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Chapter 1

Active Galactic Nuclei
1.1

Introduction

The discovery of the existence of other galaxies beyond the Milky Way is generally
ascribed to Edwin Hubble, who was able to establish the distance of the "nebulae"
M31 and M33 (which are now known as the Andromeda Galaxy and the Triangulum
Galaxy). At that time, it was believed that the Milky Way composed the whole universe, and all the observed objects layed within it. The term nebula was then used to
refer to any kind of celestial object not classified as a star or a planet, and included the
objects that nowadays are known to be galaxies. Hubble used the 100” Mt Wilson telescope to observe Cepheids variable stars in these nebulae and estimated their distance
to be about ≈ 285kpc. Although this distance was underestimated by a factor of ≈ 3,
these object were clearly classified as extragalactic.
Based on these observations, Hubble outlined the classification of galaxies which laid
the foundation for a new perspective on our universe, which was then discovered to
be composed of an extremely large number of galaxies.
The first evidence of a strong emitting component in the central region of some galaxies (Active Galactic Nuclei or AGN) was found by Carl Seyfert in 1940. His studies
on Active Galaxies revealed that the spectra of the nuclei of six galaxies showed high
excitation emission lines (Balmer and forbidden lines) superimposed on a normal starlike spectrum. The Doppler broadening of these lines corresponds to velocities up to
8500 km s−1 , quite different from the lines present in normal galaxies spectra, whch
are stellar absorption lines or emission lines associated with regions of star-formation.
Furthermore, the strong continuum component of the spectra were smooth, unlike
starlight spectra. In the late 1960s and 1970s, with the advent of powerful radio telecopes, systematic spectroscopic studies of these galaxies revealed the existance of two
subtypes [1] [2], which were named Seyfert I and Seyfert II. While Seyfert I galaxies
show both broad and narrow emission lines, Seyfert II only show narrow emission
lines. Only in 1960s the idea that a really massive object, like a supermassive black
hole, at the center of the galaxy, emitting by accretion of a surrounding disk of gas was
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put forward. This model could explain the dynamical broadening of the emission lines
and the extreme luminosity, attributing these features to the deep gravitational potential of the black hole and to the radiative accretion around it.
Later on, it became clear that while the broad line emission region is probably located
close to the core of the galaxy, the region where the narrow emission lines are produced
is at larger distances from the central black hole. Moreover, some of these galaxies have
been observed to produce highly collimated, bipolar outflows, which seem to trace
back to the center. These observations gave rise to the current AGN paradigm, which
is shown in picture 1.1 and will be described in this chapter.

F IGURE 1.1: Schematic representation of our understanding of AGN
phenomenon and its main components. Note that this is a simplified
view and not to scale [3].

1.2

Emission Processes in Active Galactic Nuclei

The broadband spectrum of AGN is the result of several components, produced by
different processes taking place at the same time. These emission processes generate
photons with energies ranging from radio to T eV and their contribution to the spectrum depends on the structure and the features of the AGN. The emission processes
occurring in an AGN will be outlined hereafter.
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Radio emission of AGN

AGN are usually divided into two classes, according to the presence and the intensity
of radio emission. Radio Galaxy is the term used to describe galaxies associated with
bright radio emission (100 to 1000 million times that of the Milky Way), exceeding
the power emission in the optical band of the spectrum. The current belief is that
about 10% of all AGNs are radio-loud. The radio-emitting regions of these galaxies are
normally tens of kpc extended beams composed of plasma, originating from the core
of the galaxy and terminating with large lobes. According to the morphology of these
radio-emitting outflows, a sub classification into two subclasses, namely FR I and FR II
Galaxies, was made by Fanaroff and Riley. Galaxies belonging to the first class show a
compact emission in usually symmetric radio jets arising from close to the core, while
in FR II galaxies radio emission is dominated by very bright lobes at the end of the jets.
The two components of the radio emission are shown in picture 1.2.

F IGURE 1.2: The FRII type radio galaxy Cygnus A, The image shown is
taken by the VLA telescope array[4] with 0.4” resolution. The AGN core
is located at the bright spot at the centre, while the radio lobes extend
out to about 50 kpc from the core [5].

As regards the morphology of jets, they appear as highly collimated plasma outflowing structures extending up to megaparsecs in space. They are prominent in radiofrequency observations, where they can be resolved in details. Sometimes they appear short and irregular, sometimes they are more extended and straight or curved. In
radio-interferometric images of AGN jets, sometimes brightness enhancements known
as knots are shown. These bright zones are generally interpreted as shocks in the
plasma flow. One of the main features of AGN jets is the apparent superluminal motion of matter, which seems to contradict special relativity (as shown in the plot in
picture 1.3b). This effect is actually due to a geometric effect, as illustrated in picture
1.3a. In the scheme, the AGN is located at point A, while the observer is at point T.
The AGN emits matter at time t1 , with speed v and with an angle α to the line of sight.
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The observer at T will receive the signal at a later time t01 . After a time interval ∆t the
jet will have reached point B at a distance ∆x = v∆t. ∆t⊥ is the projected distance of
this movement. Since r  ∆x and the angle β is small, the projection of B onto the line
of sight AT can be considered ≈ r. Hence, the time at which the observer detects the
radiation emitted from A is
t01 = t1 +

r + v∆t cos α
c

while the time at which the observer detects the radiation emitted from B is
r
t02 = t2 + .
c
Thus ∆t0 is the time interval between the emission of the matter at point A and at point
B for the observer, and it is equal to
∆t0 = t02 − t01 = t2 +



r
r + v∆t cos α
v
− t1 −
= ∆t 1 − cos α .
c
c
c

The apparent speed v⊥ of the emitted matter is then
∆x⊥
v sin α
.
=
0
∆t
1 − vc cos α
This function has a maximum with respect to the angle α so that
a value of sin αmax =

1
Γ,

v
c

= cos αmax , with

where Γ is the Lorentz factor of the emitted matter vc . The

maximum apparent perpendicular speed that one can observe is then
vmax,⊥ = v

1
1−

v2
c2

= vΓ.

(1.1)

It is clear that since Γ can be  1, even for mildly relativistic cases, the apparent motion
can be superluminal.
Both the process which gives rise to the jets and the composition of those are not
completely understood and still debated. As for the process which launches the jets,
the most accredited theory involves magnetic fields interacting with the ionized material in the accretion disk and leading to an outflow along the rotation axis direction.
The Blanford-Znajek mechanism, which requires a spinning black hole, is the most
common theory to account for the powering of the jet. The magnetic fields threading
the accretion disk are "dragged" by the spin of the black hole. The reconfiguration or
tightening of the field lines is then responsible for the launch of relativistic plasma.
Although numerical simulations seem to support this scenario [7], the issue with the
thin type of models is that they require a regular magnetic field, forming an helical
configuration in its interaction with the accretion disk. Observations, on the contrary,
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( A ) Schematic representation to explain
superluminal motion [3].

( B ) Time series of radio observations of the core and
the jet in the blazar 3C 279. The 22GHz data show
an apparent superluminal motion of masses with respect to the core of the AGN. For example, the component on the right appears to have a speed of ≈ 7.5
c. In this plot 1mas = 0.08pc [6].

show results which are consistent with disordered magnetic fields. A challenge to the
understanding of the emission of these outflows is that the geometry of the accretion
flow in proximity of the central black hole is unknown, and further advances in computing capabilities, as well as further observing campaigns will bring progresses to the
study of jets formation.
Synchrotron emission in AGN jets
The radio emission of jets is due to synchrotron radiation in the plasma. Synchrotron
emission occures when charged particles are accelerated in a magnetic field. If a charged
particle of charge Ze, rest mass m and Lorentz factor γ is traveling through
a static
and

→
−
→
−
−
d
Ze →
uniform magnetic fiels, it will be subjected to a force (mγ v ) =
v × B . Thus,
dt

c

the component of the velocity parallel to the magnetic field B vk is constant, and the
particle will perform a circular motion with constant radius rg , constant speed v⊥ and
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constant angle β with respect to the B field. The frequency of the motion is called
Larmor frequency:
ωg =

ZeB
.
mγc

(1.2)

If an isotropic distribution of particle velocities is assumed, the total power of the acceleration process is then averaged over all the possible values of the angle β, giving a
luminosity of ([8]):
L=

4Z 4 e4 B 2 γ 2 v 2
4Z 4 e4 B 2 E 2
=
.
9c5 m2
9c7 m4

(1.3)

Since the emitted power is ∝ m−2 , the process is much more efficient for electron and
positrons than protons. That is to say, a proton jet would have to be faster or much
more massive than an electron or positron jet for each given luminosity. Another feature of synchrotron emission is that, since the radiation is emitted by relativistic particles, in the laboratory frame of reference the radiation is not emitted isotropically, but
in a narrow cone with opening angle φ ≈ γ −1 . As a result, the observer will see a
lighthouse effect and will detect radiation only when the cone is pointing towards the
line of sight.

F IGURE 1.4: Emission cones at various points of an accelerated particle’s
trajectory [8].

F IGURE 1.5: Function describing the total power spectrum of a single
electron as a function of the frequency ν in units of the critical frequency
νc [8].
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The synchrotron spectrum of a single electron (power per unit frequency) has the
form:

√
L(E, ν) =

where x =

ν
νc

3Z 3 e3 B sin β
F (x)
mc2

(1.4)

and F (x) is shown in picture 1.5 1 . The spectrum peaks at a frequency
3
ν = 0.29νc = 0.29 · γ 3 νg sin β
2

(1.5)

which depends on the Lorentz factor. In order to evaluate the synchrotron emissivity
(power per unit frequency and unit volume) of a particle plasma then it is necessary
to integrate over the energy of the electrons. If we assume that the electrons have a
power-law distribution with energies between E1 and E2 , and that a single particle
emits all its synchrotron power at the critical frequency, the total emissivity can be
calculated as
Z

E2

L(E, ν)n(E)dE

(ν) =

(1.6)

E1

where L(E, ν) is given by 1.4, and n(E)dE = kE −p dE, with k and p constant is the
electrons spectrum. The integration, for energies well within the interval defined by
E1 and E2 , gives the relation between the spectral index of electrons and the spectral
index of the radiation in the radio band αR =

p−1
2 :

(ν) ∝ ν −αR .

(1.7)

The high energy cutoff of the synchrotron spectrum then depends on the maximum
critical frequency of the population of electrons.
The synchrotron radiation of a single charged particle is ellipticaly polarized. However, if the distribution of particles in the astrophysical source varies smoothly with
the pitch angle, the observed emission will be partially linearly polarized. In the situation described previously, the degree of polarization Π is given by [9]:
Π=

p+1
,
p + 7/3

(1.8)

where p is the spectral index of the distribution of the electrons. Equation 1.8 gives a
further method to evaluate the spectral index of the electron population from the radio
spectrum of an AGN.
Synchrotron Self-Absorption The assumption that the electron plasma is optically
thin leads to a simple power-law spectrum. In reality this is not observed and the
spectrum shows a break at a certain wavelength. In AGN the presence of this break
1

F (x) = x

R∞
x

K5/3 (y)dy, where K5/3 is the modified Bessel function of order 5/3.
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can be explained with self-absorption within the plasma. That is to say, the same population of electron which produces the synchrotron light is responsible for its absorption.
Let us assume a simple power-law distribution of emitting electrons. The absorption
in this electron plasma will be more efficient when the frequency of the synchrotron
radiation is close to the critical frequency νc of the absorbing electron, which is proportional to the square of its energy. Towards higher energies the density of absorbing
electrons is then lower due to the shape of the electron distribution. As a result the
chance for a photon to escape is larger the larger is its energy, while for low frequencies the plasma is optically thick. A formal derivation of this result can be found in
Rybicki and Lightmann (1986) [8]. The photon flux derived taking into account synchrotron self-absorption is expressed by 1.9 (e.g Stevens et al. [10]) and its typical shape
is shown in picture 1.6

fv = C

ν
νsa

" 
5 (
 p+4 #)
2
ν − 2
1 − exp −
.
νsa

(1.9)

F IGURE 1.6: The typical shape for the synchrotron spectrum for an
electron plasma within a uniform magnetic field following 1.9. Atlow frequencies the plasma is optically thick, causing synchrotron selfabsorption. At higher frequencies the spectrum is a function of the energy of the electrons and falls with f (ν) ∝ ν (1−p)/2 where p is the spectral index of the electron energy distribution. In this picture p = 2 [3].

In 1.9 C is a constant which represents the flux in absence of self-absorption, p is
the spectral index of the electron distribution, νsa is the transition frequency at which the
plasma changes from being optically thin to being optically thick and is a function of
the magnetic field (∝ B 1/5 ).
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AGN emission in infrared, optical and UV bands

Infrared emission
The infrared (IR) energy band (1012 − 1014 Hz or equivalently 1 − 300 µm) gives a
major contribution to the bolometric luminosity of different kinds of AGNs. The origin
and the processes which give rise to the IR emission are different for different AGN
subtypes and can be thermal or non-thermal. In radio-loud objects, IR radiation is
mainly produced by synchrotron radiation, while other AGN subtypes, such as Seyfert
galaxies show multiple thermal IR components. One of these is the thermal radiation
from dust located in a compact region surrounding the accretion disk referred to as
torus 1.1. While UV and optical radiation is obscured, IR emission can be partially
transmitted through the torus, resulting in different spectral features. The presence and
the geometrical shape of the torus are central in the discussion of possible unification
scenarios. Other components contributing to the IR spectrum of Active Galaxies is
a thermal dust continuum associated with star formation or additional line emission
emanating from molecular , atomic and ionic species. The dust comprising the torus
is heated by the AGN central engine and radiates in the IR range. The measure of IR
thermal continuum is therefore crucial in order to evaluate the luminosity of objects
whose nucleus is heavily obscured by dust.
Optical emission
The optical spectrum of an AGN is composed of a nucleus continuum emission (if it
is observable and not obscured), broad emission lines and narrow emission lines. The
nucleus continuum emission is tipically the predominant component in AGN optical
spectra and has a power-law dependence on wavelength. The power-law component
is believed to be due to synchrotron emission. Superimposed to that it has been observed a large excess extending into the UV band, called big blue bump. This excess
has a thermal origin and has been modeled as viscous emission from the accretion
disk [3]). This feature was evident in early observations and was the first evidence for
the presence of an accretion disk. When present,the jets can contribute to the optical
emission. Emission lines are superimposed to the optical continuum. The presence of
broad emission lines is one of the features taken into account in the classification of different AGN subtypes and its interpretation is dealt with in the discussion of possible
unification schemes (see 1.3).
UV emission
The ultraviolet range is difficult to observe due to the sensitiveness to extinction effects of dust and molecular hydrogen in our own galaxy and potentially in AGN hosts.
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It contains emission and absorption line spectra, and a continuum component which
shows a strong rise at high energies, towards the X-ray domain. The fluxes and spectral
profiles of many of the resonance emission lines produced close to the central engine
can be directly measured, and multiple ionization states of various elements can facilitate photoionization modeling of narrow and broad line regions.
Radiation emission by accretion on a massive object Radiative accretion onto a really massive object is the most accredited hypothesys to explain the extreme energy
output of AGN (L ≈ 1047 ergs s−1 ). It is now believed that black holes with masses up
to 106 solar masses reside at the center of most galaxies and are the central engine of
AGN-like behaviour. According to General Relativity, the empty space surrounding a
sperical and static mass distribution is described by the space-time element as




RS −1 2
RS
2
2
2
2
ds = 1 −
dr + r (dθ + sin θdφ ) − 1 −
c2 dt2
r
r
2

where Rs =

2GMBH
c2

(1.10)

is the Schwarzschild radius, mathematically defined as the dis-

tance from the black hole at which the escape velocity equals the speed of light. It
defines a surface centered on the black hole known as event horizon. No matter or electromagnetic radiation contained within can escape. 
As a consequence, the proper time interval dτ = 1 −

RS
r



dt2 is less than the time

interval dt measured by an observer at infinite distance from the black hole. This phenomenon is called gravitational time dilation and leads to the gravitational redshift of
radiation emitted in proximity of a black hole. The extreme situation in which r  RS
becomes indistinguishable from the Newtonian case, while if r → RS no information
from r ≤ RS can reach the observer at a distance > RS .
The central engine of AGN is believed to be a rotating black hole (Kerr black hole). It is
possible to extract a large amount of energy from a rotating black hole at the expenses
of its rotational energy through the so called Penrose process. It is suspected that this
process is involved in launching AGN jets, due to their high energy output.
In Kerr’s black holes the inner radius can be as small as 1.23RS , while only 6RS if the
black hole has zero angular momentum. Since the temperature of the matter in the
accretion disk depends on r, this affects the emission spectrum. A simple but useful
model for light emission from accretion disks was proposed in 1973 by Shakura and
Sunyaev[11]. The class of models deriving from this one are called α-disk models. Viscous interaction in the accretion material will lead to radiation emission by means of
viscous heating, while the gaseous material will form an accretion disk. The basic assumption is that the energy from the accreted material is dissipated in a small region
between r and r + dr. If we consider an element of mass dm being transported from
a distance r + dr to a distance r, and apply the virial theorem, we find that the energy
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rate emitted by a region between r and r + dr is
dErad
M dm
=G 2
dr.
dt
r dt

(1.11)

Integrating over the whole disk, with the assumption that the inner radius rin is much
smaller than the external radius rext , we obtain
Ltot = G

M dm
.
2r dt

(1.12)

Equation 1.12 suggests that accretion on more massive and compact objects is more
effective (i.e. radiates more energy) than accretion processes on less massive and more
extended ones. Morover, if we assume the disk media to be optically thick, the emergent spectrum is one of a black body with a temperature T (r). The spectral shape of
an accretion thin disk can be evaluated considering each annular region between r and
r + dr as a black body emitter with a luminosity dL = 2π r dr σT 4 . The flux at a given
frequency is calculated by integrating over r
Z

rext

Bν (T )2π r dr

Snu =

(1.13)

rin


−1
hν
where Bν is the Planck function Bν ∝ ν 3 exp( kT
)−1 .
There is, however, a limit to the accretion rate of a system, due to the radiation
pressure on the accreting material. This quantity is evaluated by equating the pressure
gradient of in-falling material to the radiation pressure
4πGM mp c
M
GM ρ
σt ρ L
dP
≈ 1.3 · 1038
=− 2 =−
→ LEdd =
ergs s−1 .
2
dr
r
mp c 4πr
σT
M

(1.14)

This limit, expressed in terms of luminosity, is called Eddington limit, as it was first
pointed out by Arthur Eddington in 1920[3]. According to this model, for an AGN
with a central black hole of ≈ 108 M accreting at about 10% of its Eddington limit, the
peak temperature of the disk corresponds to photon energies of ≈ 50 eV , namely in the
extreme ultraviolet (or very soft X-rays) portion of the spectrum at zero redshift. Thus
low-redshift objects have a disk emission which is most prominent in the ultraviolet.
The resulting spectral shape is showed in picture 1.7. In AGN accretion disks, however,
there might be scenarios in which the thin-disk model can’t be applied (for example
if accretion exceeds the Eddington limit or the viscosity parameter α is high). Thick
disk or toroidal geometries may then be required to model the accretion flow, and the
observational determination of the peak frequency of the thermal UV component is
then crucial to constrain the parameters of these models.
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F IGURE 1.7: Spectral energy distribution for a geometrically thin optically thick steady-state accretion disk based on the α-disk model. The
units are arbitrary. The arrows indicate the frequencies corresponding
to the inner and outer-most disk annuli. For an AGN with a mass of
≈ 108 M accreting near the Eddington limit the inner disk temperature
corresponds to frequencies of a few 106 Hz, in the far ultraviolet.

1.2.3

X-ray and γ-ray emission of AGN

In order to observe electromagnetic radiation in the X-rays (between ≈ 100 eV and
≈ 120 KeV ) it is necessary to fly detectors at high altitudes, since radiation in this portion of the spectrum does not penetrate the Earth’s atmosphere. X ray emission from
AGNs is believed to take place in the cool thick accretion disk with kT < 50 eV . Low
energy photons are then scattered to higher energies by relativistic electrons, through
inverse Compton (IC) processes. The high energy cutoff of the IC spectrum depends
on the temperature of the disk and the energy distribution of the electrons. The spectrum has an approximately power-law shape with a photon index Γ ≈ 2 extending up
to a few hundred keV .
The process responsible for gamma-ray emission is inverse Compton as well. Nonetheless, only beamed sources, such as blazars (see section 1.3 for further information
aboud AGN classification) can be observed at energies greater than a few hundred
keV . In fact, only extremely energetic charged particles present in the jets can provide
sufficient energy to up-scatter electrons at higher energies. Since the gamma-ray telescope Fermi-LAT(see 3) is on orbit, thousands of blazars have been detected at energies
> 100M eV . All blazars detected by Fermi-LAT show a rather steep spectrum in the
LAT energy range.
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Inverse Compton scattering
Inverse Compton scattering consists in the interaction between a low energy photon
with a high energy electron. In this process, the electron loses energy which is transferred to the photon. The lorentz factor γ =

√ c
c2 −v 2

of the electron is much greater than

1. If the photon has an energy hν in the laboratory frame of reference, its energy in the
frame of the relativistic electron will be


ve
hν 0 = γhν 1 + cos θ
c

(1.15)

where θ is the angle between the direction of the photon and of the incoming electron,
traveling at speed ve in the laboratory frame. Since hν  me c2 , one can apply the
Thomson scattering cross-section. In the Thomson limit, as this is an elastic scatterring
process, the energy of the photon in the electron’s rest frame does not change after the
scattering, that is to say 02 ≈ 01 .
02 ≈ γ 2 01 .

(1.16)

Transforming this expression back into the laboratory frame, one finds that the photon gains energy in proportion to the square of the electron’s Lorentz factor. This means
that a photon in the radio domain can be scattered up to optical or even X-ray energies.
The total power of the inverse Compton process will depend on the density of photons
available for scattering: LIC ∝ np hγ 2 E1 . Details on the derivation of the luminosity
of a single Compton scattering can be found in [8]. In cases where Thomson limit is
no longer applicable, one has to take into account Klein-Nishina effects, leading to a
reduction of luminosity in case the average energy of photons is high. In order to determine the total luminosity of the IC processes, one has to integrate over all possible
seed photons and all possible electrons, whose distribution N (E) is often modeled as
a simple power law (N (E)dE = kE −p dE). Radiation emitted through these processes
undergoes absorption. As a result, broad emission lines due to low-ionization stages
of iron are often visible in the spectra. In these objects the absorber is believed to be
cold (T < 106 K) optically thick material. The line emission properties can be modeled
assuming an X-ray continuum illuminating a slab of cold gas. X-ray photons entering
the gas can interact with the absorber by Compton scattering, absorption and fluorescent line emission or Auger de-excitation. Althought line emission can in principle be
used to investigate the environment in which absorption and re-emission takes place
(movement and gravitational field at that location), there is still debate on whether the
broadening of emission lines is a general-relativistic effect or could be due to inaccurate
modeling of the X-ray cotinuum. The issue will be tackled by future higher throughput
X-ray missions (such as ATHENA). It is necessary to mention, eventually, that several
cases of type 1 AGNs 1.3 with warm, highly ionized absorbers were reported.
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F IGURE 1.8: Schematic representation of a type 1 AGN spectrum. The
"hump" in the hard X-ray spectrum is due to absorption and reflection.
Picture from [3].

Synchrotron self-compton
The Synchrotron Self-Compton process describes the case in which the seeds photons
of the Inverse Compton scattering are provided by the synchrotron emission. These
photons are then up-scattered toward higher energies by the same population of electrons which has produced them. This mechanism is believed to be the main source
of very-high-energy and ultra-high-energy gamma-rays observed in some AGN. The
ratio between the IC flux and the synchrotron radiation flux for a spherical source of
radius R is
fIC
≈ k(α)Rn0 ln
fsync



νmax
νsa



νsync
νIC

α

where n0 is related to the electron energy distribution by n =

(1.17)
R γmax
γmin

n0 γ −p dγ. In 1.17 α

is the spectral index in the radio band, k(α) ≈ 0.08α + 0.14 [12], νmax is the maximum
frequency reached by the synchrotron radiation given the maximum Lorentx factor
of the electrons γmax , νsa is the peaking frequency of the synchrotron spectrum, νsync
and νIC are the frequencies where we measure the synchrotron (radio) flux and the
IC component (X-rays or γ-rays) respectively. The upscattered photons can take part
again in the IC processes, leading to multiple synchrotron self Compton scattering.
For these reasons models of synchrotron self Compton sources are best worked out
numerically and are strongly dependent upon the input assumptions.

1.3

Classification of AGN and the Unification Model

The term Active Galaxies includes several subclasses of objects, which show different
features, and some fundamental similarities. While the main features of some of the
most important AGN classes were outlined in the previous sections, this section will
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deal with the class including the most energetic and distant AGN, called Quasars. The
AGN under exam in this thesis work, called Markarian 421, is classified as a Quasar, and
more specifically as a BL Lac object, due to its featurless optical spectrum, its strongly
variable optical and radio flux, and its compact radio emission. Further details on the
overall spectrum of Markarian 421 are given in chapter 3, while an overview of the
spectral characteristics of Quasars and their subclasses and a description of the current
interpretation of differences and similarities between classes of AGN are provided below.

1.3.1

Quasars

The first examples of quasars were observed in the early 1960s, when large surveys
of extragalactic objects were performed with radio telescopes. When looking for an
optical counterpart of these objects, together with several radio-galaxies and SNRs, a
certain number of unidentified sources was unraveled. These objects appeared in the
optical band as blue stars, and therefore they were called quasi-stellar objects or quasars
(QSO). Optical images of some quasars are shown in picture 1.9. Optical spectroscopy
revealed the presence of strong emission lines, which were identified as highly redshifted Balmer lines. It was suspected then that these sources were indeed the more distant equivalents of Seyfert Galaxies. The advent of space-based UV missions seemed
to confirm this picture. Quasars are divided into two sub-classes: Radio Quiet quasars
and Radio Loud Quasars. The former constitutes the majority (around 90% of all quasars
and doesn’t show any remarkable radio emission). The latter is the first class of quasars
which was discovered, thanks to its radio emission. Radio Quiet Quasars can be recognised by their UV excess with respect to normal blue stars. These objects, in fact, peak
at frequencies around 1015 − 1016 Hz, uncompatible with starlight emission.
Another issue was that, until the late 90s, there was no evidence of "narrow line
quasars", that is to say objects at high cosmological distance and with an optical spectrum similar to a Seyfert II. The discovery of this kind of objects was eventually made
with the advent of X-ray survey missions. These missions seemed to reveal that the
number of "type I quasars" is the same as "type II quasars".

1.3.2

Blazars

Blazars are a special subclass of quasars, characterized by a non-thermal continuum
ranging from radio up to very high energy (VHE, ≈ T eV ), and high time variability
with timescales from years to hours. The conventional classification of Blazars divides
them into two cathegories: BL Lacertae objects and Flat Spectrum Radio Quasars (FSRQ).
The formers don’t have any remarkable feature in the optical spectrum, although their
really weak line emission seems in some cases to show a narrow-line and a broad-line
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F IGURE 1.9: High resolution optical images of six quasars observed
by the Hubble Space Telescope. Top row: PG 0052+251, IRAS 045052958 and QSO 0316-346; bottom row: PHL 909, PG 1012+008 and IRAS
13218+0552 [13].

region. The fact that these lines are usually not seen might be due to the dominance
of the underlying non-thermal continuum. Observations have shown that the BL-Lac
objects are generally relatively low redshift objects with z ≤ 0.2, and usually highly
variable radio sources. The FSRQ subtype, on the contrary, show stronger broad emission lines. Another classification of non-thermal dominated AGN, based on the peak
frequency of the synchrotron emission, divides them into three classes. Low synchrotron
peaked blazars whose synchrotron emission peaks in the IR band (ν < 1014 Hz), intermediate synchrotron peaked blazars, peaking between 1014 Hz and 1015 Hz, and high synchrotron peaked blazars, peaking at ν > 1015 Hz [14]. Dramatic time variability is one
of the main features of blazars, and it was one of the first properties used to find and
identify them. In the radio band dramatic variations of the flux on hourly timescales
have been reported, but the debate on whether this variability is intrinsic or extrinsic
is still open. For example, Lovell et al. [15] found out that the short-time variability at
5 GHz is due to scintillation in the interstellar medium (ISM) of our own Galaxy and
hence not related to the source itself.
In the optical band, variations up to minute time scales have been observed[16].
Other features of blazars are that they show high degrees of linear polarisation and
that most of these compact radio sources exhibit the phenomenon of superluminal
motion, in which the components of the compact radio source are observed to separate
at speeds greater than the speed of light [13].
The fraction of time in which the BL Lac is variable is called duty cycle and its value
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F IGURE 1.10: Schematic representation of the spectral energy distributions for three kinds of AGNs [14].

has been found to depend on the overall spectrum of the source. Typically HBL spend
most of their time in a quiescent state, with a duty cycle ≤ 0.4, while LBL show duty
cycles of ≈ 0.8. X-ray dominated BL Lac also show a minor variability (≈ 5% in one
day) with respect to LBLs (≈ 30% in one day).

1.3.3

Unification model of AGN

Whether the different festures of different AGN classes can be explained by one common underlying model is fundamental in AGN research. The foudation for a possible
unification model were laid in the late 1970s. According to Blandford and Rees (1978)
[17], what identifies an extragalactic source as a blazar is the beamed emission along
the symmetry axis of the AGN towards the observer. Later on, Scheuer and Redhead
(1979)[18] proposed that the radio-core dominated quasars could be unified with the
radio-quiet quasars by assuming that the former ones are beamed towards the observer, similarly to the case of blazars.
The first complete overview of the issue of AGN unification was given in 1993 by Antonucci[19]. In this scheme, AGN are divided into two major classes: radio-quiet and
radio-loud. For each type a range of luminosities can be observed. All other differences
would be explained by effects due to the viewing angle, in particular to different levels
of absorption along the line of sight. According to this unification scheme, the emission region of broad lines (broad line region or BLR) lies in an innermost zone than the
narrow line region. This results in the main difference between Seyfert I and Seyfert
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II galaxies. That is to say, in the former type of galaxies, both regions are detectable,
while in type II AGN, the broad-line region is obscured by the material forming the
narrow-line region 1.11. Nonetheless, as was first pointed out by Antonucci and Miller
in 1985 [20], a weak broad component in Seyfert II galaxies can still be visible with spectropolarimetric studies. This is due to the fact that light emitted in the BLR can escape
towards region where no obscuring material hides the view to the central engine. Here
photons can be Thomson scattered into the observer’s line of sight, reaching us linearly polarized. These results have been confirmed by further observations of Seyfert
II galaxies.
X-ray observations of AGN also generally support this unification picture. The X-ray
luminosities of Seyfert II galaxies are lower than those of Seyfert I galaxies. Moreover,
Seyfert II galaxies have significantly larger amounts of soft X- ray absorption, corresponding to equivalent columns of neutral hydrogen, nh ≈ 1022/23 cm−2 , in comparison with nh ≈ 1020/21 cm−2 for Seyfert II galaxies. This is consistent with an optically
thick torus of cold material being in our line of sight to the AGN [21]. Obscuration and
beaming effects, although, do not give a satisfactory explanation to why only about
10% of AGN are strong radio emitters while the others are not, and to the differences
in the morphology of radio emission of Radio Galaxies.

F IGURE 1.11: Schematic representation of our understanding of the
AGN phenomenon in the unified scheme.The type of object we see depends on the viewing angle, whether or not the AGN produces a significant jet emission, and how powerful the central engine is. Note that
radio loud objects are generally thought to display symmetric jet emission [3].
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TABLE 1.1: Possible unification schemes [3].

Radio properties
Radio quiet
Radio loud

Face on
Seyfert I
QSO
BLRG

Orientation
Edge on
Seyfert II
ULIRG
NLRG

core dominated
BL Lac
Quasar-OVV

lobe dominated
FRI
FRII

Picture 1.11 shows a schematic representation of the unification scheme. AGN are
divided into radio-quiet and radio-loud. The differences between Seyfert I and Seyfert
II are due to obscuring effects. Blazars are AGN in which the relativistic jet is closely
aligned to the line of sight of the observer. This scheme is also represented in table
1.1. In the table are also included Ultralouminous Infrared Galaxie (ULIRG) which are
old massive galaxies which show a strong infrared component and indication for AGN
activity of a Setyfert core.

1.4

The Broadband Spectrum of AGN: the Spectral Energy
Distribution

In order to investigate the emission properties of Active Galactic Nuclei, it is necessary
to study its broadband spectrum or Spectral Energy Distribution (SED). A SED is a representation often used in astrophysics in order to highlight features of spectra which
would be otherwise difficult to notice. As shown in the examples in figure 1.12, the yaxis represents the differential flux

dN
dE

multiplied by E 2 . This since it is the result of the

superimposition of several components, resulting from different processes occurring at
the same time. A general distinction can be made into beamed sources, including blazars
and radio-loud quasars, and nonbeamed sources, like Seyferts. The elements of the first
class show a prominent nonthermal component. That is to say, the spectrum is reproduced as a power-law distribution of charged particles in a magnetic field producing
synchrotron emission or IC scattering of seed photons. This leads to a power-law photon spectrum in the radio to optical range, with the upper energy limit determined by
the energy distribution of the charged particles. At higher energies these sources show
a second hump in their SED due to inverse Compton, either based on up-scattered
synchrotron emitted photons (SSC), or photons from the surrounding medium. Depending on the energy distribution of the emitting plasma, this second hump peaks in
the range of X-ray to γ-ray. The main feature of beamed sources then is the two-humps
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( A ) The spectral energy distribution of the blazar 3C 454.3. Thw two-hump structure is clearly
noticeable. Picture from [13].

( B ) Average spectral energy distribution of the quasar 3C 273 from radio to gamma-rays
(points), spanning from 4 to 44 yr of observations depending on the wavelength[3].
F IGURE 1.12

"camel’s back" Spectral Energy Distribution, which is always noticeable, sometimes superimposed to other components such as accretion flow, broad and narrow lines. Two
examples of broadband spectra of this kind of sources are shown in picture 1.12a and
1.12b. Markarian 421, as an exponent of the class of blazars, shows a clear and featureless two-humps spectral energy distribution. In this work the broadband emission
of Markarian 421 was modeled in a SSC scenario. The modelin procedure, as well as
the results obtained, are shown in chapter 4. The shape of the broadband SED of nonbeamed sources, on the other hand, is more complex, because spectral features are not
outshined by nonthermal emission. Up to the radio there might be a visible nonthermal
component. Although, the emission is generally dominated by the optical-UV band,
generating from the accretion disk emission. Inverse Compton scattering of photons
emitted in the region of the accretion disk can produce a significant X-ray emission.
In this case the high-energy limit in the energy distribusion of electrons in the region
of the accretion disk results in an exponential cutoff of the IC component. As a consequence, Seyfert Galaxies are not detectable above several M eV . On the whole, The
SED of Seyfert galaxies appears as a multipeak structure, with local maxima possible
in the IR, UV and X-rays [3].
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Chapter 2

An Extremely Bright Object in the
X-ray Band: Markarian 421
2.1
2.1.1

The X-ray Observatory XMM-Newton
The spacecraft

XMM Newton is the largest scientific satellite ever launched by the European Space
Agency. It was launched on December 10th, 1999 and it is currently orbiting around
Earth. Its orbit is highly eccentrical, with a distance from Earth of ≈ 115, 000 km at
the apogee and ≈ 6, 000 km at the perigee. The spacecraft (represented in figure 2.1)
is equipped with three X-ray telescopes (MOS1, MOS2 and PN), and one optical/UV
telescope, offering access to different regions of the electromagnetic spectrum. The
Telescope Tube, made of carbon fibre, connects the Mirror Support Platform (MSP) to
the Focal Plane Assembly (FPA), which carries the detectors. The MSP carries the three
mirror assemblies for the three X-ray telescopes, an Optical Monitor (OM) and two
star-trackers. The focal plane assembly is provided with the EPIC (European photon
imaging camera) and the RGS (reflection grating spectrometer) [22].

2.1.2

The X-ray telescopes

The three X-ray telecopes are equipped with 58 Wolter I Nickel Gold coated mirrors
(figure 2.2) nested in a coaxial and confocal configuration. A conventional refractive
imaging system is not possible for X-rays, due to the high absorption and to the fact
that the refractive index of most materials at X-rays wavelengths is nearly 1. On the
TABLE 2.1: Parameters of the PSF at 15 KeV, from the on-ground calibration campaign.

IN-FLIGHT ON-AXIS PSF OF THE XMM-NEWTON TELESCOPES
PN MOS1
MOS2
FWHM(") 6.6 6.0
4.5
HEW(")
15.1 13.6
12.8
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F IGURE 2.1: XMM-Newton spacecraft [23].

contrary this design is based on X-rays reflection at grazing incidence angles and provides a wide collecting area over a large energy range [24]. Each mirror is bond to one
of the 16 spikes of spider mounted on the interface structure. An electron deflector is
located in the exit aperture in order to prevent low-energy electrons from reaching the
dectectors. The parameters describing the Point Spread Function (PSF1 ) are given in
table 2.1.

F IGURE 2.2: The configuration of XMM-Newton telescopes, with a
paraboloid primary mirror and a confocal convergent hyperboloid secondary mirror. Wolter I is the only design in which both mirrors provide
a convergence [24].

As shown in table 2.1, the core of the PSF of the mirror modules is really narrow.
Furthermore, it varies little over a very wide energy range (0.1-6 KeV). The shape of
1
The Point Spread Function describes the shape of the image produced by a delta function (point)
source on the detector. It determines the quality of an X-ray mirror module in its ability to focus photons
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F IGURE 2.3: On axis PSF of the MOS1, MOS2 and pn x-ray telescopes.
A square root scale has been used to show the wings of the PSF. The
star-like pattern is created by the spider supporting the mirrors [22].

the PSF of the three telescopes is shown in fig 2.3.

2.1.3

THE EPIC camera

EPIC is used for X-ray imaging, moderate resolution spectroscopy and X-ray photometry. It is composed of three CCD cameras which offer the possibility to perform extremely sensitive imaging observations over a field of view of 30’ and for energy between 0.15 keV and 12 keV . The three CCD cameras, placed at the focus of each telescope, are different, and have different features. Each camera has three sections: the
stand-off structure, the cryostat section and the radiator. The stand-off structure, which
is the same for all three telescopes, constitutes the interface to the spacecraft. Each camera is provided with an aluminum shielding in all directions, except the field of view.
The cryostat section contains the CCD and the electronic interfaces, while the radiator
consists of the cooling system of the three CCDs [25]. The results presented in this
chapter are obtained using data collected by the Epic PN camera, which is described
below.
The PN camera
The PN camera (fig 2.4) consists of twelve pn-CCDs, monolithically fabricated on a
high purity silicon wafer. This provides a spatially uniform quality of the detector
over the whole field of view. The X-rays hit the device from the back side (bottom),
and the electrons generated are collected at 10 µm2 from the surface. After integration,
they are transferred to the readout nodes, conserving the pattern from the ionization
processes. Each CCD line is terminated with an on-chip jfet amplifier. EPIC detectors
are also sensitive to IR, optical and UV photons. This leads to the necessity of filtering
the incoming radiation in order to reduce the low energy contamination. This is done
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F IGURE 2.4: Inner structure of thr EPIC-pn CCD [22].

F IGURE 2.5: The CCDs of the pn camera: The figure shows the twelve
chips mounted and the connections to the integrated preamplifiers [22].

by means of the four alluminized filters mounted on the filter wheel. On each filter
wheel there are six apertures, four of which are equipped with filters of different thickness. The remaining two apertures correspond to the closed and open positions. The
position of the wheel is changed according to different background situations.
The twelve CCDs are divided into four quadrants, each one composed of three 3x1
cm2

PN CCD subunits, forming a total sensitive area of 36cm2 . Each PN CCD is 200x64

pixel, with a pixel size of 150 x 150µm2 , resulting in an angular resolution of 4.1 arcsec
[26]. About 97% of the telescope field of view is covered by the imaging area. The
area of the detector outside the field of view is used for background studies. The focal
point of the telescope is in CCD4, quadrant 1. In order to suppress thermally generated
leakage current, the detector is cooled down to −90◦ .
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F IGURE 2.6: The PN chip geometry [22].

All the components of the EPIC camera can be operated in different modes 2.7.
The condition under which a CCD based camera can perform single photon counting,
in fact, is that only a single photon impings on the CCD, without any time and position overlap with a second photon. This condition can be achieved by modifying the
readout mode of the camera accordingly to the source brightness. If a higher timeresolution is needed, only a part of the CCD array is read out. The different operating
modes of the camera are the following:
• full frame mode and the extended full frame mode In the full frame mode all
the CCDs are read out, with a complete readout time of 73.3 ms for each CCD
subunit. The total integration time is provided by the sum of the readout time
(4.6 ms) and the integration time (68.7 ms). The extended full frame mode is
suggested for the observation of extended objects. The extended full frame mode
has the same readout time, while its integration time is 199.2 ms.
• The large window mode and the small window mode In this mode only the
inner half of each CCD is read out for imaging, reducing the readout time to 47.7
ms. The image is then transferred to the outer half of the detector in 720 ns per
CCD line, and read out. The small window mode operates similarly, but with a
FoV (field of view) of only 63x64 pixels in only one CCD. This reduces the time
resolution to 5.7 ms.
• The timing mode and the burst mode These modes are the fastest ones. Only the
focal CCD is read out, leading to a total readout time of 30 µs for the timing mode
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F IGURE 2.7: Operating modes for the pn-CCD camera. Top left: Full
Frame and Extended Full Frame mode; top right: Large Window mode;
bottom left: Small Window mode, and bottom right: Timing mode [22].

and 7 µs for the burst mode. In timing mode, macro-pixels of 10x1 pixels are
read out. The position resolution is therefore mantained only in one dimension.
In burst mode 179 pixels are rapidly transfered and then the content of CCD0 is
read in the conventional way.
The time resolution of the EPIC camera is equal to the complete readout time of each
operating mode. The cost of a smaller time resolution is of course the loss of sensitive
area, due to the fact that only a part of the CCD is read out. A relevant parameter is the
percentage of out of time events (OoT fraction). It is the percentage of events which
hit the detector during the readout of the CCD and depends on the duration of the
integration time and the readout time. The OoT fraction is 6.2% for full frame, 2.3% for
extended full frame, 0.2% for large window mode, 1.1% for small window mode [26].
The performance of the EPIC-PN camera and telescope
Quantum efficiency

The quantum efficiency (QE) of the EPIC-PN camera is shown

in figure 2.8a. The QE at high energy is mostly determined by the thickness of the
silicon layer, while the drop of the response at low energies is due to the quality of the
radiation entrance window.
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( A ) Quantum efficiency of the PN camera measured at PTB (BESSY syncrotron ( B ) The EPIC pn effective area for each of
the optical blocking filters [26].
in Berlin) and LURE (syncrotron in Orsay,
Paris) [26].

Energy resolution

The CCD of the EPIC camera are energy sensitive, and the resolv-

ing power of the camera depends on the intrinsic energy resolution of the single pixels.
It is determined by the Fano noise characterizing the ionization processes, the charge
transfer properties of the CCDs and the noise of the readout node. The resolving power
of the PN camera is shown in figure 2.9. It is plotted the FWHM for a point source located in different positions on the detector and for different patterns as a function of
energy.

F IGURE 2.9: Energy resolution of EPIC PN camera. Red: single events at
the boresight position. Black: single and double events at the boresight
position. Blue: Single events close to the readout node. Green: single
and double events close to the readout node. Line widths are based
on monochromatic line spectra, simulated with the SASv11.0 canned
response matrices [22].
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The background
In addition to the CXB (cosmic X-ray background), the EPIC-pn data are also affected
by instrumental background, which consists of detector noise and particle induced
noise. The first component is significant at low energies (below 300 eV ), while the
latter is caused by the interaction of particles with the detector and the sructures surrounding them, and becomes significant at higher energies (above a few keV ). The
particle induced background can also be divided into two components. The first one
is a "flaring" component, which is caused by soft (less than 100 KeV ) protons, which
are funneled towards the detectors by the X-ray mirrors. The second one is more stable
and is associated to the interaction of high energy particles (above 100 M eV ) with the
structures supporting the detectors and the detectors themselves.

2.1.4

Photon pile-up in the EPIC camera

The problem of pile-up
In general the term pile-up refers to interfering effects between pulses in a radiation
detector. In particular, we refer to peak pile-up as that effect that occurs when the temporal distance between two peaks is so small that they are treated as a single peak by
the analysis system [27]. An example of a piled-up signal is shown in figure 2.10.

F IGURE 2.10: Peak pile-up. Several different cases are sketched with
increasing overlap between the first and the second pulse [27].

Pile-up in CCD devices

In the specific case of X ray CCD detectors, pile-up occurs

when two photons hit the detector in the same pixel or in adjacent pixels between two
readouts, in a way that they are counted as one and their energies are summed, as
shown in figure 2.11. The pile-up fraction depends on the incident flux and on the
time resolution of the detector. As a result, the condition under which EPIC CCDs
can perform photon counting is that photons hitting the device must have no spatial
or temporal overlapping. At high count rates this condition can not be fulfilled anymore. As mentioned in Appendix A, before being captured, the primary charge cloud
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F IGURE 2.11: Schematic representation of pile-up in CCD devices.
Frames (a) and (b) are not affected by pile-up. In frame (c) two photons
are hitting the same pixel (in red) between two readouts, producing energy pile-up. In frame (d) two photons are being detected in adjacent
pixels, producing patten pile-up.

generated by the impinging photon can spread into neighboring pixels. When this
happens, a "split-pixel event" is created. For EPIC-PN data, pattern reconstruction and
recognition is done off-line. The set of valid x-ray events includes single, double, triple
and quadruple patterns for image analysis. For spectral analysis purposes, although,
it is preferred to select only single and double patterns, because they are the only well
calibrated.
This phenomenon affects the spectrum of the observed sources in three ways:
• spectral distortion: the measured spectrum is harder than the intrinsic one, due
to the shift of the events to higher energies.
• flux loss: more than one photon is counted as one, or invalid patterns are created.
• pattern migration: photons hitting the CCD in adjacent pixels produce larger
valid patterns.
The effect of pile-up on the spectrum of a source is shown in figures 2.12 and 2.13.
The plots represent the ratio between the observed fraction of each pattern and the
expected one. These plots are made with the task epatplot of the Science Analysis Software
(SAS). The prediction of relative amount of patterns in the events is made according
to the model presented by Ballet [28]. Each photon has a probability of giving rise to
a certain pattern. This probability depends on the size of the charge cloud generated
in the detector. Generally high energy photons are more likely to produce multiple
patterns with respect to low energy ones. As a result, the plots clearly show an excess
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of double pattern events and a lack of single pattern events with respect to the model,
revealing the presence of pattern migration.

F IGURE 2.12: Observed-to-model pixel fraction in a piled-up source
[22].

F IGURE 2.13: Observed-to-model pixel fraction in a source not affected
by pile-up [22].

2.2

XMM-Newton Observations of Markarian 421

Located at a redshift z=0.031, Mrk 421 is one of the brightest BL Lac object observed in
the UV and X-rays. It is very bright especially in the X-ray band, with the [2 − 10] KeV
flux normally in the range 0.4-5 · 10−10 erg cm−2 s−1 . The X-ray emission of Markarian
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421 is believed to be due to syncrotron radiation from high energy electrons. Belonging
to the class of the BL Lac, its broadband spectrum is smooth and featureless. The
syncrotron component of its spectral energy distribution peaks close to the X-ray band,
classifying this source as a High Energy BL Lac. As such, XMM-Newton is sensitive
to photons from the lower energy bump of its spectral energy distribution. The Xray behaviour of Markarian 421 is complex. It has been shown by Fossati et al. [29]
that the spectrum tends to be harder when the X-ray flux increases. Moreover, the Xray component of it SED is curved, steepening continuously as energy increases ([30],
[31]). Markarian 421, as well as other HBL blazars, is characterized by strong and rapid
variability in both X-rays and γ-rays at TeV energies.
Data from this source were used in this thesis work in order to validate the pile-up
correction method described in section 2.3. In this section we summarize the X-ray
spectral characteristics of Mrk 421 and analyse the existing XMM-Newton EPIC-pn
data.

2.2.1

XMM-Newton observations

The list and the details of the analyzed observations is provided in table 2.2. The observations were performed between November 2002 and November 2010. XMM-Newton
raw data are organized in Observational Data Files (ODFs). Markarian 421 ODFs were
downloaded from XMM-Newton Science Archive (XSA), selecting the observations
carried out with the PN camera in one of the imaging modes (Full Frame, Small or
Large Window) and in which the central region of the source was not obscured by a
square mask. In all selected observations the EPIC PN camera was operated in Large
Window mode. Data were then extracted and reduced by means of SAS (Science Analysis System), which is collection of tasks, scripts and libraries which was designed for
reducing data collected by the devices on board of XMM-Newton [32]. The ODFs were
processed by means of SAS task epchain. This task creates an event list, in which each
event is registered with its properties (such as time, spatial and energy information)
and which can then be use to generate scientific products. Thereafter, standard cuts
were made in order to improve the quality of the data set.
Selection of good time inervals

First of all, the event list was filtered for periods of

high flaring particle background. A good time interval (gti) file was produced. This
was done by using the task evselect to produce a high energy single pattern light curve
(energy between 10 keV and 12 keV

2 ).

The low background intervals (rate < 0.4

cts/s) were selected from this light curve and were written to the gti file by means of
2

The reason for including only events up to 12KeV is to avoid hot pixels being mis-identified as very
high energy events.
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Obs ID
0136540701
0136540801
0153950701
0411083201
0560983301
0656380101
0656380801
0656381301

Observation Start
2002-11-14 00:07:35.
2002-11-14 20:38:26
2002-05-05 03:49:36
2009-11-16 17:37:59
2009-05-25 03:37:32
2010-05-03 07:19:29
2010-11-12 20:51:05
2010-11-14 20:44:26

Obs Duration(s)
71520
11415
19413
58070
64173
51169
42669
42521
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Rin (”)
38
32.5
21.5
27
21.5
27
21.5
21.5

TABLE 2.2: Analyzed observations of Mrk 421. The source region is
annular with an outer radius of 10 , centered on the source position. The
inner radius Rin is given in the table.

the SAS task tabgtigen. The gti file was then used to filter the event list, again by means
of the task evselect.

Pattern selection

In order to reduce the effect of pile-up, only single pixels events

were selected. These events, in fact, are less likely to be affected by pile-up.

Source Region selection Source events were extracted from annular regions with
an outer radius of 10 centered on the source position. The inner radius of the source
region was chosen according the expected-to-observed-pixels ratio shown in the plots
produced by the task epatplot.

2.2.2

Light curves

In figure 2.14 the light curves of the selected observations are plotted. The light curves
are binned at 100 s and are produced selecting single and double events in a circular
region centered on the source position the [0.2 − 10] KeV range. None of the light
curves shows special features, except the two observations carried out on November
14 2002 (2.14 (a)), which was also the longest observational period, lasting ≈ 71 ks.
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(a) 2002-11-14

(b) 2002-11-14

(c) 2002-05-05

(d) 2009-11-16

(e) 2009-05-25

(f) 2010-05-03

(g) 2010-11-12

(h) 2010-11-14

F IGURE 2.14: EPIC-pn [0.2 − 12] keV light curves of the eight observational periods.
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Spectral analysis

All the spectra of the source were fitted with a simple absorbed power-law model and
an absorbed log-parabola. The former is expressed by
M (E) = exp(−nh σISM (E)) · KE −α ,

(2.1)

where nh is the column density of hydrogen in 1022 atoms cm−2 , and was fixed to the
galactic value in the line of sight of Mrk 421 (0.016 · 1022 atoms cm−2 [33]), σISM is the
photoelectric cross-section of the ISM, K is the normalization in photons keV −1 cm−2
s−1 at 1 keV , α is the spectral index.
The log-parabolic model, on the other hand, describes more accurately the curvature in
the spectrum of Mrk421, as remarked by G. Fossati et al. [29] and E. Massaro et al. [31],
who analysed the X-ray spectrum of this source using data collected by BeppoSAX.
This model has the form

M (E) = exp(−nh σISM (E)) · K

E
Ep

−α−β log

E
Ep

,

where Ep is a fixed pivot energy (in this analysis it was fixed at 1KeV ), and consequently α is the slope at the pivot energy. It is then possible to define an energydependent spectral index Γ(E) = α + β log EEp . The parameter β is called curvature
term and measures the curvature of the parabola. Spectral analysis was carried out
by means of the X-ray fitting package XSPEC. The absorption factor was modelled by
means of the XSPEC model tbnew [34], with the elements’ abundances from Wilms,
Allen and McCray [35], and the photoelectric absorption cross sections from Verner
et. al. [36]. All the spectra, folded with the instrument response, are represented in
figures 2.15, 2.16 and 2.17. The fitted model is shown with a solid line superimposed
to the data points. The plots on the left represent a fit with an absorbed log-parabolic
model, while the plots on the right represent a fit with a simple absorbed power-law.
The bottom panel of each plot represents the ratio between the data and the folded
model. Observing the value of this ratio it is evident that the simple power-law model
does not properly describe the curvature of the spectrum of Markarian421, whereas
the log-parabolic model shows a better agreement to the data and statistically better
results. Tables 2.3 and 2.4 show the spectral parameters resulting from the fits. As it is
possible to notice from the value of the reduecd chi squared χ2ν , the X-ray spectrum of
Markarian 421 is much better described with a log-parabola in each single observation.
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(a) Observation performed on 2002-11-14.

(b) Observation performed on 2002-11-14.

(c) Observation performed on 2002-05-05.

F IGURE 2.15: Spectra extracted from three different observational periods. The data points are superimposed to the best fit model (represented
with a solid line), which is a log-parabola in the plots on the left and a
simple power-law in the plots on the right. The data to model ratio is
plotted at the bottom of each spectrum.
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(a) Observation performed on 2009-11-16.

(b)Observation performed on 2009-05-25.

(c) Observation performed on 2010-05-03.

F IGURE 2.16: Spectra extracted from three different observational periods. The data points are superimposed to the best fit model (represented
with a solid line), which is a log-parabola in the plots on the left and a
simple power-law in the plots on the right. The data to model ratio is
plotted at the bottom of each spectrum.
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(a) Observation performed on 2010-11-12.

(b) Observation performed on 2010-11-14.

F IGURE 2.17: Spectra extracted from two different observational periods. The data points are superimposed to the best fit model (represented
with a solid line), which is a log-parabola in the plots on the left and a
simple power-law in the plots on the right. The data to model ratio is
plotted at the bottom of each spectrum.

37

Chapter 2. An Extremely Bright Object in the X-ray Band: Markarian 421

Obs ID
0136540701
0136540801
0153950701
0411083201
0560983301
0656380101
0656380801
0656381301

Energy range
(keV)
0.3-7.5
0.3-7.5
0.2-7.0
0.2-8.0
0.2-7.5
0.2-7.5
0.2-9.0
0.2-8.5

Flux
(erg cm−2 s−1 )
2.086±0.005 0.156±0.01 0.31±0.001
1.38·10−9 ±1·10−12
2.09±0.01 0.17±0.03 0.291±0.002
1.28·10−9 ±7·10−13
2.72±0.01 0.17±0.03 0.047±0.004
2.27·10−10 ±4·10−13
2.108±0.006 0.16±0.02 0.328±0.002
1.57·10−9 ±4·10−12
2.62±0.03 0.30±0.02 0.1626±0.0009 7.32·10−10 ±1.15·10−12
2.219±0.007 0.19±0.02 0.268±0.002
1.22·10−9 ±5·10−12
2.271±0.007 0.25±0.02 0.180±0.001 8.20·10−10 ±2.6·10−12
2.525±0.008 0.24±0.02 0.1390±0.0009 6.34·10−10 ±2.05·10−12
α

K

β
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χ2ν dof
1.48
1.24
1.07
1.21
1.08
1.05
1.20
1.16

TABLE 2.3: Best fit spectral parameters for a log-parabolic model. The
errors are given at 3 sigma.

Obs ID
0136540701
0136540801
0153950701
0411083201
0560983301
0656380101
0656380801
0656381301

Energy range
(keV)
0.3-7.5
0.3-7.5
0.2-7.0
0.2-8.0
0.2-7.5
0.2-7.5
0.2-9
0.2-8.5

α

K

2.120±0.003
2.124±0.008
2.71±0.01
2.136±0.005
2.623±0.006
2.245±0.006
2.303±0.006
2.63±0.01

0.3009±0.0005
0.281761±0.002
0.0457±0.0003
0.317±0.001
0.1531±0.0006
0.257±0.001
0.1704±0.0007
0.140±0.001

Flux
(erg cm−2 s−1 )
1.40·10−9 ±3.5·10−12
1.31·10−9 ±3·10−12
2.34·10−10 ±4.5·10−13
1.61·10−9 ±1.5·10−12
7.69·10−10 ±1.3·10−12
1.26·10−9 ±1·10−12
8.59·10−10 ±6·10−13
6.22·10−10 ±2.3·10−12

χ2ν dof
2.92
1.87
1.64
2.40
4.48
2.34
3.75
1.86

TABLE 2.4: Best fit spectral parameters for a simple power-law. The
errors are given at 3 sigma.

433
281
211
371
272
318
325
265

432
280
210
370
271
317
324
264
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Timing analysis

As well as the other objects classified as blazars, Markarian 421 shows variability on
hourly timescales. The variability is believed to be energy-dependent, since the high
energy part of the distribution of the electrons, which in HBLs (see chapter 1) gives rise
to the IC and Synchrotron components of the spectrum, evolves more rapidly [30]. A
timing analysis was performed on the light curve of the exposure performed on 200211-14 (OBSID 0136540701), which shows a complete flare, lasting a few hours. The
count rate increases from ≈ 150 cts/s to more than 220 cts/s. The plot in figure 2.18,
representing the 400 s binned light curve in the [0.2 − 10] keV range, along with the
light curves in different energy bins (namely [0.2−1.0] keV , [1.0−2.4] keV and [2.4−10]
keV ) shows that the flare is well visible in all the selected energy bins.

(a) Light curve in the energy range [0.2 − 10.0] keV .

(b) Light curve in the energy range [0.2 − 1.0] keV

(c) Light curve in the energy range [1.0 − 2.4] keV .

(d) Light curve in the energy range [2.4 − 10.0] keV

F IGURE 2.18: 400 s binned light curves of exposure 0136540701 in three
different energy bins

The spectral behaviour of the source on short timescales was studied by plotting the
hardness ratio (HR = Nhard /Nsof t 3 ) for different energy bands (figure 2.19). Moreover,
in order to highlight a possible correlation beetween the spectral hardness and the
state of activity of the source, the value of the hardness ratio was also represented as a
function of the count rate (plots in figure 2.20).
A similar analysis of the same exposure was done by Ravasio et Al. [30]. They
found that the HR increased as the count rate increased. Their analysis showed a
3

Nhard and Nsof t are respectively the count rates falling in the harder and softer energy range
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F IGURE 2.19: Top panel: Light curve in the [0.2−10.0] keV energy range.
Central panel: [1.0 − 2.4] keV /[0.2 − 1.0] keV hardness ratio. Bottom
panel: [2.4 − 10.0] keV /[0.2 − 1.0] keV hardness ratio

clearer correlation between the hardness of the spectrum and the [0.2 − 10.0] keV count
rate. This might be due to different time cuts which were applied to the data analyzed
in the paper in order to isolate the flare, as well as to the fact that only pattern 0 events
were selected, reducing the effect of pile-up.
The plots in figure 2.20 also show a different trend for the rising phase with respect
to the decay phase. The hardness ratio is higher in the rising phase, and this effect
is more visible in the plot on the left of figure 2.20, which shows the hardness ratio
[1.0 − 2.4]keV /[0.2 − 1.0]keV . These patterns (called clockwise patterns, as opposite
to counterclockwise patterns, in which the spectrum becomes softer when the flux increases, and then becomes harder during the decay) were also reported in different
flares of Mrk 421 by Ravasio et al [30] and Takahashi et al.[37]. Fossati et al.[29], who
analyzed BeppoSAX data, found also evidence of a counterclockwise pattern. Clockwise
loops were interpreted as a signature of a soft lag (i.e. hard X-ray variations leading
soft X-ray variations), while counterclockwise loops were attributed to hard lag, in
which soft X-ray variations lead hard X-ray variations. These loops were also found in
other similar sources, and are a sign of the complex X-ray behaviour of BL LAC objects
like Markarian 421.
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F IGURE 2.20: Left: Hardness ratio between the energy bands [2.4 − 10.0]
keV /[0.2−1.0] keV as a function of the count rate. Right: Hardness ratio
between the energy bands [1.0 − 2.4] keV /[0.2 − 1.0] keV as a function
of the [0.2 − 10.0] keV count rate.

2.3

Dealing with Pile-up

Due to its extreme brightness in the X-ray band, Markarian 421 observations are heavily affected by pileup. In this section the issue of photon pile-up in EPIC-pn CCD will
be discussed, along with a new pile-up correction method to be implemented in SAS,
which was tested during the work of this thesis. One way to avoid pile-up consists
of choosing an appropriate data acquisition mode, according to the brightness of the
observed source. In case the observation has been performed with a time resolution
not sufficiently low to avoid pile-up, the standard data analysis procedure consists on
the excision of the core of the PSF from the source region on the detector. That is to say,
data are extracted only from an annular region centered on the source position. The
source region should be selected so that the task epatplot shows a satisfactory visual
agreement between the expected pattern ratios and the observed ones, as shown in
the plot in figure 2.13. When this condition is fulfilled, in fact, it is safe to say that the
pile-up ratio in the detector is negligible. The main disadvantage of this method is of
course the fact that part of the events are removed, causing a huge loss of statistics, as
shown in the plot in figure 2.21. As shown in the first plot in fig 2.22, the more extended
the removed region, the higher the reconstructed flux. This is due to the fact that in
the center of the PSF the pile-up ratio is very high and the count rate in that region
is underestimated. The loss of statistics is shown in the second plot, which represents
the count rate (number of events per second) drawn from different annular extraction
regions vs the inner radius. This results in a drammaticaly less accurate evaluation of
the flux and spectral parameters.
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F IGURE 2.21: Fraction of the total energy within the PSF as a function
of the distance from the center. Most of the energy is concentraded in a
small radius. As a result, even removing a small region from the center
causes a huge loss of statistics

2.3.1

Dealing with pile-up: the added event method

A second method to deal with pile-up consists of producing the redistribution matrix
file for the source so that it takes into account the presence of pile-up. The redistribution matrix is a file used by the analysis software to evaluate the response function of
the EPIC detector. It gives the probability that an incoming photon with energy E is
detected in the PI (pulse height invariant) channel I and thus allows the the reconstruction of the energy of the incoming photon which generated the signal. The response
function is then obtained by convolving this file with an ancillary response file, which describes other required parameters such as effective area, filter transmission, quantum
efficiency, selected source region and pattern selections. The method used to produce
a redistribution matrix file which accounts for pile-up is called added event method, and
it consists of adding simulated events to the data, in order to reconstruct the response
of the detector to the presence of pile-up.
This method is motivated by the pulser method, which is a technique used to correct
quantitative pile-up in detectors. The output of a pulse generator with fixed amplitude is mixed with the output of the detector. The amplitude of the artificial peaks is
tuned so that it creates a peak in the measured spectrum. The number and the amplitude of the artificial pulses is well known, while the time distribution is random. A
measurement of the area under the artificial peak in the spectrum provides then the
fraction of pulses which did not contribute to pile-up [27].
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F IGURE 2.22: Left: flux evaluated for the observation 0658800101 performed on 2011-05-17 of the BL Markarian 421 as a function of the radius
of the excised region. right: Count rate loss as a function of the radius
of the extracted region.

The correction method, in its version for CCD detectors, is implemented in the software SAS and works as follows. The algorithm takes the eventlist4 and the original
response matrix as an input and, after statistically removing an event, virtually adds
one or more test charges to each frame. This is done looping over the input energies
of the response matrix, and randomizing over the detector response, the point spread
function and the pattern distribution. The test charge(s) are added so that only one
event is added in each frame. Depending on the location in the CCD, the test event
can pile up with one or more of the events in the frame with the consequent effects,
such as energy or pattern migration. The invariant amplitude (channel) of each test
event is then reconstructed, taking into account whether the event has produced pileup or not. That is to say, if the test charge(s) piled up with one or more of the observed
events in the frame, it will be reconstructed as an event with energy equal to the sum
of the energy of the test event and the energy of the observed event. A histogram of
these output events versus the reconstructed invariant amplitude of the test event, after being properly renormalized, constitutes the corrected response function. Looping
this procedure over all the energies will then allow to compute the corrected redistribution matrix. Details of the correction algorithm and its validation will be found in
a technical note of the XMM-Newton project [38]. A schematic representation of the
algorithm is provided in figure 2.23. In figure 2.24 the response function before and
after the correction is shown. It describes the probability of an event to be read out at
higher energies is affected due to pile-up.
The purpose of this part of the work of this thesis was testing this correction method,
4
An eventlist is a file containing a list of all events detected in each frame during a single observation.
This file is produced in the first stage of the analysis chain and it is used to produce the spectrum.
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F IGURE 2.23: A schematic representation of the correction method.

in order to determine the conditions under which it can be safely applied in spectral
analysis. This task was carried out as follows:
• Applying the correction algorithm on simulated data.
• Applying the correction to astrophysical data. The BL-Lac Markarian 421 was
chosen as a test source, and the correction method was applied to data drawn
from different observations, performed in different conditions of the source.

2.3.2

The added event algorithm applied on simulated spectra

Before applying the correction algorithm on astrophysical data, it was tested on softwaregenerated ones. For astrophysical data tests, the blazar Mrk 421, which X-ray spectrum
can, on first approximation, be modeled with a simple power-law with photoelectric
absorption, was chosen as a test source. The reason for this choice is that Mrk 421 is an
extramely bright source in the X-rays, and its spectrum is heavily affected by pile-up.
Moreover, its simple spectral shape clearly shows the effect of pile-up, which results
in a harder spectrum, i.e. a lower spectral index Γ. Challenges to the validation of the
method are that neither the pile-up fraction, nor the intrinsic Mrk 421 spectral shape
and brightness are known. The time resolution of the detector in fact determines a
count rate limit, above which pile-up is present in the detector, but it is not possible
to evaluate the pile-up fraction. The intrinsic spectral parameters of Mrk 421are not
known because it an extremely variable source. Conversely, the amount of pile-up and
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F IGURE 2.24: The response function of the detector before (black) and
after (red) the correction convolved with a δ model at 1 KeV.

the spectral parameters are perfectly known for artificially generated data, and this allows a comparison between the input data, the output data (affected by pile-up) and
the corrected ones.
The test of the method on simulated data was performed by means of an IDL software,
which is composed of a piled-up spectra generator and a code that applies the correction algorithm to the piled-up spectrum. The former takes a model generated with the
x-ray data analysis software XSPEC as input. The model chosen was wabs · powerlaw,
which is a powerlaw with photoelectric absorption at low energies [39]. The spectral
shape is described by equation 2.1.
The sofware then produces a not-piled-up spectrum (here called input spectrum) and a
piled-up spectrum, assigning a frame and a position in the CCD to each photon. The
correction method is then applied to the piled-up spectrum, producing a corrected response matrix. The correction procedure was applied to artificially generated spectra
for different count rates, ranging from 0.1 cts/f rame to approximately 200 cts/f rame.
Then a fit of the absorbed powerlaw model to the input spectrum, the piled-up spectrum and the piled-up spectrum convolved with the corrected response function was
performed by means of XSPEC. This has been done using different versions of the algorithm, which was progressively improved and refined. The results are shown in
figures 2.25 and 2.26.
In figure 2.25, the curves in red in red shows the value of the spectral parameters
of the input spectrum. It is clear that as the count rate increases, the number of events
increases as well, and the value of the spectral index resulting from the fit approaches
the input value 2.4. The flux is proportional to the input count rate, as shown in the
second plot. The parameters of the output piled-up spectrum are shown in green in the
plots shown in figure 2.25. The spectral index Γ decreases significantly as the count rate
increases, reaching a minimum at ≈ 60 cts/s. The decrease of the spectral index is due
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Spectral index

Spectral index
2.44
2.42
2.4
2.38
2.36
2.34
2.32
2.3
2.28
2.26
3

102

10

10
count rate (cts/sec)

Norm (cts/sec/Kev)

Normalization

10

1

10

2

10

10

3

4

1

102

10

3

10
count rate (cts/sec)

reduced chi squared

chi squared
2.4
2.2
2
1.8

Spectral Parameters
No pileup
rmf #1
rmf #2
piled-up spectrum

1.6
1.4
1.2
1
0.8
10

102

3

10
count rate (cts/sec)

F IGURE 2.25: Best fit parameters of the simulated spectra before and
after the correction. Top: Spectral index. Center: flux. bottom: χ2ν

to the increasing pile-up ratio. The reason for which the spectral index increases again
for greater count rates is that as the count rate increases, invalid patterns are more
likely to be produced, and pattern migration occurs (see A for further information
about valid X-ray patterns in CCDs). These patterns are then removed and this reduces
the pile up ratio. With increasing count rate, however, the pile up ratio increases again,
causing a decrese of the spectral index. The data points in dark blue, labeled rmf #1
correspond to the first version of the correction method. The spectral index is brought
closer to the original value, although the plot shows that the value of this parameter
tends to be overcorrected if a high pile up ratio is present. The corrected curve, in fact
shows a bump in correspondance to the minimum of the spectral index. It is possible to
notice in the second plot that he flux is not recovered at all. This is due to the fact that
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Spectral index

Spectral index
2.44
2.42
2.4
2.38
2.36
2.34
2.32
2.3
2.28
2.26
102

10

3

10
count rate (cts/sec)

Norm (cts/sec/Kev)

Normalization

1

10− 1

10− 2

−3

10

3

102

10

10
count rate (cts/sec)

reduced chi squared

chi squared
2.4
2.2
2
1.8

Spectral Parameters
No pileup
rmf #3
piled-up spectrum

1.6
1.4
1.2
1
0.8
10

102

3

10
count rate (cts/sec)

F IGURE 2.26: Best fit parameters of the simulated spectra before and
after the correction. Top: Spectral index. Center: flux. bottom: χ2ν

this first version of the algorithm does not apply any normalization to the response
function. After being updated, the algorithm gave the results labeled rmf #2. This
version of the method accounts for the flux loss and recovers part of the flux. This
is done by calculating the fraction of test events which pile-up with observed events.
The data points marked with rmf #3 in figure 2.26 are obtained with a third version
of the correction algorithm that, berfore adding the test event, removes one complete
event (e.g. one charge for a single pixel event, two charges for a double pixel event) for
each frame. In the previus versions only a single charge was removed, regardless the
event type. The events in the original event list are removed so that the distribution of
number of events per frame is the same after adding the testevent. Although the flux is
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still not completely recovered, the correction works for the spectral index. This version
of the simulator also evaluates the total duration of an observation by multiplying the
number of frames times the readout time.
The values of the χ2ν show that the quality of the fit is better with respect to the
piled-up data, especially at high count-rates. Moreover, it improved as the correction
method algorithm was updated.

2.3.3

The added event algorithm applied on Markarian 421 data

The correction method was then applied to astrophysical data. As already mentioned,
the chosen source was Mrk 421. A list of all the analyzed observations is shown in table
2.5. All the observations were performed in Large window mode, which corresponds
to a readout time of 47.7 ms. Of all the available observations, the ones in which the
source did not overlap with the edges of the CCD were selected. In fact, the SASimplemented version of the algorithm only adds test events to the CCD which detects
the source, and selecting a source region covering more then one CCD can affect the
results.
Obs ID
0136540801
0136540901
0136541201
0153950601
0153950701
0411083201
0560983301
0656380101
0656380801
0656381301

Observation Start
2002-11-14 20:38:26
2002-11-15 00:26:43
2002-12-02 23:41:50
2002-05-04 16:09:17
2002-05-05 03:49:36
2009-11-16 17:37:59
2009-05-25 03:37:32
2010-05-03 07:19:29
2010-11-12 20:51:05
2010-11-14 20:44:26

Observation End
2002-11-14 23:48:41
2002-11-15 03:37:03
2002-12-03 02:52:05
2002-05-05 03:11:24
2002-05-05 09:25:11
2009-11-17 09:45:49
2009-05-25 21:27:05
2010-05-03 21:32:18
2010-11-13 08:42:14
2010-11-15 08:33:07

Obs Duration(s)
11415
11420
11415
39727
19413
58070
64173
51169
42669
42521

Obs Mode
LW
LW
LW
LW
LW
LW
LW
LW
LW
LW

TABLE 2.5: Analyzed observations of Mrk 421

The spectrum of all the data sets was extracted by means of SAS. In order to evaluate the effectiveness of the the pile-up correction algorithm, single and double pattern
spectra were extracted for each observations removing progressively wider circular regions from the core of the PSF. The corrected response matrix file was then produced for
each spectrum. An absorbed power law model (with the nh parameter frozen to the
galactic value 6.3·1020 atoms cm−2 [40]) was then fit to the obtained spectra, convolved
with the corrected and the non-corrected response matrices. The fit was performed in
the energy range [0.3 − 6] keV . The resulting values of the spectral parameters and the
value of the χ2ν are shown in figures 2.27 and 2.28 as a function of the inner radius of the
source region. The parameters resulting from the fit with the piled-up data are shown
in red and the effect of pile-up is clearly noticeable. The spectral index is shown in the
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plots on the right in figuress 2.27 and 2.28 is lower for smaller inner radii and tends to
a constant value as the inner radius increases. This is due to the fact that the core of the
PSF is heavily piled-up. As a consequence, including it in the source region leads to
an underestimation of the spectral index Γ. The calculated flux over the chosen energy
range increases as the area of the removed region increases. This is a consequence of
the flux loss generated by pile-up5 . The quality of the fit, shown by means of the value
of χ2ν increases with the area of the extraction region. Nonetheless, a simple power-law
model is not the most appropriate to fit the spectrum of Mr421, which is remarkably
curved. It is possible to obtain better results by using a log-parabolic model (refer to
2.2 for further information).
The parameters obtained folding the spectrum with the corrected response matrix
are shown in blue in figure 2.27 and 2.28. The trend of the data allows to draw the
following conclusions.
As the radius of the source extraction region increases, the data points corresponding to the spectrum folded with the corrected response approach to the not-corrected
parameters. That is to say, in the extreme situation in which pile-up is practically absent, the corrected response file is the same as the not-corrected one. This happens
because when pile-up is negligible, the number of observed events in each frame is
such that the test events do not produce any piled-up avents, and come out with the
same energy thay had before being added. If we make the assumption, based on the
experimental to expected pattern fraction, that the pile-up fraction is negligible for an
annular source region with an inner radius of 2700 , we can conclude that the spectral
index Γ is overestimated when the correction method is applied to source regions with
small inner radii. This is also shown in the plot in fig 2.31. The curve shown in purple
indicates that the spectral index obtained by fitting the spectrum without removing any
region from the core of the PSF is systematically lower. On the other hand, applying
the correction method to a circular source region gives a spectral index systematically
higher than the one obtained simply excising the core of the PSF. The quality of the fit
with a simple absorbed power-law, shown by means of the value of the variable χ2ν ,
improves when the spectrum is folded with the corrected response matrix. Nevertheless, the values of the χ2ν of the fits with spectra extracted from a circular region are still
not acceptable (χ2ν > 3.0), due to the inadequacy of the model. Further developements
of the SAS build of the pileup correction algorithm have been tested by Koch-Mehrin
[41], and will be part of the technical notes of the XMM-Newton project.

5

When the core of the extraction region is excised, the task arfgen, which produces the ancillary files,
uses an image of the PSF generated from calibration parameters in order to calculate the missing effective
area due to the removal of the core. XSPEC then uses the so produced effective area to correctly evaluate
the flux
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F IGURE 2.27: left: spectral index Γ as a function of the radius of the
removed region. center: Flux in the range [0.3 − 6.0] keV as a function
of the radius of the removed region. right: χ2ν value obtained by fitting
the spectrum with a simple power-law in the range [0.3 − 6.0] keV .
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F IGURE 2.28: left: spectral index Γ as a function of the radius of the
removed region. center: Flux in the range 0.3keV -6.0keV as a function
of the radius of the removed region. right: χ2ν value obtainen by fitting
the spectrum with a simple power-law in the range 0.3keV -6.0keV .
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F IGURE 2.29: Flux as a function of the count rate. Plot obtained only
using pattern 0 events from all the analyzed observations.

F IGURE 2.30: Flux as a function of the count rate. Plot obtained only
using pattern 0-4 events from all the analyzed observations.
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Figures 2.29 and 2.30 show the values of the flux for different observations as a
function of the count rate. The data points in red refer to a circular extraction region
with a 6000 radius centered on the source position, while the green data points to an
annular extraction region with radii 2700 and 6000 . The solid line represents the non
corrected flux. It is possible to notice that flux obtained by excising the core is systematically higher than the one evaluated from a circular region, revealing the presence
of pile-up. The red dashed line, representing the value of the flux after applying the
correction, approaches the flux obtained with the core excision method. The recovery
of the flux seems then to be effective. It is although necessary to mention the evaluation of the flux has an additional systematic uncertainty of ≈ 20% when the core is
removed, due to the convolution with the PSF. The plot in figure 2.31 represents the ra-

F IGURE 2.31: Ratio between the corrected spectral index and the spectral index obtained by removing circular regions of radius 3800 from the
core of the PSF.

tio between the corrected spectral index and the spectral index obtained by removing
a circular region of radius 38” from the core of the psf. The plot also shows in purple
the ratio between the spectral index evaluated not removing any region and spectral
index obtained by removing a circular region of radius 38” from the core of the PSF.
The plot suggests that the application of the correction algorithm to the data extracted
from a circular region centered on the source position causes an overestimation of the
spectral index, as it is also visible in the plots on the left in Figures 2.27 and 2.28.
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Chapter 3

Fermi-LAT Analysis of Markarian
421
3.1
3.1.1

The Fermi Large Area Telescope
The instruments

The Large Area Telescope (LAT) is the primary instrument on board the Fermi Gamma ray
Space Telescope. The spacecraft was launched into a near-Earth orbit on 11 June 2008
and orbits at an altitude of ≈ 565 km with an inclination of 25.6◦ with respect to the
equator. The Large Area Telescope is an imaging, pair-conversion telescope, covering
the energy range from 30 M eV to more than 300 GeV . The LAT is mostly operated in
scanning mode in which an almost uniform exposure of the entire sky is achieved every
two orbits in approximately 3 hours. Fermi’s orbit crosses the South Atlantic Anomaly
(SAA), where the Van Allen radiation belt is at an altitude of ≈ 200 km. In this area the
flux of charged particles can be so intense to saturate the electronics. For this reason
when the spacecraft is in the SAA (≈ 15% of the total observation time), the LAT is
not operated. The spacecraft is also equipped with a Gamma ray Burst Monitor (GBM),
which is designd to detect transient phenomena in the range 8 KeV - 30 M eV [42].

3.1.2

The LAT detector

High-energy γ−rays convert into an e+ e− pair in a tracker, where the charged particles
can be detected by means of the silicon strip detectors. The total energy of the particles
is then measured with a calorimeter module.
The converter/tracker

The converted-tracker is composed of 16 layers of high-Z ma-

terial (tungsten), interlayed with single-sided silicon strip detectors. The purpose of
the tungsten foils is to promote the conversion of gamma rays into an electron and a
positron, to be detected by the silcon strip detector. The direction of the incoming γray is then reconstructed, as shown in figure 3.2. In order to obtain optimal results, the
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F IGURE 3.1: Details of the Large Area Telescope design[43].

direction of the two charged particles must be measured immediately after the conversion. In order to achieve this, the tungsten foils lie immediately above the upper silicon
layer in the detector. The tracker consists of two regions, the front section and the back
section. The former, composed of the first 12 planes, has 0.03 radiation lenghts thick
converter foils. The latter, consisting of the following 4 planes, has tungsten converter
layers approximately 6 times thicker. This design represents a compromise between
maximising the effective area by inserting converting material, and minimising the inactive region of the detector. The aspect ratio of the converter

1

is 0.4 and allows a

wide field of view (FoV) of 2.4sr, ensuring that nearly all the events will pass trough
the calorimeter[43][42].
The calorimeter

The calorimeter is composed of 96 cesium iodide thallium activated

CsI(Tl) crystals, arranged in 8 layers of 2 crystals each. The total vertical depth of
the calorimeter is 8.6 radiation lengths (for a total instrument depth of 10.1 radiation
lengths). The lateral dimensions of the crystals are comparable to the CsI radiation
length (1.86 cm) and Moliere radius (3.8 cm) for electromagnetic showers. The readout
is done by PIN photodiodes, mounted on both sides of each crystal, measuring the
scintillation light produced. The difference between the light levels transmitted to the
two ends allows the determination of the position of the energy deposit in the crystal.
1

The aspect ratio is the ratio between the height and the width of the tracker.
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F IGURE 3.2: Illustration of tracker design principles [42].

The detector provides three spatial coordinates: the position of the crystal in the array
and the coordinate provided by measuring the light-yeld asymmetry. The position
resolution achieved by the ratio of light seen at each end of a crystal scales with the
deposited energy and ranges from a few millimeters for low energy depositions (≈ 10
MeV) to a fraction of a millimeter for large energy depositions (>1 GeV).
The anticoincidence detector (ACD)

The anticoincidence detector (ACD) is respon-

sible for the discrimination of photons from the large charged cosmic-rays background.
It is composed of 89 plastic scintillator tiles enclosing the calorimeter and the tracker.
Scintillation light from each tile is recorded by wavelength shifting fibers embedded
in the scintillator and connected at both ends to two photomultiplier tubes. The ACD
is required to provide at least 0.9997 efficiency (averaged over the ACD area) for detection of single charged particles entering the field-of-view of the LAT. The "self-veto"
effect2 is avoided by correlating the spatial information provided by the ACD to the
signal from the tracker and the calorimeter.
DAQ system

The DAQ system collects data from all the sub-systems, is responsible

for triggering, and applies on-board event filtering. It is composed of 16 Tower Electronic Modules (TEMs), each one generating instrument trigger primitives from combination of lower subsystem (tracker and calorimeter) triggers. Each TEM also provides
event buffering to support event readout, and communicates with the instrument-level
Event Builder Module (EBM) that is part of the Global-trigger/ACD-module/Signal
distribution Unit (GASU). The GASU consists of four components: the first is the Command Response Unit, which sends and receives commands and distributes the DAQ
2

The self veto effect is the rejection of high energy gamma rays (> 10 GeV), because back-scattered
particles from the calorimeter return into the tracker and trigger the ACD
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clock signal. The Global-Trigger Electronics Module (GEM) that, based on the trigger
primitives provided by TEMs, and ACD, generates the LAT readout decision signal.
The ACD Electronics Module (AEM) performs the same tasks of the TEM but for the
ACD, while the the Event Builder Module (EBM) uses the information coming from the
TEMs and the AEM to build complete LAT events and sends them to Event Processor
Units (EPUs). The EPUs on-board the Fermi-LAT are two, and their task is to process
and filter events. The Spacecraft Interface Unit (SIU) controls the LAT and contains the
command interface to the spacecraft.

3.2

The PASS 8 Event Reconstruction

The Level 0 data downlinked from the spacecraft need to be reprocessed in order to reconstruct the interaction of the events in the LAT (Level 1 data), identifying the type of
the event and other physical parameters such as direction and energy. Since the launch
of the spacectaft, the event-level analysis software has been updated several times, taking advantage of the improving knowledge of the performances of the instruments and
the orbital conditions. The latest data release, called Pass 8 (P8R2), introduces significant changes in the analysis chain and the event recontruction techniques with respect
to the previous versions of the software. Moreover, Pass 8 includes revised Monte Carlo
simulations of the detectors, which allows new selection cuts that increase the acceptance of the detector over the entire energy range. Along with these updates, a new
pattern recognition algorithm for the tracker reconstruction and a better energy resolution improve the event reconstruction. The background rejection was also increased,
with improved algorithms for the association between the signals in the trackers and
the ones in the ACD tiles and a new event classification analysis. Pictures 3.4 show
the improvement in the acceptance and the effective area obtained with the new data
release with respect to the previous one, called Pass 7 reprocessed (P7REP).
The software update was motivated by the issue represented by ghost events, instrumental pile-up due to remnants of electronic signals generated by particles that crossed
the detectod a few µs before the particle that triggered the event. Ghost events introduce
errors in the measurement of the energy, shower center and direction[44].

3.2.1

Event classification

In order to reconstruct the events, cuts are made that classify the events according to
the quality of the reconstruction and the photon probability and classify them in event
classes. Each class has its own IRF and the events in each class are divided in types, according to a specific set of Instrument Response Functions or on the topology of events.
The P8R2_V6 IRFs provide the current description of the instrument response for the
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F IGURE 3.3: Example of a ghost event in the LAT(y − z orthogonal projection). In addition to an 8.5 GeV γ-ray candidate (on the right) there is
additional activity in all the three LAT subsystems. The small crosses
represent the clusters (i.e., groups of adjacent hit strips) in the TKR,
while the variable-size squares indicate the reconstructed location of the
energy deposition for every hit crystal in the CAL (the side of the square
being proportional to the magnitude of the energy release). The dashed
line indicates the γ-ray direction. [45].

( A ) Acceptance as a function of energy.

( B ) Effective area as a function of energy

F IGURE 3.4: Performance comparison of the P7REP_SOURCE_V15 and
P8R2_SOURCE_V6 event classes. [46]

P8R2 data release. Event classes in Pass 8 are divided into TRANSIENT, SOURCE,
CLEAN, ULTRACLEAN and ULTRACLEAN VETO. The first is characterized by the
loosest selection criteria, and is designed for the study of transient phenomena, such as
gamma-ray bursts, for which high statistics is needed, at the expenses of the quality of
the reconstruction. The SOURCE class is the most used for analysis of moderately extended sources and point sources on medium to long timescales. the two latter classes
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are the most restrictive, and provide the lowest background contamination at the expense of lower effective areas. Each event class is then partitioned in three ways, according to the location in which the conversion occurres (Conversion Type partition),
the quality of the reconstruction of the direction of the incoming photon (PSF Type partition) and the quality of the energy reconstruction (Energy Dispersion Type Partition).
Plots in picture 3.5a display a comparison of the Pass 8 IRFs for different event classes.

( A ) Acceptance as a function of energy.

( B ) Effective area as a function of energy

F IGURE 3.5: Comparison of acceptance and effective area for different
P8R2_V6 event classes. [46]

3.3

The LAT Response Functions

The performances of the telescope are evaluated by means of Monte Carlo simulations,
which take into account the physical interactions, the instrument and the on-board and
ground processing cuts. The Instrument Response Functions (IRFs) are a mapping of
the incoming photon flux and the detected events, made by comparing the properties
of the simulated events and the input photons. The response is a function of photon
energy, incidence angle, conversion point within the instrument and other parameters.
The IRF can be factored into three terms, namely the Effective Area, the Point Spread
Function (PSF) and the Energy Dispersion.
Effective Area

The Effective Area (Aef f ) is the detection efficiency (expressed as an

area) for photons of true energy E and arrival direction p. In the calibration database
(CALDB), the detection efficiency is tabulated in discrete bins depending on the energy
of the incoming photons (E) and the inclination angle (θ).
Point Spread Function

The PSF (P ) gives the probability density that a photon with

energy E and direction p is reconstructed with direction p’.
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Energy Dispersion The Energy Dispersion (D) gives the probability density that a
photon with energy E and direction p is reconstructed with energy E’.
R(E 0 , p0 , E, p, t) = Aef f (E, p) · P (p0 , E, p) · D(E 0 , E, p)

(3.1)

The measured count rate is then given by the convolution of the true differential
flux per unit area at the detector with the IRFs.

dN
0 0
E
,
p
,
t
=
dt dE 0 dp0

Z

dE dp R(E 0 , p0 , E, p, t)

dN
(E, p, t)
dtdEdpdS

(3.2)

In equation 3.2 the response is represented as a function R of the true photon energy E
and direction p, the measured photon energy E 0 and direction p0 and time t.

( A ) On-axis effective area as a function of en-( B ) Effective area for 10 GeV photons as a funcergy.
tion of the incidence angle.
F IGURE 3.6: Effective area of P8R2_V6 events. The curves correspond
to front-converting events (red), back-converting events (blue) and total
(black)[46].
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( B ) Energy resolution as a function od the incidence angle.

F IGURE 3.7: Acceptance weighted energy resolution ( ∆E
E ) of P8R2_V6
events. The curves correspond to front-converting events (red), backconverting events (blue) and total (black) [46].

F IGURE 3.8: 68% and 95% event containment angle of P8R2_V6 events.
The curves correspond to front-converting events (red), back-converting
events (blue) and total (black) [42].

Pictures from 3.6 to 3.8 show the plots describing the P8R2_V6 IRFs for the SOURCE
event class. Picture 3.6 represents the effective area as a function of energy for normally
incident photons, and as a function of the incidence angle for 1 GeV photons. Plots in
picture 3.7 show the acceptance weighted energy resolution (i.e. 68 % containment half
width of the incoming photon energy), as a function of energy and incidence angle for
a 10 GeV photon. Finally, picture 3.8 displays the values of 68% and 95% containment
angles as a function of energy.
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The Likelihood Analysis

The Science Tools is a set of tools designed and developed to perform high level FermiLAT data analysis. Data available for scientific analysis, resulting from the processing
of data telemetred from the Fermi spacecraft, consist of two data filetypes. The Events
file is a list of the reconstructed events, each one associated to its parameters, such as
reconstructed energy and direction, detection time, and the event classification parameters. The Spacecraft file contains data on the location and orientation of the spacecraft,
which are needed for the analysis. The detection time is expressed in MET (Mission
Elapsed Time), defined as the number of seconds since the reference time 1 January 2001
at 00:00:00 in the Coordinated Universal Time (UTC) system.

3.4.1

Data selection

The first step is applying cuts to the data set, according to the analysis being performed.
The tool designed to make standard cuts to Fermi-LAT data files is called gtselect. The
parameters required are the coordinates of the source, located at the center of a circular
region of interest (ROI), in which the events are selected, the radius of the ROI, the
start and end time of the events’ detection, the energy range, and the maximum zenith
angle value. This latter parameter represents the angle between the incoming photon
direction and the direction perpendicular to the EarthâĂŹs surface, The selection based
on the zenith angle value is done to exclude time periods when any portion of the ROI
is too close to the Earth’s limb 3 , causing elevated background levels.

F IGURE 3.9: An example of the selection cuts made with gtselect. If run
interactively, gtselect will prompt the user for the values of the parmeters

3.4.2

Selection of good time intervals (GTI)

The Good Time Intervals are time ranges in which the data can be considered valid. The
tool used to evaluate these time intervals is gtmktime, which uses the data contained in
3

The diffuse cosmic rays, dominated by protons, collide with the outer layer of the atmosphere producing γ-ray flux. The Fermi-LAT sees the photons which are directed to the detector.
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the spacecraft file in order to cut out intervals in which the source is subjected to limb
contamination, or when the spacecraft is crossing the SSA.

3.4.3

The livetime cube

Since the instrument response functions depend on the inclination angle (i.e. the angle
between the source direction and the LAT z-axis), the number of counts detected for a
source of given intensity depends on the amount of time that the instrument has spent
at different inclination angles. In order to perform scientific analysis of data, a livetime
cube has to be produced by means of the tool gtltcube. The file produced by this tool
contains the livetime, i.e. the time that the LAT has actively taken data, as a function
of the position on the sky and the inclination angle, for a selected observation period.
This quantity is evaluated from the Spacecraft file. The off-axis angle dependence is
important since the IRFs depend on this angle. Livetime cubes are additive and can be
summed by the tool gtltsum.

3.4.4

The likelihood fitting

In order to extract physical parameters of scientific interest for a given source in the
sky, a statistical analysis of data collected by the LAT is needed. The background, in
fact, is bright and structured in the energy range covered by the LAT, and isolating
a source can be challenging. The technique adopted for this analysis is the method
of maximum likelihood. The likelihood L is the probability of obtaining certain values of the data given an input model. We expect that the model which describes best
the underlying reality has a greater probability of obtaining the observed data than a
model which offers a poor description of reality. If M (E, p, t, α1 , ..., αn ) is the differential flux per unit area describing the observed region of the sky, the observed count
rate J(E 0 , p0 , α1 , ..., αn ) is given by its convolution with the response functions.
0

0

Z

dE dp R(E 0 , p0 , E, p, t) · M (E, p, t, α1 , ..., αn )

J(E , p , α1 , ..., αn ) =

(3.3)

In 3.3 the parameters α1 , ..., αn are the spectral parameters describing the model, and
their best fit value is found by the maximization of the likelihood function. M will be
considered as time-independent, since in this thesis only steady sources are considered.
The number of counts expected Λexp (α1 , ..., αn ) is then obtained by integrating 3.3 over
the solid angle Ω, the energy range [E1 ,E2 ] and the time range [t1 , t2 ].
Z

t2

Λexp (α1 , ..., αn ) =

Z

E2

dt
t1

dE
E1

0

Z
Ω

dp0 J(E 0 , p0 , α1 , ..., αn )

(3.4)
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The observed counts follow a Poisson distribution, with expectation value given by
the number of expected counts.
p(n; λ) = e−λ

λn
n!

(3.5)

Thus, if Nobs is the number of observed counts, the value of p(Nobs , Λexp (α1 , ..., αn ))
represents the probability of detecting Nobs photons given the set of model parameters
α1 , ..., αn . Therefore, in order to find the best value of the model parameters, one has
to maximise p(Nobs , Λexp (α1 , ..., αn )). The analysis is usually performed with binned
data. That is to say, the observed region of the sky is divided in pixels and energy bins.
The likelihood is then defined as the product of the probability of each pixel i and each
energy bin j:
L=

Y

(3.6)

P (Ni,j , Λi,j (α))

i,j

where α = (α1 , ..., αn ). It is convenient to consider the natural logarithm of L, which is
log L =

X

Ni,j log ΛI,j (α) −

X

i,j

Λi,j (α) −

i,j

X

log Ni,j !

(3.7)

i,j

The last term can be eliminated from the, since it does not depend on the spectral
parameters. The log-likelihood then becomes
log L =

X
i,j

Ni,j log ΛI,j (α) −

X

Λi,j (α) =

i,j

X

Ni,j log ΛI,j (α) − Λtot (α)

(3.8)

i,j

Where Λtot (α) is the expected number of total counts. A quantitative comparison between different models can be performed using the likelihood ratio test (LRT). If M is
the model used, while M0 is a simpler model, characterized by less parameters then
M0 . The test statistic is then defined as
T S = 2(ln L − ln L0 ),

(3.9)

where L and L0 are the maximum values of the log-likelihood using the models M and
M0 respectively. According to the Wilk’s theorem, the T S is asymptotically distributed
as a χ2 with m−h degrees of freedom, being h the number of degrees of freedom of the
model M0 and m the number of degrees of freedom of the model M . When the TS is
large the M0 hypothesis is rejected and the model M is adopted. The confidence level
at which the model M describes data better than the simpler model M0 is given by
Z
c.l. =
0

TS

χ2m−h (s)ds,

(3.10)
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χ2m−h (s)ds is the chance probability that the test statistics is larger than the

obtained value. This analysis is performed by means of the tool gtlike, which defines
the likelihood and finds the maximum using some minimization algorithm. In order
to do so, it is necessary to evaluate the observed and the expected number of counts for
each pixel and energy bin. The tool gtbin creates count maps (two spatial coordinates)
or count cubes (two spatial coordinates and the energy binning) of the observed photons, the binning parameters being selected by the user. The expected counts, on the
other hand, are evaluated by means of the convolution of the model flux of the region
of the sky under analysis with the exposure. The exposure is obtained weighting the
effective area with the livetime calculated at each off-axis angle θ (ltpix (θ)).
Z
pix =

ltpix (θ)Aef f (θ)dθ

(3.11)

In order to obtain the number of expected counts in each pixel it is necessary to multiply also by the PSF.
Λexp (E) = pix (E) · Mpix (E) · P SF (E)

(3.12)

In 3.12, Mpix (E) represents the model flux for a specific pixel at a specific energy. Since
it does not give a significant contribution, the energy dispersion is neglected in the
convolution with the IRF in order to reduce the computing time. This computation is
done by the tool gtsrcmap.
In order to model a source, it is necessary to include in the model all nearby sources,
which also contribute to the total amount of counts detected. The model is defined
through an XML file, containing the spectral and spatial shape of each source in the
Source Region. The spectral form of the sources can be chosen among a set of available functions, usually power-law spectra or variation of a power-law (broken power
law, log parabola). What is usually done is then including in the XML model all the
source from a large region of interest (ROI), and perform the fit only for sources inside a
smaller fitting radius. The last step of the likelihood analysis is the creation of the loglikelihood and its maximization by means of the tool gtlike. It returns as an output the
best fit values for the model parameters along with their statistical uncertainties, the
maximum likelihood log-likelihood values associated to the model. The TS of the fit is
also evaluated with respect to a null-hypothesis in which the main source is eliminated
from the model.
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FERMI-LAT Observations of Markarian 421

Besides being one of the brightest extragalactic sources in the X-ray/T eV domain, Mrk
421 was the first extragalactic object to be detected at T eV energies in 1992 [47]. The details of the physical processes underlying the blazar emission are still unknown, mainly
because of the moderate sensitivity available in the past to study the γ-ray emission of
this source. Multiwavelength observational campaigns have been performed in the
past years. Often these campaigns were triggered by the detection of enhanced flux
levels, indicating ”high-activity” states, in which the underlying physical processes
are likely to be different from the ones occurring in quiescent periods. In other cases,
the source was observed during a "low-activity" state [48]. One of these campaings, in
which the Fermi-LAT took part, included also instruments like VLBA, Swift, RXTE and
MAGIC. This campaign covered a time period of 4.5 months in which Markarian 421
didn’t show any significant enhancement of the flux in the γ-ray band.

3.5.1

Data analysis

In this section I will present the analysis performed with a set of Pass 8 (P8) data collected in a 90 months long period starting on 2008-08-04. The analysis procedure is
based on the maximum likelihood method described in section 3.4. The analysis was
done selecting data covering periods of high activity and low activity. The time ranges
for this analysis were chosen by producing a light curve of the whole observational
period.
Markarian 421 data selection
The data selection was done by means of the tools gtselect and gtmktime. The radius of
ROI is set to 20◦ . The energy range of selected events spans from 60 M eV to 300 GeV .
The cut on the Zenith angle was set to 100◦ . Further details on the selection adopted
for the analysis are given in table 3.1, while a count map of photons with E > 1GeV is
shown in figure 3.10.
Modeling the region of interest (ROI)
In order to perform the likelihood analysis, a model has to be developed. It is defined
through a file in the XML format, describing the spectral and spatial shape of every
point like or extended source within the ROI. The XML model file was built with the
sources included in theThird Fermi-LAT Point-Source Catalog (3FGL) [49]. An extract
from the XML model built for the analysis is shown in picture 3.11. In addition to
several known point-like sources present in the ROI, the background is representes by
three different contributions modeled as extended sources:
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PASS 8 data selection
Version
p302
tstart
239557417.494 (2008-08-04)
tstop
475977600.494 (2016-01-31)
ROI
20◦
Zenith angle
< 100◦
Energy range
60 M eV -300 GeV
Event class
SOURCE
IRFs
P8R2_SOURCE_V6
TABLE 3.1: Data selection for the analysis.

F IGURE 3.10: Binned count map of photons above 1 GeV. The events are
binned into a matrix of 282× 282, with pixel size 0.1◦

• The galactic diffuse background, which is due to cosmic rays interacting with
the interstellar medium.
• The isotropic extragalactic background models the superimposition of the contributions from distant unresolved sources or nearby galaxies such as the Magellanic clouds.
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• The Earth limb is the emission due to the interaction of cosmic rays with the
outer layers of the Earth atmosphere.
The spectral and spatial models used for these contributions are described in text files
available with the Fermi Science Tools4 . Further details about the background model
files used are provided in table 3.2.

Galactic diffuse
Extragalactic diffuse
Earth Limb

Pass8 Background Models
Spectrum type: constant value
Spatial model: gll_iem_v06.fits
Spectrum file: iso_P8R2_SOURCE_V6_v06.txt
Spatial model: constant value
Spectrum type: constant value
Spatial model: earthlimb_p8r2_source_v6_zmax100_4years.fits

TABLE 3.2: Spectral and spatial models of the diffuse backround sources
adopted in the P8 data analysis.

F IGURE 3.11: An extract from the XML model build from the source
catalog 3FGL. Markarian 421, here named J1104.4+381, is located at the
center of the ROI.
4

These models are available as text files at https://fermi.gsfc.nasa.gov
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Spectral analysis

One way to perform the spectral analysis of a source consists of dividing the full energy
range into energy bins. An independent likelihood analysis is done for each energy
bin using a power-law function (PowerLaw2 in Fermi Science Tools’ available models), as
spectral model. The analytical form of a power-law function is
dN
N (γ + 1)E γ
= γ+1
γ+1 .
dE
Emax − Emin

(3.13)

In 3.13 N is the integral number of counts between Emin and Emax , which are the ends
of each energy bin, while γ is the integral spectral index. In this type of analysis, only
N is allowed to vary during the minimization, while γ is fixed to a value of −2. This
type of analysis is often referred to as a "model independent" analysis, in the sense that
the flux is evaluated in each energy bin without making use of a single spectral shape
to model the whole energy range.
Another possibility is to fit the full energy range with the standard gtlike tool. The
model to be fitted must be chosen among the ones available in the Fermi Science Tools.
Thie model endependent analysis is used to study the actual spectral shape of the
source, and to highlight spectral features which are not observable with the standard
analysis over the entire energy range.
Both these analysis procedures were applied to the different sets of data. After
producing the XML model, the likelihood analysis was performed by means of the
tool gtlike. When running gtlike, a fitting radius of 7◦ was selected. This means that the
normalisation factors of all the point like sources present within 7◦ from the center of
thr ROI are varied in the fitting process. The results obtained are presented hereafter.

3.5.3

The ninety months data set

The Adaptive Binning Lightcurve Markarian 421 has been studied in different states
of activity. The time intervals to be analysed were chosen by producing a light curve
including all data available since the beginning of Fermi-LAT mission (04 August 2008).
Like other Blazars, the activity of Markarian 421 is variable, characterized by low and
high activity stastes. Two major flares were detected in gamma-rays by Fermi-LAT in
July 2012 and April 2013. Data were binned according to the adaptive binning method
of Lott et al. [50], which allows to evaluate the time bins widths so that the statistical
error on the flux measurement is constant. A binning which adapts itself to the data
preserves information which could be lost with a fixed times binning. In fact, with a
fixed bin width, fast and large variations occurring during flares could be smoothed
out. This method is then particularly indicated for blazar studies and variable sources
in general. For further information about the adaptive binning algorithm see appendix
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(A)
F IGURE 3.12: Light curves of Markarian 421 in γ-rays. The bin size of
the light curve at the top was determined in order to obtain a constant
value of the flux uncertainty equal to 10%. Time periods selected for the
analysis are shown in blue for low-activity state, red for flaring state.

A. Four different subsets of data, which details are given in table 3.3, were selected to
be analysed. Two of them include data collected during periods of low activity, two
cover two of the major flares observed in the last years.
Markarian 421 selected observational periods
Low activity state
Flaring state
MJD 54705 - MJD 55190 MJD 56110 - MJD 56186
MJD 56538 - MJD 56745 MJD 53531- MJD 56538
TABLE 3.3: Observational periods selected for the spectral analysis.

Low-activity state
Two observational periods were chosen in order do study the behaviour of the source
in a low-activity state. The first time interval, including data collected between 27
August 2008 and 21 December 2009 (MJD 54705-55190), is approximately 16 months
long, while the second one, around 6 months long, starts on 3 September 2013 and lasts
until 29 March 2014 (MJD 56538-56745). Since the first time interval partially overlaps
with the observations of the multiwavelength study conducted by A. A. Abdo et al.
[51], the spectral data from this set will be used, together with published data, to study
the broadband spectrum of Markarian 421 in section ??. Figures 3.13b and 3.13a show
the zoomed in lightcurves relative to the two different data sets, along with the results
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of a fit with a constant value. In both sets of data the measured flux in each time bin is
below 4 · 10−7 ph cm−2 s−1 .

(A)

(B)

F IGURE 3.13: Zoom in on the σF 10% binned lightcurves. The grey areas
indicate the time spans selected for the analysis of low activity periods
of the source.

The model independent spectral analysis was performed dividing the full energy
range (0.6 GeV - 300GeV ) in 12 bins. The results are shown in picture 3.14, as a Spectral Energy Distribution (SED). The same plots also display the results of the unbinned
spectral analysis, performed using a simple power-law as a spectral model (PowerLaw2
in Fermi Science Tools’ available models). The average photon flux The agreement between the model independent analysis and the unbinned spectral analysis suggest that
spectral shape of Mrk 421 during both observational period is well described by simple power-law functions. The best fit parameters are given in table 3.4 and show that,
while the spectral index is the same for both spectra, the integral flux during the second observational period is around three times higher than the flux measured in the
first one.

Markarian 421 power-law best fit parameters
Observational period
N0 (cm−2 s−1 )
γ
MJD 54705 - MJD 55190 (2.48 ± 0, 06) · 10−7 1, 75 ± 0, 01
MJD 56538 - MJD 56745 (3.12 ± 0.11) · 10−7 1, 76 ± 0, 02
TABLE 3.4: Best fit parameters of the spectral analysis over the full energy range 60 M eV -300 GeV for both low-state observational periods.
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( A ) Spectral Energy Distribution obtained by the likelihood analysis with
P8 Fermi data covering the period MJD 54705 - MJD 55190 (27/09/2008 21/12/2009. The data points are obtained through the binned spectral analysis, while the solid curve represents the best fit spectral model obtained
from the fit over the full energy range

( B ) Spectral Energy Distribution obtained by the likelihood analysis with
P8 Fermi data covering the period MJD 56538 - MJD 56745 (3/09/2013 and
lasts until 29/03/2014). The data points are obtained through the binned
spectral analysis, while the solid curve represents the best fit spectral model
obtained from the fit over the full energy range
F IGURE 3.14
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Flaring state
The same analysis procedure was applied to the subsets of data of the flaring state periods. The two time spans selected for the analysis include the data collected between
02 July 2012 and 16 September 2012 (MJD 56110 - 56186) and between 28 February 2013
and 3 September 2013 (MJD 56351 - 56538). Both flares are well noticeable in the light
curve. The two plots in figure 3.15 represent the time periods selected for the likelihood
analysis. The first flare shows fast rise and a double-peak structure, with the second
peak occurring in August 2012. On 16 July 2012 (MJD 56124) the γ-ray flux from this
source reached the highest value since the start of the Fermi mission [52]. In the same
period, an excess in the T eV range was detected by ARGO-YBJ5 [53]. An increase in
radio lunimosity was also reported [54].
Markarian 421 flared again in April 2013 in the X-ray to T eV band[55][56], reaching
the highest level observed at T eV energies.

(A)

(B)

F IGURE 3.15: Zoom in on the σF 10% binned lightcurves. The grey areas
indicate the time spans selected for the spectral analysis of flaring state
periods of Markarian 421.

For both data set the binned spectral analysis was performed dividing the energy
range into 14 bins and the results of the analysis are shown in picture 3.16. Both SEDs
show a lower flux in the highest energy bins, suggesting the presence of a break in
the energy spectrum. For this reason a broken powerlaw model was chosen for the
analysis over the whole energy range. This model is available among Fermi Science
Tools models and is defined as
 γ1
 E
dN
E
= N0 ·  b γ2
 E
dE
Eb

if E < Eb

,

(3.14)

if E > Eb

where N0 is a normalization factor expressed in cm−2 s−1 M eV −1 , γ1 and γ2 are the two
spectral indices and Eb is the value of the energy break. The values of the average
5

ARGO-YBJ is a full coverage air shower detector located at the Yangbajing Cosmic Ray Laboratory in
Tibet (China) at 4300 m a.s.l
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integral flux obtained with the likelihood analysis over the entire energy range are
(7.95±0.24)·10−7 cm−2 s−1 for the flare occurring in 2012 and (4.98±0.12)·10−7 cm−2 s−1
for the flare occurring in 2013.
The results of the fit are given in table 3.5. The results of a fit with a simple powerlaw are also given for comparison. The spectral index is in both cases compatible with
the values found during the low-state periods and with the ones reported in literature [51]. In order to make a quantitative comparison between the two models the
TS=2(ln Lbpl − Lpl ) was calculated. Its value, equal to 13.4 in the first observational
period and 5.6 in the second one, is distributed as a χ2 with 2 degrees of freedom
(see 3.4.4). This means that in both cases the spectrum is better described by a broken
power-law, with a statistical significance of 1.2 · 10−3 and 0.06 respectively. The presence of a turnover in the spectrum is confirmed by TeV data collected with Cherenkov
telescopes such as MAGIC [51] or VERITAS [57].

Observational period
MJD 56110 - 56186
MJD 56351 - 56575

Observational period
MJD 56110 - 56186
MJD 56351 - 56575

Markarian 421 broken power-law best fit parameters
N0 (cm−2 s−1 M eV −1)
γ1
γ2
−14
(4.53 ± 0.56) · 10
−1.71 ± 0.02
3.77 ± 0, 8
(2.39 ± 0.15) · 10−14
−1.75 ± 0.01 −2.49 ± 0.35

Ebreak (M eV )
75562.22 ± 4243.81
75022.89 ± 1002.06

Markarian 421 power-law best fit parameters
N0 (cm−2 s−1 )
γ
−7
(7.95 ± 0.23) · 10
−1, 73 ± 0.02
(4.98 ± 0.12) · 10−7
−1.76 ± 0.01

TABLE 3.5: Best fit parameters of the spectral analysis over the full energy range 60 M eV -300 GeV for both flaring state observational periods.
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( A ) Spectral Energy Distribution obtained by the likelihood analysis with P8
Fermi data covering the period MJD 56110 - 56186.

( B ) Spectral Energy Distribution obtained by the likelihood analysis with P8
Fermi data covering the period MJD 56351 - MJD 56538.
F IGURE 3.16: Spectral Energy Distribution of the source in high activity
state. The data points are obtained through the binned spectral analysis,
while the solid curves represents the best fit spectral model obtained
from the fit over the full energy range. The models used for this analysis
are a simple power-law (red) and a broken power-law (orange).
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Flux and spectral variability

The flux and spectral variability of Markarian 421 was studied in the time period from
14 March 2012 to 27 July 2013 (MJD 56000 - 56500). This time interval, in fact, covers
the two major flares occurred in 2012 and 2013 and which spectra were analysed in
the previous section. As a first step, the light curve of the observational period was
produced dividing the observational time into fifty 10 days bins and performing the
likelihood analysis in each bin over the full energy range. The spectral model used
for the fit is a simple power-law, described by equation 3.13. This analysis procedure
provides a more accurate evaluation of the flux compared to the algorithm used in
section 3.5.3, since the spectral index γ is allowed to vary as well as the normalization
factor N0 .

F IGURE 3.17: From top to bottom: Swift-BAT light curve of Markarian
421 [58]. Fermi-LAT light curve in the energy range 60M eV -600M eV .
Fermi-LAT light curve in the energy range 600M eV -300GeV . Best
fit spectral index γ of Markarian 421 over the energy range 60M eV 300GeV .

The plots in figure 3.17 represent the light curves over the selected time span in
three different energy ranges. The light curve in the X-ray band includes Swift/BAT6
data, published by Fraija, Nissim et al. [58]. Fermi-LAT light curve was split into two
energy bins and the best-fit value of the spectral index resulting from the likelihood
analysis as a function of time.
The light curve shows the two major flares also visible in the light curve obtained
with the adaptive binning method, along with other minor features. In fact the fit to a
6
Swift is a first-of-its-kind multi-wavelength observatory dedicated to the study of gamma-ray burst
(GRB) science. Its three instruments work together to observe GRBs and afterglows in the gamma-ray,
X-ray, ultraviolet, and optical wavebands. The main mission objectives for Swift[59].
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constant gives an average flux of (4.40 ± 0.08) · 10−7 ph/cm−2 s−1 and a χ2 of 505.9 over
49 degrees of freedom. A constant fit to the spectral index, on the other hand, gives an
average value of (−1.760 ± 0.008), with a χ2 value of 45.07 over 49 degrees of freedom.
The probability that the spectral index is constant is then 0.63. The hardness ratio (HR)
between the two Fermi-LAT energy bands was evaluated, in order to study the spectral
behaviour of the source during the two flares. This was calulated by
HR =

F lux0.6−1GeV
.
F lux60−600M eV

(3.15)

The HR was plotted as a function of time (figure 3.18) This plot provides information
about the contribution of each energy bin to the overall light curve. While a constant
value indicates that the spectral shape of the source does not change as the flux varies,
an increase in the HR indicates a greater contribution of the high energy band. The
plot in figure 3.18 does not show large variations during the two flares, confirming the
constant trend of the spectral index shown in the plot in the bottom panel in figure 3.17.
The HR is shown in the plot in figure 3.19 as a function of the flux. As shown in the
plot there is no clear correlation between the two quantities, except for the data points
at very high fluxes. Confirming the results of previous works ([51], [60]) Markarian
421 spectrum seems to be harder in the γ-ray domain during flares.

F IGURE 3.18: Top: Fermi-LAT light curve in the energy range 60M eV 300GeV . Bottom: 60M eV -600M eV /600M eV -300GeV hardness ratio.

Figure 3.20a represents the scatter plot of the spectral index vs measured flux. The
plot doesn’t show a clear relation between these two quantities, except for the data
points corresponding to the highest fluxes, plotted in red. This trend confirms the
results shown in plot 3.19. No obvious relation was found in the γ-ray band by Abdo
et al. in the 2008 - 2009 multiwavelenght campaign. A more complex behaviour has
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F IGURE 3.19: The HR as a function of the flux.

( A ) Spectral index γ vs 60M eV -300GeV in- ( B ) Fractional variability parameter for the
data taken between MJD 56000 - MJD
tegral flux.
56500.
.
F IGURE 3.20

been reported in the X-ray band, with a clear harder-when-stronger behaviour (Fossati
et al.[29], M. Balokovicet et al. [60]), and patterns in the hardness ratio vs count rate
scatter plots. Figure 3.20b represents the fractional variability parameter for the three
energy bands. As also reported by A. A. Abdo et al [51] and M. Balkovic [60], it is
significant for all energy range, and higher in the X-ray band than in γ-rays.
The flux variability in the different energy bands was also evaluated by means of
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the fractional variability Fvar (S. Vaughan [61]), which gives the rms variability amplitude in percentage terms and is calculated as
s
Fvar

2 i
S 2 − hσerr
.
hF i2

(3.16)

In equation 3.16 S is the standard deviation of the N flux points, hF i is the mean pho2 i is the average mean square error. This estimator of the variability amton flux, hσerr

plitude of a source makes use of the excess variance [62], which is the variance after
subtracting the contribution due to the uncertainy on the flux, which gives an additional contibution to the variability amplitude. The value of Fvar is 0.387 ± 0.016 in the
γ ray band (60 M eV - 300 GeV ) and 0.54 ± 0.14 in the X-ray band (15 keV - 50 keV )
confirming the results obtained in other multiwavelength campaigns [60] [51].
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Chapter 4

The Broadband SED of Markarian
421
As mentioned in chapter 1, the typical blazar emission consists of a synchrotron component and an IC component, which are well distinguished and visible in the SED.
Markarian 421 is one of the few blazars which has been studied throughout the electromagnetic spectrum not only during flaring events, but in different states of activity.
Many observational campaigns, involving a variety of experiments covering different
energy bands, have been carried out to study the broadband SED of Markarian 421
from optical to radio frequencies (e.g. [60], [63]). In this framework, Fermi-LAT played
an important role covering the energy range between 100 M eV and 400 GeV , obtaining results presented for example by A. Abdo et al. ([51]), who analysed the source
in low-activity state. The results obtained in this campaign will be described in this
chapter.
Being a typical example of non-thermal dominated AGN, and being one of the closest
and brightest entities of its kind, Markarian 421 has been a standard case of study to
interpret and model the emission of this type of sources. In order to obtain a full understanding of the phyiscal processes occurring, these objects need to be sampled both in
time and frequency, from the radio to the γ-ray domain, in order to investigate the nature of the emitted radiation. While the low energy component has a clear synchrotron
origin, the high energy hump of the SED has not been unambiguously modeled, in
spite of the fact that Markarian 421 has been extensively observed.

4.1

Physical Models of Blazars’ SED

There are two major classes of models describing the physical processes underlying
the spectral emission of BL-Lac objects and their typically shaped SED, namely, leptonic
models and hadronic models. In the former class, radiation emission is due to electrons
and positrons being accelerated in the jets of the blazar. These charged particles interact
with the strong magnetic field of the jet (tipically tens of mG), producing synchrotron

Chapter 4. The Broadband SED of Markarian 421

81

F IGURE 4.1: Schematic representation of the inverse Compton processes
in the jet of a blazar. Picture from [3].

radiation, which dominates the low energy bump of the SED. The high energy bump
is produced by inverse Compton scattering of photons onto the electron population in
the jet. Hadronic models, on the other hand, assume that the high energy bump of the
SED is manly produced by a population of relativistic protons through synchrotron
radiation and pair cascading.

4.1.1

Leptonic models

According to the type of source of the photon field interacting with the electrons population by IC, leptonic models are divided into two subclasses, namely External Compton models and Syncrotron Self Compton (SSC) models. Figure 4.1 represents the inverse Compton processes in the jets of a blazar. Seed photons for the inverse Compton
process arise from synchrotron emission of electrons inside the jet (synchrotron selfCompton model, SSC), but can also be provided externally (external Compton, EC). In
the latter case the photons might originate from the accretion disk or from the broadline region[3].
External compton models
External Compton (EC) models assume an external source of photons, producing the
high energy bump of the SED by IC scattering onto relativistic electrons. For example,
the EC model by Sikora et al. [64] uses the broad line region as source of external
photons, while Dermer and Schlickeiser[65] developed a model with the accretion disk
as a source of seed photons. Depending on the density of the photon field, inverse
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Compton losses of the electrons on these external photons can be dominating. In this
kind of models, the overall geometry of the external photons source region becomes
crucial when computing the inverse Compton component.
Synchrotron self-compton models
The Syncrotron Self Compton type of models describe the high energy component of the
SED as originating from IC scattering of the photon field generated by synchrotron radiaton on the electron population in the jet. This is the model typically used to describe
the emission from BL Lac objects since, according to the unified scheme, we don’t observe the circumnuclear material which would be responsible for the production of an
external photon field.
The simplest among SSC models is the one-zone SSC model, in which charged particles travel down the jet inside plasma blobs at relativistic speeds. The interaction with
a magnetic field leads to synchrotron radiation. According to this model, the emission
takes place in a single spherical zone of the jet. Despite the encouraging agreement
with the data, it is necessary to mention that this model is an oversimplified representation of the situation. The emission in blazar jets could take place in inhomogeneous
or stratified regions. Multizone models have also been developed, in which blobs of
different radii account for the emission at different energies [66]. Nonetheless, because
of its few free parameters and the agreement with experimental data, the one-zone SSC
model is the most used to describe blazars’ SED.
In the framework of the one-zone SSC model, if the jet makes an angle θ with the
observer’s line of sight, and the comoving radius of the spherical emitting blob is Rb0 ,
the doppler factor is given by
δ = [Γ(1 − β cos θ)]−1 ,
where Γ =

(4.1)

p
1 − β 2 is the blob’s Lorentz factor. In this paragraph quantities in the

observer’s frame are primed, while quantities in the comoving frame of the blob are
unprimed.
In order to develop the model, the first step consists in making assumptions about the
electron population generating the photon emission in the jet. The comoving electrons’
distribution N (γs0 ) is usually described with a combination of power-law functions,
such as a power law with one or more breaks. The electron distribution is described as
a function of the synchrotron-emitting electron’s Lorentz factor, equal to
γs0

r
=

0
B

(4.2)
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(1 + z)
B
.
, B =
δ
Bcr

0 =

(4.3)

In equation 4.2 and 4.3 0 is the dimensionless energy of the synchrotron-emitting electron, B is the mean intensity of the magnetic field, Bcr = 4.414 · 1013 G is the critical
magnetic field.
Crusius and Schlickeiser [67] have derived an expression to evaluate the synchrotron
power emitted from isotropic electrons in a randomly oriented magnetic field:
√
0
0 Jsyn
(0 )

=

30 e3 B
h

∞

Z

dγ 0 Ne0 (γ 0 )R(x)

(4.4)

1

where 0 is the dimensionless energy of the synchrotron emitted photons in the blob’s
frame, e is the electron’s charge and h is Planck’s constant. In equation 4.4 R(x) is equal
to

x
R(x) =
2

where x =

4π0 m2e c3
3eBhγ 02

π

Z

Z

∞

dθ sin θ

dtK(t)5/3

0

(4.5)

x/ sin θ

and K(t)5/3 is the modified Bessel function of the second kind of

order 5/3. The observed synchrotron flux is given by
νFνsyn

0
δ 4 0 Jsyn
=
=
4πd2L

√

3δ 4 0 e3 B
4hπd2L

Z

∞

γ 0 Ne0 (γ 0 )R(x)

(4.6)

1

The synchrotron flux can be converted into a radiation energy density through the
relation
u0 (0 ) =

3d2L νFνsyn
0
cRb2 δd4 0

(4.7)

This energy density is the photon target density for the inverse Compton process. The
SSC emissivity is then calculated by integrating over the photons’ energy
0
0s Jssc
(0s )

3
= cσT 0s
4

Z
0

∞

u0 (0 )
d0 02


In equation 4.8 σT is Thomson cross section

1

Z

0
γmin

dγ 0

0
γmax

Ne0 (γ 0 )
FC (q, Γe ).
γ 02

(4.8)

0s is the scattered photon’s dimension-

less energy in the blob frame. FC (q, Γe ) is the Compton scattering kernel for isotropic
photon and electron distributions, given by the Klein-Nishina formula
FC (q, Γe ) = 2q log q + (1 + 2q)(1 − q) +
1

1 (Γe q)2
(1 − q)
2 (1 + Γe q)

σT = 83 πr02 , where r0 is the classical electron radius ≈ 2.8 · 10−13 cm.

(4.9)
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4γ 02

≤ q ≤ 1, where q =

0s /γ
Γe (1−0 s/γ 0 )
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and Γe = 40 γ 0 . The limits on q imply the limits

of the integration over γ 0 . The νFν SSC spectrum is then given by
νFνSSC =

0 (0 )
δ 4 0s Jssc
s
,
2
4πdL

(4.10)

giving as a result
0

νFνSSC

9 (1 + z)2 σT s2
=
16 πδ 2 c2 t2v

Z
0

∞

νFνsyn
d0 03


Z

0
γmax

0
γmin

dγ 0

Ne0 (γ 0 )
FC (q, Γe ).
γ 02

(4.11)

Equation 4.11 express the synchrotron self Compton spectrum observed at Earth.
Finke et al. [68] introduced a methodology to model BL-Lac objects emission throughout the spectrum, based on this derivation. The synchrotron spectrum is calculated
with equation 4.6, assuming a spectral shape for the electron population. It is then
fitted to the low-energy data points by varying the electron distribution but keeping δ
and B constant. Then the high-energy data are fitted to the SSC component, calculated
from equation 4.11, taking into account internal absorption and intergalactic absorption. After that, the synchrotron spectrum is again fitted to the low-energy data, this
time varying B and δ to obtain the electron distribution, and νFνSSC is calculated another time. This process is repeated until the values of the parameters minimizing the
χ2 are found. Sometimes more than one electron population is used to account for the
blob and jet emission. In those ad-hoc-models a power-law of particles is injected so
that the observed spectrum is reproduced [66].

4.1.2

Hadronic models

Hadronic models describe the γ-ray production by synchrotron radiation of relativistic
protons and muons and photomeson production with subsequent synchrotron-pair
cascading in a high magnetic field [69].
The synchrotron proton blazar model
The Synchrotron Proton Blazar (SPB) model assumes that high energy electrons and
protons are both moving along the jet in a highly magnetized environment (in the
hadronic models, B is of the order of tens of G). Here, the relativistic electrons are injected in the blob and lose energy predominantly through synchrotron emission. The
low energy bump of the blazar SED is produced mainly by this component, and serves
as target photon field for interactions with the instantaneously injected relativistic protons. In this model, electron and protons are described by a simple-power law with
the same spectral index for both particle types [69].
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F IGURE 4.2: Multiwavelength SED of Markarian 421.

4.2

Multiwavelength SED of Markarian 421

A complete SED over approximately 4.5 months of observation in quiescent state was
obtained through the extensive multi-wavelength campaign reported in the paper by
A. A. Abdo et al. [51]. This campaign involved data taken between from 5 August
2008 and 12 March 2009 by several participating instruments. Some of the multiwavelength data of this campaign were used in this work to reconstruct the overall SED,
represented in the plot in figure 4.2.
The radio energy band is covered by data taken by the Very Long Baseline Array
(VLBA) and the Submillimiter Array (SMA). VLBA is a very long baseline interferometer consisting of 10 identical antennas set across the United States. VLBA Radio data
were collected at 5, 8, 15, 24, and 43 GHz. SMA is an 8-element radio interferometer
located atop Maunakea in Hawaii, collecting data at 225 GHz ([70], [71]). Data in the
optical range were collected by the Swift-UVOT2 , while the coverage in the X-ray band
is provided by XMM-Newton data (OBS ID 0560983301), taken on 25 May 2009, and
whose spectral shape was analysed in chapter 2. Fermi-LAT data in the energy range
600 M eV to 300 GeV are also shown. The spectral analysis of GeV SED is presented in
chapter 3 (plot 3.14a). The VHE energy band includes data taken by the Imaging Atmospheric Cherenkov Telescopes system MAGIC, situated at the Roque de los Muchachos
Observatory on La Palma [72].
2

Swift is a multiwavelength space observatory launched into orbit on 20 November 2004 by NASA.[59]
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F IGURE 4.3: SED of Markarian 421 in the γ-ray band. The data points
obtained during the 2009 multiwavelength campaign are shown in grey
for comparison.

The plot clearly shows the two broadband components characterizing blazars’ emission. A one-zone SSC model was used to fit to this set of data, in order to get the values
of the electron energy distribution (EED) of the quiescent period under exam. The results of the fit are shown in section 4.3. As it can be noticed from the plots in figure 4.3,
the data set used to match the multiwavelength data published by Abdo et al. [51] to
obtain the broadband SED of Markarian 421 (marked in blue) represents a quiescent
period of the source, if compared to the other three data sets analysed in chapter 3. A
multiwavelength analysis of these other periods has not been possible due to the unavailability of simoultaneous data. It is also interesting to note how, with the increasing
flux, a spectral break is highlighted at energies around 75 GeV .

4.3

Modeling the Broadband SED of Markarian 421

Various types of analyses have been carried out to model the multiwavelengh SED of
Markarian 421. This section reports an overview of the dedicated multiwavelength
campaigns conducted on Markarian 421 and the results of the analysis performed to
model the broadband SED. The last paragraph describes the results obtained by modeling the SED reconstructed from the data presented in this thesis with a simple one-zone
SSC model.
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The SED of Markarian 421 in high activity state has been reconstructed by I. Donnarumma et al. [73], with data taken between 24 May and June 23 2008 by GASPWEBT3 , Swift/ UVOT, RXTE/ASM, XRT, BAT, SuperAGILE, AGILE-GRID4 and the
telescope array VERITAS [76]. A time resolved SED was produced dividing the observational time into two periods, and a one-zone SSC model was fitted to both data. The
electrons’ spectral shape was described with a double power-law
Kγb−1
ne (γ) =
(γ/γb )−p1 + (γ/γb )−p2

!
.

(4.12)

With equation 4.12 describing the electron energy distribution, the best fit values for
the parameters were found to be K = 4 · 104 cm3 , γb = 3.6 · 105 , p1 = 2.22, p2 = 4.5 for
the first time period, p1 = 2.1, p2 = 5, γb = 4.2 · 105 , K = 6 · 10−4 cm−3 for the second.
A variability study of the optical and X-ray bands was also conducted, confirming the
one-zone SSC scenario.
The SED produced with data from the 2009 multiwavelength campaign presented in
the paper by A.A. Abdo [51] was modeled with the hadronic synchrotron proton Blazar
model [69] and the one-zone SSC model. The best-fit curve for each model is shown in
figure 4.4. For the SPB model, a power-law spectrum was assumed for both the electrons and protons polulations. Both models describe the observed SED satisfactorily,
although the physical parameters relative to the emission region are different in the
two scenarios. For the leptonic model, the emitting region radius Rb is constrained by
the measured variability time tvar so that
R =≤

δctvar
.
1+z

(4.13)

Assuming tvar = 1day, the hadronic model gives as a best fit radius Rh = 4 · 1014 cm,
while the leptonic model Rl = 5.2 · 1016 cm. These values are to be compared to the
gravitational radius of Markarian 421 black hole, Rg ≈ 1014 cm. Although Rl is two
orders of magnitude greater that Rh , for the leptonic model it should be considered as
an upper limit. As for the particle composition, the emission in the hadronic scenario
is dominated by protons, secondary electron/positron pairs, muons, and pions, in addition to the primary electrons. On the contrary, in the leptonic model, the dominantly
radiating particles are the primary electrons. In both cases, the distribution of particles
3

The GLAST-AGILE Support Program (GASP) was organized within the Whole Earth Blazar Telescope
to provide optical-to-radio long-term continuous monitoring of a list of selected gamma-ray-loud blazars
during the operation of the AGILE and GLAST satellites [74].
4
SuperAGILE and AGILE-GRID are respectively the hard X-ray andγ-ray instruments on board the
AGILE (Astro-Rivelatore Gamma a Immagini Leggero), an X-ray and Gamma ray astronomical satellite
of the Italian Space Agency (ASI)[75].
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(B)

F IGURE 4.4: (A)Hadronic model best-fit curve. The different components represented in plot 4.4a are: π 0 -cascade (black dotted line), π ± cascade (green dash-dotted line), µ synchrotron and cascade (blue tripledot- dashed line), and proton synchrotron and cascade (red dashed
line). The black thick solid line is the sum of all emission components
(which also includes the synchrotron emission of the primary electrons
at optical/X-ray frequencies). (B) SED of Mrk 421 with two one-zone
SSC model fits obtained with different minimum variability timescales:
tvar = 1 day (red curve) and tvar = 1 hr (green curve). Figure from [51].

is clearly non-thermal and acceleration mechanisms are required.
The best description of the broadband SED in a lepton dominated framework is given
by assuming an EED described by a power-law with two breaks (γ1 and γ2 ) and three
spectral indeces (p1 , p2 and p3 ). The value obtained for the first spectral index (p1 = 2.2)
suggests that these particles are accelerated by first-order Fermi acceleration in perpendicular shocks. This mechanism, also known as diffusive shock acceleration, is based
on the presence of strong shock waves in the environment (the jet in this case) [13]. The
most important feature of this mechanism is the resulting power-law spectrum of the
accelerated particles with a spectral index close to 2, as found by A. A. Abdo [51]. The
second break, found at γ2 = 3.9 · 105 , is compatible to the value γc =

3πme c2
σT π 2 R

= 1.6 · 105 ,

at which a break in the EED is expected to be found. This break is due to the fact
that at γc the escape time from the source equals the radiative (synchrotron) cooling
time. Nonetheless, it is important to mention that the value p3 − p2 , equal to 2.0, is
in contrast with the expected value predicted in the homogeneous one-zone model,
∆p = 1.0, leading to a change in the synchrotron photons spectrum of ∆α = 0.5 (paragraph 1.2.1). In non-thermal sources these breaks are quite common, and could be
described by more complicated non-homogeneous models[51]. As regards the total
power emitted by the jet, it is on both cases in agreement with the value expected for
a weakly accreting disk of a BL Lac object [77], with a value Phad = 4.4 · 1044 erg s−1
for the hadronic model and Pl = 1.9 · 1044 erg s−1 . It should be mentioned, however,
that since the leptonic model does not constrain the proton density, the assumption of
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charge neutrality was made, leading to a number of protons comparable to the number
of electrons.
Another multiwavelength campaign was conducted in 2010, allowing for the first time
a complete study of the broadband spectral evolution of the source during the decay
of a flaring event, between MJD 55365 (March 10) to MJD 55277 (March 22) (Aleksic et
al. [78]). Thirteen successive simultaneous SEDs were built for thirteen consecutives
days, in order to investigate whether the temporal evolution of the parameters of the
electrons distribution in the model can describe the observed variations in the SED.
Two types of SSC models (one-zone and two-zones SSC) were used. A two-zone SSC
model, composed of two independent emitting blobs, gave better results in describing
the observed fluxes and the time variability. In this scenario two different and spatially
separated zones are responsible for the quiescent emission and for the daily variable
emission, which is about one order of magnitude smaller than the quiescent zone. Figure 4.5 shows the time evolution of the two-zone SSC curves over the selected period
and the corresponding EED, described as broken power-law. In the flaring blob, Rb ,
the doppler factor δ, the maximum γ value and the two spectral indeces of the EED
were kept constant, as well as all the parameters of the quiescent blob. During the
decay of the flare, the electrons density ne , was found to decrease, as well as the electrons energy break γbr and the magnetic field B. Besides, an EED parametrized by two
power-law functions is sufficient to model the emission during the high states, while
an additional break needs to be added to describe the low states of the source. This
study allowed to characterize the time evolution of the radio to γ - ray emission of
Markarian 421 for the first tume. The models used can describe the temporal evolution
of the source via the variation of only four parameters. If we assume that the variability is associated mostly with the underlying particle population, this might indicate
that blazar variability during flares is dominated by the same acceleration and cooling
mechanisms producing the EED. This analysis also confirmed the possibility that the
EED is generated by second-order Fermi acceleration in the jet.
Markarian 421 was observed again in a quiescent state in 2013 January-March, in a
multiwavelength campaing which involved GASP-WEBT, Swift, the hard X-ray telescope NuSTAR [79], Fermi-LAT, MAGIC, the VHE telescope array VERITAS[76], and
other collaborations and instruments, providing data from radio to very-high-energy
(VHE) γ-ray bands [60].
Four SEDs were reconstructed in different states of activity within the entire observational period, and were modeled with a one-zone SSC model. The SEDs of epochs
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F IGURE 4.5: Time evolution of the two-zone model curves between MJD
55365 (March 10) to MJD 55277 (March). Left: successive simultaneous
SEDs. Right:Corresponding EEDs. Figure from [78].

with a very low X-ray flux show both the synchrotron and inverse Compton component shifted at lower energies of almost one order of magnitude. The fit with a onezone SSC model described by Finke [68] gave substantially different results in some
of the parameters from the ones obtained in the 2009 campaign. This discrepancy is
believed to be a consequence of the differences in the two data sets. What is suggested
by this time-resolved analysis is that, besides changes in the magnetic field, the distortions in the broadband emission of Mrk 421 also require changes in the electron energy
distribution, which may be due to variations in the acceleration mechanisms of the underlying population of electrons. The model curve obtained in this campaign, along
with the multiwavelength data, is shown in figure 4.6.
One-zone SSC model fit to the multi-wavelenght data of Markarian 421
The spectral data presented in section 4.2 were modeled with a simple one-zone SSC
model. The best fit curve, superimposed to the multiwavelength data, is shown in
picture 4.7, while the parameters of the EED are given in table 4.2.
The electron distribution was modeled as a broken power law between Emin and
Emax . In the fitting procedure, the synchrotron spectrum is calculated with equation
4.6, and the resulting photon energy density, evaluated by 4.11, was used as the seed
photon density for the inverse Compton process. The resulting EED is then used to
re-evaluate the spectrum. This process is repeated until the best fit values of the parameters are found. During the fit procedure, the environment parameters such as
Rb and δ were kept constant to the values indicated by Finke et al. [68], while all the
parameters relative to the EED were varied.
The overall shape of both components of the SED is satisfactorily reproduced by the
model. The plot shows a good agreement with the low-energy bump of the SED, but
the predicted flux for the high energy bump is slightly higher than the experimental
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F IGURE 4.6: Broadband SED reconstructed by M. Balokovic et al. [60]
with data taken on MJD53602 (10 January 2013). The data from the 2009
campaign [51] are shown in gray in the background for comparison.

Markarian 421 one-zone SSC imput parameters
Emin (eV )
106
Emax (eV )
1012
Rb (cm)
11 · 1015
δ
37
B (mG)
38
TABLE 4.1: Input parameters for the one-zone SSC model. Parameters
drawn from [68].

values. This discrepancy could be due to several reasons. First of all, the one-zone SSC
scenario is an oversimplification of the problem. Moreover, although they refer to the
same low state period of Markarian 421, the available data are not perfecly matching in
time, especially the X-ray band. This is due to the lack of XMM-Newton observations
of Mrk 421in the specific period of interest. Data in the X-ray band constrain the shape
of the synchrotron spectrum which, in the SSC scenario, has a strong influence on
the shape of the IC component. Furthermore, as opposed to the one by Finke, this
simpler version of the model does not account for self-absorption and has fewer free
parameters, since δ and B were fixed. The EED parameters drawn from the model
are shown in table 4.2 and are comparable to the ones found in literature for quiescent
states, with γ1 ≈ 2 and γ2 significantly higher. In conclusion, further research and
studies are needed in order to come to a full understanding of the emission processes

Chapter 4. The Broadband SED of Markarian 421

92

F IGURE 4.7: The Broadband SED of Markarian 421 with the best fit
curve for a one-zone SSC model.

Markarian 421 one-zone SSC best fit parameters
N0 (eV −1 cm−2 s−1 )
(2.51 ± 0.12) · 102
γ1
−2.1 ± 0, 015
γ2
−3.31 ± 0.017
Ebr
(3.36 ± 0.023) · 1010 eV
TABLE 4.2: Best fit parameters for the one-zone SSC model.

occurring in blazars. Nonetheless, huge steps forward have been made in the last
decade, thanks to the collaboration of a number of instruments on the Earth’s surface
and in orbit, which have been involved in multi-wavelentgh campaigns. Fermi-LAT
has played an important role in this framework, together with the latest generation
of IACTs5 , allowing the reconstruction the entire high energy bump of Markarian 421
for the first time. The comparison between different models applied to data of flaring
states and quiescent states will be of crucial importance for the investigation of one of
the most fascinating and still unsolved misteries about blazars: the origin of the flux
variations.

5

Imaging Atmospheric Cherenkov Telescopes, such as VERITAS [76] or MAGIC[72]
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Conclusions
Markarian 421 is one of the most studied objects of its kind. A broadband approach
for the study of this source has been used to investigate the physical processes characterizing the radiation emission throughout the spectrum. The goal of the work in this
thesis was the spectral analysis of Markarian 421 in the X-ray band and in the γ-ray
band and the interpretation of the results in a broadband perspective.
A spectral analysis in the X-ray band was carried out with data taken by XMMNewton’s PN X-ray telescope in different states of activity. The brightness of Markarian
421 causes pile-up in X-ray CCD instruments, with consequent count loss and spectral
distortion. This problem was addressed by testing a new correction algorithm which
modifies the instrument response in order to account for piled up events. This algorithm was found to be effective in correcting the spectral shape of the source, but some
improvements are needed as regards the recovery of the total counts.
Fermi-LAT Pass 8 data of Markarian 421 were analysed in different states of activity.
The γ-ray spectrum can be satisfactorily described by a simple power-law, although a
broken-power law provides a significantly better description of data of the source in
flaring state. A timing analysis was also performed in the X-ray and γ-ray domains
by producing light curves in three different energy bins and calculating the fractional
variability coefficient Fvar . As expected, the source was found to be more variable
in the X-ray band than in the γ-ray band, and more variable in the VHE range. The
hardness ratio HR was also evaluated, showing that when the γ-ray flux is very high,
the spectrum seems to be harder.
Finally, the multiwavelength SED was reconstructed, with data ranging from radio
to VHE γ-rays. A simple one-zone SSC model was applied to the multiwavelegth data
in order to extract the parameters of the EED responsible for the emission, resulting in
the tipically two-hump shape. Although the model used describes an oversimplified
scenario, it reproduces the shape of the SED with a satisfactory agreement to the data
and allows the derivation of the main parameters of the underlying EED.
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A broadband approach in the spectral analysis of this source allowed me to study the
emission processes underlying the observed spectra. Due to its proximity and brightness Markarian 421 proves itself to be a very good example to investigate the physical
processes generating the non-thermal radiation emission occurring in such an extreme
environment as a blazar jet.
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Appendix A

CCD Detectors for X-ray Imaging
A.1

Working Principles of CCD Detectors

Charged Coupled Devices (CCD) have been used in several X-ray space missions since
late 1990s as detectors in the focus of the imaging optics. Such devices were first introduced in early 1970s as silicon microcircuits capable of recording visible light images,
and then became really common in a wide range of optical devices, as well as in detectors made for scientific purposes. CCDs are usually silicon structures a few hundred
µm thick. The structure of pn-CCD detectors, such as the one in the focal plane of
the EPIC-pn camera of XMM-Newton, consists of a depleted silicon substrate, with
p-n diode structures at the surface. Radiation hits the device from the back, and are
absorbed by photoelectric interaction, creating electron-hole pairs in the depleted region. The number of charges produced is proportional to the energy of the incident
X-ray. The area of the CCD is subdivided into pixels with typical dimension of about
150µm on a side. By applying proper voltages (φ1 ,φ2 and φ3 ) to the control electrodes
(shown in picture A.1), it is possible to create individual potential wells for each pixel,
which will store the charges produced within the pixel area for later read-out. After
the integration time, voltages applied to the control electrodes are modified by "drive
pulses", which shift the charges through pixels in the same column across the device to
the readout node. In this way rows of pixels are read out sequentially and the image
can be reconstructed [27].

A.2

Valid X-ray Patterns in the EPIC-pn Camera

Silicon is used as an X-ray detector material for several reasons. First of all, since only
3.7 eV are necessary in order to produce an electron-hole pair, detectors made of silicon
have high sensitivity. Furthermore, silicon detectors can be operated at moderate temperatures without thermally generated leakage currents, due to the band gap of 1.1eV .
Finally, due to its atomic number (Z=14) is high enough to provide a high detection
probability for X-rays up to 30 keV .
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F IGURE A.1: Cross section through a transfer channel of pn-CCD [27].

As regards the EPIC-pn camera, a significant number of X-ray events is expected to be
split between pixels. In fact the primary charge cloud expands through diffusion processes until charges reach the potential well. As a result, the final charge cloud is split
between adjacent pixels. When the signal is registered in only one pixel, the event is
called single pixel event, while if the charge is collected in two or more adjacent pixels, it
is called a spit pixel event. For back illuminated (BI) CCDs, photons are converted near
the back surface. The travel distance of the cloud is approximately equal to the depth
of the depletion layer and is almost independent on the photon energy.

F IGURE A.2: List of EPIC-pn valid patterns [22].

The EPIC-pn camera transmits to ground all pixels above a certain threshold, and the
X-ray event selection and processing is performed by means of the Science Analysis
system (SAS) software, which reconstructs a single energy value in the event list from
the raw data. To do so, a list of 13 valid pn patterns has been defined. These comprise
most of the valid X-ray events with the most accurate energy resolution. For image
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analysis patterns 0 to 12 are the canonical set of valid X-ray events. All higher patterns are not created by single X-ray photons and are due to pattern pileup. Picture
A.2 shows the list of EPIC-pn valid patterns. The pixel marked with "X" is the pixel
above treshold with the maximum charge (called main pixels). The "X" pixels are the
ones above treshold with a non maximum charge, "M" refers to the pixel above treshold
with minimum charge. For spectral analysis however, it is recommended to use only
only single and double (pattern 0 to 4) events, because only these are well calibrated.
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Appendix B

Generating Constant-uncertainty
Light Curves with Fermi-LAT Data
The algorithm used to produce constant/uncertainty binned lightcurves is described
hereafter. This method was introduced by B. Lott and others [50] and provides a time
binning which adapts itself to the data, preserving the timing information. The criterion for the optimization of the time bins consists of requiring a constant relative flux
uncertainty σln F in each bin, for the integral flux above a fixed energy value Emin . The
source energy spectrum is assumed to be a power-law with a fixed spectral-index Γ. In
order to evaluate the ending time of the time interval [T0 − T1 ], the following equation
is solved for T1 :
σln F (T0 , T1 , F , Γ) = ∆0

(B.1)

where F and Γ are the average flux and photon spectral index over the interval, while
∆0 is the value of the uncertainty, fixed by the user. Equation B.2 is solved is solved in
an approximate way, as a consequence of the discrete nature of the data. The solving
procedure includes the following steps, which are called "step 1":
• For a given T0 , F and Γ, the value of the uncertainty is σln F monotonically decreasing as T1 increases. T1 is defined as the detection time of the earliest photon
leading to the fulfillment of the condition
σln F (T0 , T1 , F , Γ) < ∆0 .

(B.2)

• F is estimated over the time interval [T0 − T1 ].
• σln F is evaluated again using the new value of F . Then, if σln F is equal to ∆0
within a predefined tolerance, convergence is achieved, T0 is replaced by T1 and
the procedure is repeated for the next time bin. Conversely, if if σln F is different
from ∆0 , T1 is evaluated again using the new value of the flux. Convergence is
obtained by means of a bisection method wich makes use of the previous estimates of T1 and speeds up the whole process.
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• The whole procedure is repeated until convergence is achieved. The times T1
for the different intervals are calculated sequentially until the condition σln F <
∆0 cannot be fulfilled using the remaining set of photons (these photons are left
unused).
In step 1, in order to reduce the computing times of the standard maximum-likelihood
analysis, σln F is estimated from the time-ordered list of photons within the ROI. A
power-law differential is assumed for the source

Ss (Ei ) = A

Ei
E0

−Γ
(B.3)

where E0 is the reference energy, Ei is the photon energy, A is the value of the differential spectrum at Ei =E0 . The integral flux above a certain energy Emin is evaluated by
integrating Ss (E)
Z

+∞

AE0
Ss (E)dE =
F =
Γ−1
Emin



1
1−Γ

1−Γ
.

(B.4)

If E0 is set to Epivot , defined as the reference energy value at which the cross term
element of the Hessian matrix (the inverse of the covariance matrix) is equal to zero,
an estimate of the uncertainty σln F can be calculated by propagating the error on ln F ,
making use of the fact that the covariance matrix is diagonal for this choice of E0 .
"
σln F =

∆A
A

2
+

σΓ2


2 #1/2
Emin
1
ln
+
Epivot Γ − 1

(B.5)

This formula has been proven to consistently estimate σln F . F , on the other hand,
is evaluated using a procedure which can be considered a simplified version of the
standard LAT analysis, which maximizes the likelihood with respect to A, assuming
a power-law spectrum for the source and keeping Γ fixed in order to speed up computation. This choice is justified because spectral variations in LAT detected blazars
are very moderate. After the whole set of time bins has been computed, σln F and F
are evaluated for each time bin by means of she standard likelihood analysis, and the
consistency within a few percent between these values and the ones obtained in step 1
is checked. For further details about the evaluation of σln F and F and the validation
of the method, see [50].
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