude 60w

RGS High-reschition Q.35 - 2.5 kaV 200 - 800 ML.A, 3x10M 248 ka
deEpiorsiye 5.354 (4DOIE0O M 15 A ergd Lt s 140w
spectroscopy in 1=ti2nd order)

Table A.1: Main characteristics of the XMM instruments. (from Bagmastal., 1999)

An exploded view of theXMM payload, with the main elements labelled, is
shown in Figure A.1.

Optacal Momitor — Tedescope
Telescope Tubae

Figure A.1: The main elements of the XMM payload. (from Bagnasco et@89)1

Three Mirror Modules, co-aligned with the OM telescope, agdipped with
two RGS grating assemblies, lie at the heart of XM telescope. Each Mirror
Module, with a focal length of 7.5m, provides an unpreceeeémbllecting area,
thanks to its 58 nested Wolter-I-type shells, designed tvatp in the soft X-ray
energy band between 0.1 and 10 keV (1-A)0TheXMM telescope is completed
by three EPIC cameras, placed in the foci of the three MirreadMes, and by
two RGS cameras, suitably positioned to collect the specteated by the two
grating assemblies. A Telescope Tube (TT), which is equppiéh two aperture
stops for stray-light suppression and with an outgassifftetfar cleanliness and
decompression purposes, separates the Cameras from ttoe Modules.
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A.1 The Reflection Grating Spectrometer (RGS)

The conceptual idea behind the RGS instrument is depicteshsatically in Fig-
ure A.2. The incoming X-ray radiation, collected and focibg the Mirror Mod-

Figure A.2: Schematic of the concept underlying the RGS instrumenm (Bagnasco
et al., 1999)

ule, is partly intercepted by a set of reflection gratingsahuhiike a prism, disperse
the various wavelengths at different angles so that a spaatan be collected and
analysed by a strip of CCD detectors. The X-ray radiatiohphases undispersed
through the set of gratings is focused onto the EPIC camerasfging purposes.

The grating array is made up of a stiff lightweight monolitberyllium struc-
ture, which houses 182 reflection gratings. In order to aghis X-ray dispersing
capabilities, each reflection grating features more th&ahgs@oves/mm ruled on
a 200 micron-thick gold layer, deposited on top of a 20 xm0 cm silicon-
carbide substrate. Linear and angular positioning ac@sdietween gratings of
the order of a few microns and a few arcseconds have beervadhiy means
of sophisticated manufacturing techniques, like preaisimmond grinding and
interferometric alignment.

The diffracted X-rays are detected with a strip of CCD detect The choice
of ‘back-illuminated’ CCD tecrlnology enables a high quantefficiency to be
achieved throughout the 535 A instrument bandwidth. Each CCD has 768
1024 pixels, 27 27 microns in size. A strip of nine of these devices have been
chosen so that the 253 mm-long spectrum created by the giatiay can fit onto
the detector focal plane.

Several parameters determine the RGS effective area gardisn order: the
properties of all optical components in the light path, tl@&DCquantum efficiency
and the source and order filtering criteria. All these congms are functions of
wavelength and source position angle. Figure A.3 displagsalculated effective
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area of both RGS units together (upper panel), and indiviB@GS1 and RGS2
overlayed one on top of the other (lower panel). The calmrathave been per-
formed taking into account all the factors listed above. Bread gaps in Figure
A.3 are due to the inoperative CCDs while absorption edgesiae to the exis-
tence of passive layers in the X-ray path consisting of vari@tomic species.

A.2 European Photon Imaging Camera (EPIC)

The EPIC instrument is made up of three independent instnticteains, each

one consisting of a camera unit with a CCD detector asserablgnalogue elec-
tronic unit for camera control and signal conditioning, gitil signal-processing
unit, and a data-handling unit, responsible for overalrimaent control, data for-
matting, and interfacing to the spacecraft. The three CObDetas, positioned
in the primary foci of the Mirror Modules, can be configuredainvide range of

observation modes, which affect their sensitivity, andrtbpatial, spectral and
time resolution. In this way, a large variety of time-coateld imaging and spec-
tral measurements of one or more celestial objects can Iergatk in a single

observation.

Two cameras consist of an arrangement of seven metal-oM@Sj CCD
arrays covering the 30 arcmin field of view of each Mirror M@@uEach MOS
CCD features an imaging area of 60@00 pixels, 40 microns in size, capable of
detecting X-rays in an energy band ranging from 0.1 to 15 kei a maximum
timing resolution of 1 ms.

The third CCD camera differs from the first two MOS camerasnhyain
terms of the semiconductor technology used, and the CCD rsimeber and lay-
out. Twelve back-illuminated CCDs are all generated on glsihO cm-diameter
wafer and constitutes the EPIC pn CCD. Each of them is orgdrés a 64«
200 matrix of 150 micron-sized pixels. The use of pn techgplbas resulted
in a higher quantum efficiency than comparable instrumengpical full-frame
readout times of 48 ms can be achieved, with a maximum timesglution of 40
us.

An important factor influencing the EPIC effective area, csfpeally in the
low energy part of the passband, is the choice of the optioaking filter. These
filters are used, because the EPIC CCDs are not only senitkeay photons,
but also to IR, visible and UV light. Therefore, if an astramoal target has a high
optical flux, there is a possibility that the X-ray signal bees contaminated by
those photons. Each EPIC camera is equipped with a set & sleqgarate filters,
named ‘thick’, ‘medium’ and ‘thin’. It is necessary for thdserver to select
the filter which maximises the scientific return, by choogimg optimum optical
blocking required for the target of interest. Figure A.4pllys the effective area
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of EPIC MOS camera (upper panel) and EPIC pn camera (loweslpand the
impact of the different filters on the soft X-ray response.
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Appendix B
Xspec

Although we use a spectrometer to measure the spectrum afreesavhat the
spectrometer obtains is not the actual spectrum, but raggheton countsC,
within specific instrument channelk, This observed spectrum is related to the
actual spectrum of the sourd¢¢E) by

c(l) = fom f(E)R(I, E)dE

whereR(l, E) is the instrumental response and is proportional to théali-

ity that an incoming photon of enerdy will be detected in channdl Ideally,
then, we would like to determine the actual spectrum of acs®ur(E), by in-
verting this equation, thus derivinE) for a given set ofc(1). Regrettably, this

Is not possible in general, as such inversions tend to beunaque and unstable

to small changes i€(1). The usual alternative is to choose a model spectrum,
M(E), that can be described in terms of a few parameters MEE, pl, p2,...)),

and match, or ‘fit’ it to the data obtained by the spectromekar eachM(E),

a predicted count spectrur@y(l), is calculated and compared to the observed
dataC(l). Then a ‘fit statistic’ is computed from the comparison amsedito
judge whether the model spectrum fits the data obtained bsptbetrometer. The
model parameters then are varied to find the parameter véidaegive the most
desirable fit statistic. These values are referred to asdbefli parameters. The
model spectrumiyl,(E), made up of the best-fit parameters is considered to be the
best-fit model. The most common fit statistic in use for deteimg the ‘best-fit’
model isy?, defined as follows

[c) - c,0)]
2 _
=2 [ ()]

n

wheren is the number of channels and]l) is the (generally unknown) error for
channel | - e.g., ifc(l) are counts themn-(l) is usually estimated byw/C(l). The



Chapter B. Xspec

x? statistic provides a well-known-goodness-of-fit critarfor a given number of
degrees of freedond, which is calculated as the number of channels minus the
number of model parameterd,= n — p, and for a given confidence level. If
2 exceeds a critical value, tabulated in many statisticssteoie can conclude
that My(E) is not an adequate model f@(l). As a general rule, one wants the
‘reducedy?, ¥* = x?/d, to be approximately equal to ¥4 ~ d). A ¥? that is
much greater than 1 indicates a poor fit, whilgZatfiat is much less than one
indicates that the errors on the data have been over-estimaven if the best-fit
model, My(E), does pass the ‘goodness-of-fit’ test, one still cannottkayit is
the only acceptable model. For example, if the data usedeifiittare not partic-
ularly good, one may be able to find many different models fhiclv adequate
fits can be found. In such a case, the choice of the correctInmdéleis a matter
of scientific judgment. For a given best-fit parameter, thngyeaof values within
which one can be confident the true value of the parameteislieasled the ‘con-
fidence interval’. The confidence interval for a given parsane computed by
varying the parameter value until thé increases by a particular amount above
the minimum, or ‘best-fit' value. The amount that th€is allowed to increase
(also referred to as the critical) depends on the confidezwa# bne requires, and
on the number of parameters whose confidence space is bétatptad. Xspec
uses a a modified Levenberg-Marquardt fitting algorithmédamcur f i t from
Bevington, 1969) to find the best-fit values of the model patam The algorithm
used is local rather than global, so be aware that is podsibtie fitting process
to get stuck in a local minimum and not find the global bestfiite process also
goes much faster (and is more likely to find the true minimurtije initial model
parameters are set to sensible values.
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