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Abstract

In this work, we analyze the IXPE observations of the polarized X-rays coming from the
AXP 4U 0142+61. Firstly, we briefly introduce neutron stars, then we take a deeper
look into the magnetar model: the twisting of the magnetosphere and its consequences,
the detected emission and its possible explaining models, the polarization of magnetar
radiation and the role it plays in understanding to a deeper level the various mechanisms
that are at work. The effects that arise due to the presence of the huge magnetic field of
these sources, such as vacuum birefringence and mode switching, are taken into account.
Lastly, we analyze the data received from the AXP 4U 0142+61 and we try to fit them
with the various models that we computed. The latter are derived dividing the star in a
10×10 grid and assigning to each patch a temperature. We take different values for the
amount of twist of the star ∆ϕ and for the velocity of particles flowing in the corona
β, assuming a unidirectional flow of electrons which will undergo resonant Compton
scattering in the magnetosphere, implemented using a Monte Carlo technique. Then,
we also account for the different angles that the magnetic field of the star makes with
its rotation axis, ξ, and the different viewing angles of our source, χ. Furthermore,
we consider two emission models for the star: a condensed surface with either free or
fixed ions. In the end, we obtain the best fit value of all the aforementioned parameters
and the value of the Polarization Degree (PD) and Polarization Angle (PA) of the
aforementioned source.
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Chapter 1

Introduction

The Imaging X-ray Polarimetry Explorer (IXPE) [1] is a NASA-ASI (Agenzia Spaziale
Italiana) mission announced on 3 January 2017 and launched on 9 December 2021. It
is the first space telescope entirely devoted to polarimetry observations in the soft X-
ray (2–8 keV) energy band, and it has already observed more than 40 X-ray sources,
including supermassive black holes, pulsar wind nebulae and neutron stars.

Magnetars are a class of isolated neutron stars (INSs), first divided into Anoma-
lous X-ray Pulsars (AXPs) and Soft-Gamma Repeaters (SGRs), believed to be powered
by the decay of their enormous magnetic field [2]; they are of particular interest for
IXPE observations. They are the strongest magnets we know in the universe, since the
magnetic field inferred from their spin period P ∼ 2–12 s and their period derivative
Ṗ ∼ 10−13–10−11 s s−1 is B ∼ 1014–1015 G (the strongest magnetic field produced
on Earth is ∼ 4.5 × 105 G). They are characterized by a persistent X-ray luminosity
LX ∼ 1031–1036 erg s−1, higher than their spin-down one, and by an intense bursting
activity with different luminosities (LX ∼ 1039–1047 erg s−1) and timescales (few sec-
onds to several hundreds), from the short bursts up to the hyperenergetic giant flares.
Their persistent spectra in the soft X-ray range (0.5–10 keV) are usually fitted by a
two-component model, with either a blackbody superimposed to a powerlaw, for most
magnetars, or two blackbodies at different temperatures, in particular for the so-called
transient magnetars. These sources are characterized by outbursts, i.e. a sudden in-
crease of the X-ray flux by a factor ∼ 10–103 over their quiescent level, that can last up
to some hours and during which the emission of short bursts can occur. They are usually
faint sources, an can be detected only during their outbursts periods. The internal mag-
netic field of magnetars is believed to be even higher than the external one, B ≳ 1016

G, and it is thought to deform and yield the magnetar surface, transferring a toroidal
component to the otherwise dipolar external magnetic field, making the magnetic field
lines to twist up, with currents flowing along them in the so-called twisted magneto-
sphere. The photons coming from the cooling surface of the magnetar, believed to give
rise to the thermal component of the spectra observed below 10 keV, undergo resonant
Compton scattering (RCS) onto the charged particles in the magnetosphere, giving rise
to the powerlaw component in the soft X-ray. This RCS model was derived to explain
spectral observations; however, even if it is able to account for the powerlaw component
of the spectrum, it does not put any constraint on the mechanisms responsible for the
surface emission. Up to now, magnetars were studied only through spectral measure-
ments (since polarization observations were not able to give significant measurements),
but the latter are degenerate with respect to many of the parameters used to model
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magnetar persistent emission, e.g. the underlying emission model, the magnetic field
topology and the geometry (the angle that the line of sight and the magnetic field axis
make with the rotation axis, χ and ξ respectively). X-ray polarimetry, instead, is going
to play a fundamental role in disentangling the geometry and magnetospheric topol-
ogy of magnetars, as well as their surface emission model. In fact, radiation coming
from such strong magnetic sources is expected to be substantially (linearly) polarized
in two normal modes: the ordinary (O) and extraordinary (X) mode, having the polar-
ization electric vector either parallel or perpendicular, respectively, to the plane of the
(local) magnetic field and the photon direction; besides depending on the orientation
and strength of the star magnetic field, the degree of polarization observed from these
sources depends as well on the geometry of the emission region and on the physical
processes photons undergo at the emission and along their path from the source to
infinity [3]. The observed polarization properties are generally expected to be different
from those at the surface of the star, where radiation is emitted. In fact, since they do
depend on the magnetic field orientation, and the latter is particularly tangled near the
magnetar surface, polarization from different surface regions would cancel each other,
resulting in a low polarization degree. However, in the presence of strong magnetic
fields the vacuum around the star is expected to become birefringent, as predicted by
QED; this would make the photons to retain their initial polarization mode, up to the
adiabatic radius (for typical magnetar parameters ra ∼ 150 stellar radii). Therefore, a
high polarization degree value may be the first indirect evidence of the birefringence of
the vacuum [4].

The aim of this thesis is to better characterize the underlying emission model of the
magnetar AXP 4U 0142+61 doing a phase-dependent analysis of the data collected from
IXPE observations of the source in February 2022, which were analyzed by Taverna et
al. [5] in the framework of the RCS model, and were successfully fitted by a model
characterized by the emission from an equatorial belt in a condensed state further
reprocessed by RCS in the magnetosphere. This is carried out computing different
models for the source surface emission: a condensed iron surface in the fixed/free ions
limit characterized by a hotter equatorial belt or by antipodal spots on the surface of
the star, at different temperatures and with different values for the parameters ∆ϕ, β,
χ, and ξ. The work is organized as follows: in the second chapter a brief introduction
to the main features and types of neutron stars is found; the third chapter is devoted
to the details of the magnetar model and to the spectral observations performed so far;
in the fourth chapter we present the data extraction process (comprising also a brief
description of the IXPE polarimeter), the computation of the synthetic models and the
fit of the real data with the latter; the fifth chapter is dedicated to the discussion and
the analysis of the obtained results; conclusions follow in the last chapter.
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Chapter 2

Neutron stars

2.1 Formation and main properties

Stars with an initial mass of M ≳ 8M⊙ undergo a core-collapse supernova event at
the end of their life. Like the other stars, at the beginning of the main-sequence stage,
they start burning hydrogen, passing then to helium, carbon, neon, and finally oxy-
gen, creating different concentric shells where the different elements are burnt. Each
of these successive burning stages is possible thanks to the gravitational contraction of
the star which enables the ignition of the next element burning by raising the temper-
ature. After the oxygen burning, 28Si and 32S are produced but the latter has a too
high potential barrier and can not be burnt via nuclear fusion; so, through successive
α-capture processes the iron peak is reached and iron, nichel and cobalt are synthesized.
These elements have the maximum binding energy per nucleon and a supply of energy
is required to synthesize heavier elements. Although the star keeps contracting, trying
to increase the temperature and burn these elements, the gravitational force is too large
to be balanced by the degenerate electron pressure. The latter leads to the formation
of white dwarfs in lighter stars, so that when the mass of the core exceeds the Chan-
drasekhar limit Mcore > Mch

1 the star cannot end its life as an object supported by
electron degeneracy pressure. As a consequence, the temperature of the star keeps in-
creasing and highly energetic photons are produced which photodissociate iron. Due to
the collapse, the density increases to the point where not only electrons are degenerate
but also neutrons and protons. Electron capture, or inverse β decay, p + e− → n + ν,
becomes possible when the increased Fermi energy of the electrons balances the mass
defect, and so nuclei are more and more enriched by neutrons. Once the nuclear drip
line is overcome, neutrons start to drip out of the nuclei. Neutrinos are also formed,
but they immediately fly away, subtracting energy and favoring the collapse. After the
explosion only the bare core of the star is left, which collapses under its own weight; if
the mass is not too high the neutron-degeneracy pressure is able to restore hydrostatic
equilibrium forming a neutron star, otherwise a black-hole is formed.

Neutron stars (NSs) have typical values of radius R ≃ 10 km, and mass M ≃ M⊙
for a core density ρcore ≃ 1015 g/cm3. The Schwarzschild radius RS = 2GM/c2 of such
an object is ∼ 3 km, so comparable to the typical radius of neutron stars. Therefore
neutron stars are indeed extremely compact objects and we have to take into account

1Mch is the Chandrasekar mass: the maximum mass that a spherical equilibrium configuration can
reach if it is supported by the degeneracy pressure of the electron gas alone, so is the maximum mass
of a white dwarf
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the general-relativistic effects that arise [6]. They also rotate very fast: to give an idea
of the order of magnitudes of the spin of these objects, one can assume the collapse of
a Sun-like star into a neutron star. Assuming that the angular momentum is conserved
L = Iω = INSωNS , with I = (2/5)MR2 the moment of inertia, the following holds:

M∗R
2
∗ω∗ =MNSR

2
NSωNS . (2.1)

Substituting ω = 2π/P , results

PNS = P∗
R2

NS

R2
∗

(2.2)

and, replacing with typical values, with the rotation period of the progenitor star P∗ ≈
105–106 s, we obtain PNS ≈ 10−4 s, which is just an estimate, typical period of neutron
stars are higher. Moreover, NSs are highly magnetized, in fact, they are the strongest
magnets we know in the universe. Once again order of magnitude, supposing that also
the magnetic flux is conserved during the core-collapse

B∗R
2
∗ = BNSR

2
NS , (2.3)

with B∗ ≃ 102 G, we find BNS ≈ 1012 G, which is indeed very huge compared to the
magnetic fields we can measure in the Solar system.

2.2 The neutron star zoo

We restrict our analysis to the first order contribution of the magnetic field, the dipole.
As it can be seen in figure 2.1, µ⃗ ∥ B⃗d is the magnetic axis, Ω⃗ is the rotation axis and
ξ is the angle between them (assumed to be constant with time), while χ is the angle
between the line of sight (LOS) and Ω⃗, and ψ = Ωt is the rotational phase. So we have:
µ⃗ = µ(sin ξ cosψ, sin ξ sinψ, cos ξ) and we define the module of the magnetic moment
as µ = BpR

3
NS , where Bp is the polar magnetic field. The Larmor formula gives us the

power lost for a rotating dipole:

W =
2µ̈2

3c3
, (2.4)

where the dot denotes a time derivative. Substituting it in ĖK = IΩΩ̇ = −W , where
EK is the kinetic rotational energy, we obtain the evolution of the star spin with time:

Ω̇ = − 2

3Ic3
B2

pR
6
NS sin2 ξΩ3 = −AΩ3, (2.5)

where A = −(2/3Ic3)B2
pR

6
NS sin2 ξ. So the rotation velocity of the NS undergoes a

secular decrease and integrating the latter equation from the neutron star birth to date,
it results:

Ω̇

Ω3
= −A =⇒ 1

2Ω2
0

=
1

2Ω2
−A(t− t0), (2.6)

where the subscript 0 refers to the new-born neutron star. Supposing t ≫ t0 we have
Ω0 ≫ Ω, thus we can neglect the terms Ω−2

0 and t0, so the last equation becomes:

Ω−2 ≈ 2At =⇒ Ω ∝ t−1/2, (2.7)

known as the spin-down frequency. From P = 2π/Ω and equation (2.7) it follows:

P 2 =
4π2

Ω2
=

16π2

3c3I
B2

pR
6
NS sin2(ξ)t = A8π2t. (2.8)
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Figure 2.1: Geometry of the neutron star. Image taken from [7]

In the latter equation we can substitute A = −Ω̇/Ω3 and, since dP/P = −dΩ/Ω, we
can define the characteristic time as tchar ≈ P/2Ṗ . In addition, from equation (2.8) it
can be seen that

PṖ = −(4π)2
Ω̇

Ω3
=

8π2B2
pR

6
NS sin2 ξ

3Ic3
. (2.9)

From the latter expression we can estimate the spin-down magnetic field:

Bp =
√
PṖ

√
3Ic3

8π2R6
NS sin2 ξ

≈ 6× 1019 G
sin ξ

√
PṖ . (2.10)

We can hence classify all the observed NSs as functions of their values of P and Ṗ in
the so-called P − Ṗ diagram, where we have P on the horizontal axis and Ṗ on the
vertical axis. Given that both Bp and the characteristic age depend on P and Ṗ , we
can draw constant magnetic field and characteristic time lines in the P − Ṗ diagram,
as it can be seen in figure 2.2. Therefore, we can follow the evolution of NSs evolving
with constant B, and NSs with similar characteristic age can be distinguished. In this
diagram we can distinguish various types of neutron stars, which are also set apart by
their different observational properties.

• Rotation-powered pulsars: These sources emit in a wide band of frequencies,
from radio to optical and from X- to γ- rays; they are fueled by the rotational
energy radiated away by the co-rotating magnetic field as the pulsar spins down.
They have periods from few seconds to several seconds [9].

• Accretion-powered pulsars: They are typically part of a binary system, with
hot-spots on the surface, responsible for the X-ray pulsed emission and heated by
the flow of the accreting matter from the binary companion. The pulsation is due
to the rotation of the star and hence to the change in the visible area of these hot-
spots. Their spin behavior is unpredictable, alternating periods of spin-up and
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Figure 2.2: Example of a P − Ṗ diagram. The dotted lines represent constant magnetic field
and characteristic time. Image taken from [8].

spin-down and, eventually, glitches. Among these sources, there are also pulsars
with periods below 20 milliseconds, called millisecond pulsars [9].

Other objects are also characterized by the fact that no accretion phenomena from
companion stars, stellar winds or accretion disks have been observed for them, which
led to name them as Isolated Neutron Stars (INSs). These are:

• RRaT (Rotating Radio Transient): They are a particular type of INSs which
exhibit an extreme variability in their emission, up to the point where they can
become silent for months or even years [10].

• XDINSs (X-ray Dim Isolated Neutron Stars): There are only 7 known
objects of this type (The Magnificent Seven), which emit thermal radiation in the
X-ray energy band and do not seem to have radio counterparts. They exhibit
discrepancies between kinematic/cooling ages and spin-down ones; the former lie
between ∼ 0.1–1 Myr, while the latter are in the range ∼ 1–4 Myr. The inferred
strength of their dipole field is ∼ 1013–1014 G. There are various model to explain
their emission and evolution, in the main one XDINSs would be aged magnetars,
with a magnetic field that has reached the end of the Hall-phase (Hall attractor)
[11][12].

• CCO (Central Compact Objects): They are at the center of core-collapse
supernova remnants and they are still associated with them; they are hence young
NSs with a rather weak dipole field. Maybe the magnetic field is buried deep
beneath the material accreted from the remnant. So far no radio signal has been
detected. It is difficult to measure their period, so it is even more difficult to
measure its derivative [13].

• Magnetars: These objects are powered by the decay of their incredibly huge
magnetic field ∼ 1014–1015 G, which is able to drive also their burst activity (short
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bursts, intermediate and giant flares). Their periods lie in the interval 2–12 s. In
these sources the magnetic field approaches and exceeds the quantum critical field
strength, BQ = m2

ec
3/(eℏ) = 4.4 × 1013 G, at which the cyclotron energy equals

the electron rest mass. Therefore the physical processes are deeply influenced and
some additional effects occur, which do not take place in the low-field limit [14].

Figure 2.3: Evolution of INSs in the P − Ṗ diagram, with different initial magnetic fields.
Asterisks along the track mark the real ages of the source (103, 104, 105, 5× 105 yr), while the
dashed lines give the tracks followed if B was constant. Image taken from [15].

There could be evolutionary links among the different classes: for example, XDINSs
could be aged, worn out magnetars. In fact, all the birthrates of these neutron stars,
when summed together, cannot exceed the Galactic core-collapse supernovae rate. This
led to the search for a unifying model which could explain each neutron star as a
different manifestation of the same underlying physics, the so-called “Grand Unification
of Neutron Stars” (GUNS) [16]. In this scenario, the evolution, and hence the properties,
of an isolated neutron star are determined by its parameters at birth – for example, mass,
period, and magnetic field. The latter has particular relevance in the construction of
this model. As the field evolves (even more so if it is a strong one), it decays, hence the
path of the star in the P − Ṗ diagram, after ≈ 105 yrs, deflects towards the bottom,
as reported in figure 2.3 [15]. Therefore, the period of the star increases only up to
a certain point, determined by the crust resistivity, the initial magnetic field, and the
mass of the star. As a consequence, stars that are born as magnetars with an initial
field of a few 1014 G might evolve into XDINSs [17].
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Chapter 3

Magnetars

3.1 Definition and main properties

Magnetars were first divided into anomalous X-ray pulsars (AXPs) and soft-gamma
repeaters (SGRs). The former, as the name says, were discovered as X-ray pulsars with
a rather high luminosity (∼ 1034–1036 erg/s) in the soft X-ray range (0.5–10 keV); the
latter, instead, are characterized by the emission of bursts in the hard X-ray/soft γ-ray
range. They seemed two classes of distinct and different objects, but they share some
observational properties [14]:

• they are isolated neutron stars, i.e. they do not belong to a binary system;

• their persistent (non-bursting) emission is very similar both in the soft and in the
hard (10–100 keV) X-ray bands;

• the persistent X-ray luminosity normally exceeds the rotational energy loss rate,
LX ≫ Ė ∼ 4× 1046 Ṗ /P 3 erg s−1;

• they are observed to pulsate at similar spin periods P ∼ 2–12 s and with similar
spin-down rates Ṗ ∼ 10−13–10−11 s s−1, which lead to enormous magnetic fields
B ∼ 1014–1015 G;

• also AXP were seen to exhibit bursting activity resembling the bursts of SGR [18].

This led to the unification of these two sources under the category of magnetars,
in fact the dissipation and decay of an ultra-strong magnetic field is able to power
their persistent X-ray emission [2][19], which can not be sustained by the rotational
energy loss rate (believed to fuel standard pulsars). Such huge magnetic fields are
believed to power also the hyperenergetic (∼ 1044–1047 erg/s) giant flares. The range
of periods (2–12 s) magnetars exhibit is incredibly narrow with respect to the one of
radio pulsars, sweeping from 1.4 ms to 8.5 s, and the one of X-ray binaries, varying
between milliseconds and hours. Their period derivatives are clustered in the range
Ṗ ∼ 10−13–10−11 s s−1, which means a large secular spin-down rate, which is observed
to be quite irregular.

All magnetars exhibit variability in their persistent X-ray emission, but it is more
extreme in some sources, known as transient magnetars (see e.g. [20]). Their flux up-
swings by a factor ≈ 10–1000 with respect to the quiescent state in only a few hours,
along with the emission of short bursts. This phases of enhanced emission last approx-
imately 1 year and are usually called outbursts. The flux then gradually diminishes,
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the pulse profile simplifies and the spectrum softens in a different way for each source
and even for distinct outbursts of the same source. Among these transient magnetars,
two sources (SGR 0418+5729 [21] and Swift J1822.3-1606 [22]) were found to possess
an unusually low magnetic field B ≤ 1013 G, which is a typical value of radio pulsars.
Both of them have a large characteristic age, show few and soft bursts, and have a low
persistent luminosity in quiescence. However, the X-ray spectrum of SGR 0418+5729
exhibited a proton cyclotron absorption line, which led to an inferred (local) magnetic
field ranging from 2×1014 G to more than 1015, much higher than the one derived from
its timing parameters [23].

3.2 Birth and evolution

3.2.1 Formation of a magnetar

Magnetars are believed to descend from massive stars, at the far end of the mass dis-
tribution of OB stars. In fact, some SGRs and AXPs are found in young clusters of
massive stars, see for example [24]. If we consider the standard evolutionary models,
the progenitors with masses ∼ 20–45M⊙ for the most part should have given rise to
black holes [25].

There are two main mechanisms that can explain the formation of such an enormous
magnetic field. Thompson and Duncan [19] hypothesized that in the early, highly
convective stages of the proto-neutron star, its magnetic field could be amplified by
an intense dynamo action. Two types of dynamo can be produced by rotation and
convection in an astrophysical plasma: one is driven by the differential rotation, called ω
dynamo, while the other (the α dynamo) arises from the coupling of convective motions
and rotation. To guarantee an efficient convective mixing in the proto neutron stars,
since both dynamos are present and they operate at low Rossby numbers1, the initial
spin period must be short [2]. The rapidly spinning and collapsing stellar cores lead to a
highly-energetic supernova explosion [26], due to the strong magnetic coupling, which is
able to transfer a great fraction of the rotational energy, Erot ∼ 3×1052 (P/1 ms)−2 erg,
to the ejecta. Despite the search for magnetars associated with above-average supernova
events, no observational feature has been found yet [27]. Maybe gravitational waves
can carry away this rotational energy if B ≳ 1016 G, and they do not interact with
matter [28]. Another possibility is that magnetars are formed in a very close binary
system, where the core of the rapidly rotating neutron star would be accelerated by
tidal synchronization [29]. An example of this may be given by the magnetar CXO
J164710.2−455216, which was recently associated with Wd1-52[30]. The latter would
be ejected from the massive binary when the progenitor of the magnetar exploded. The
progenitor’s mass in this scenario would decrease through intense stellar wind activity
when entering a Wolf-Rayet phase, and common envelope evolution would prevent the
spin-down of its core. Therefore this formation process would simultaneously provide the
spark that will ignite the convective dynamo and bring the mass back into the neutron
star formation range, in place of a black hole. The other theory states that magnetic
fields of neutron stars were already present at birth and they would be amplified during
the collapse of the core through magnetic flux conservation, B ∝ R−2. This is the fossil
field scenario [31]. Using this model ∼ 25 magnetars would be formed from high-field

1The Rossby number is usually defined as the ration between Coriolis and inertial forces; here it is
calculated as the ratio between the rotation period of the star and the local convective turnover time.

2A star in the globular cluster Westerlund1.

16



core-collapse supernovae. Nowadays, considering the increasing population of magnetars
and the discovery of latent magnetars among radio pulsars [32], the prediction of the
fossil field scenario seems to fall short of observations. Moreover, magnetars may be also
related to both short and long GRBs [33]. A magnetar created from coalescence in a
double-degenerate binary (or accretion-induced collapse of a white dwarf) may explain
short GRBs, while the long ones may arise in a magnetar created from coalescence in a
core-collapse supernova [34]. Probably magnetars are not entirely formed through one
process, more than one mechanism could be at work.

3.2.2 Evolution of the internal field

The structure and the strength of the internal magnetic field are poorly constrained by
observations. Having to sustain the magnetar emission and also the greatly energetic
flares, the internal magnetic field has to be strong enough, approaching ∼ 1016 G [35],
and its topology has to allow the outflowing of the magnetic energy; it most likely
consists of both poloidal and toroidal components [36]. It is not certain where the
magnetic field resides in the star. According to where its supporting (super)currents
are located, it can lie predominantly in the crust or it can be diffused in the whole star.
In the former case, we talk about a “crustal” field, in the latter about a “core” field.
Therefore, in the most general case, the internal magnetic field of a neutron star will
be generated by a superposition of currents both in the crust and in the core. Based
on the type of neutron star that we are looking at the importance of these fields will be
different [37]. In the case of a magnetar, having to significantly decay over a timescale
of ∼ 103–105 yrs, a crustal field seems to be the most probable configuration [38].

The evolution of the magnetic field in a neutron star proceeds through a series
of quasi-equilibrium states alternated by hydrodynamic motion in its liquid core and
release of elastic stresses in the crust; it evolves according to [39]:

∂B⃗

∂t
= −∇×

(
c2

4πσ
∇× B⃗

)
+∇×

(
− j⃗

nee
× B⃗

)
+∇× (v⃗a × B⃗). (3.1)

Each term on the right-hand side represents a different effect:

1. The first one describes the Ohmic diffusion of the magnetic field. In the core,
where all particles are degenerate, the conductivity σ (defined from the current
density j⃗ and the electric field E⃗, j⃗ = σE⃗) is large. This leads to a characteristic
time of tOhmic ∼ 2 × 1011(Lkm/T8)

2(ρ/ρcore)
3 yr [39], where ρcore = 2.8 × 1014 g

cm−3 is the density of the core, Lkm = L/(1 km) is the lengthscale over which the
field is varying and T8=T/(108 K) is the temperature. Clearly, the decay time
would be shorter if currents were confined to the crust [40].

2. The second term accounts for the advection of the field by Hall drift: the electron
fluid carries the magnetic field and it drifts with respect to the ions, with velocity
v⃗e = −j⃗/(nee). This term is non-dissipative, but it can change the field structure
on a timescale tHall ∼ 5× 108(ρ/ρcore)L

2
km/B12 yr, where B12 = B/(1012 G). The

Hall term is inherently conservative. However, it highly amplifies the dissipation
of energy in the first 106 yrs of a neutron star life, since it drives the magnetic
field towards smaller spatial scales, where dissipation is faster [37]. Its main effect
though, for fields B ≳ 1014 G, is to transfer part of the magnetic energy from
large to small scales and to couple the poloidal and toroidal magnetic field. Even
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if the latter is zero at first, it is quickly created. Instead, if the toroidal component
is stronger, it provokes the development of current sheets where the dissipation
is strongly enhanced. It has been pointed out by Goldreich & Reisenegger [38]
that the Ohmic dissipation rate of the field might be increased by a turbulent
cascade to small scales triggered by the nonlinear Hall term. A recent simulation
of electron MHD turbulence confirmed this “Hall cascade” [41].

3. The last term describes ambipolar diffusion, that involves a drift of the electron-
proton fluid, transporting the magnetic field, with respect to the neutrons. At
variance with the Hall term, ambipolar diffusion is dissipative and this makes the
core and the deep crust of a magnetar to heat up; this might be the underlying
mechanism of their persistent X-ray emission [42].

In magnetars these three effects have different relevance. During their active lifetime
ambipolar diffusion is of little importance in magnetar cores (in the crust it is quenched
by the absence of convective motions) [43]. Since magnetar activity is due to the field
evolution/decay, it must be governed by Hall and Ohmic diffusion, which take place in
the crust. Given that this two effects are strongly density- and temperature-dependent,
a self-consistent study of the evolution of the magnetic field has to be accompanied by a
detailed modelling of the thermal evolution of the neutron star, and vice versa. So the
cooling and the induction equation of the magnetic field must be solved simultaneously.
A solution to this problem, accounting for both the Ohmic diffusion and the Hall drift,
has been given by De Grandis et al. [44]. The magnetic field of magnetars is subject
to sudden changes, for example when the crust yields [45]. Stresses in the crust will
build up due to the Hall drift of the magnetic field, since the crust has a finite shear
modulus µ, and if the elastic stress is exceeded the lattice will yield. This might be
causing magnetar bursts [46].

3.3 Twisted magnetosphere

3.3.1 Formation of the twist

As we said when talking about the evolution of the internal field of magnetars, sooner
or later a toroidal component builds up, at least of the same order as, or even stronger
than, the poloidal one [47]. This brings to the development of a strong deformation
of the neutron star surface, that will produce a yield of the crust when the magnetic
stress exceeds the crust tensile strength. The crustal platelets will drift due to the effect
of the toroidal part of the field. This reflects on the external magnetic field, hence on
the magnetar magnetosphere, as it will differ from the commonly assumed dipole. The
field lines that are anchored on the displaced crustal patches will twist [48], injecting
an electric current into the magnetosphere, since the twisted field is non-potential and
hence requires supporting currents. We now see more in detail how this mechanism
works.

In a magnetar, the internal field can exceed 1015 G [46] and is believed to be globally
twisted, so it is strong enough to transfer this twist to the external field lines. Consider a
flux tube that has a non-zero toroidal component in the crust and a vanishing one outside
the star. The magnetic stresses overcome the crustal tensile strength and cause the crust
to yield. The applied forces then drive horizontal displacements of the crustal patches,
parallel to the equipotential surfaces. This means that the magnetically-stressed surface
elements tend to rotate by an angle ∆ϕ [48]. Given that the external magnetic field
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Figure 3.1: In the left panel we can see a pure dipole magnetic field, while in the right panel
a globally twisted dipolar field configuration is shown. Image taken from [8]

lines are anchored to the crust, the net effect of the magnetically-induced torsional
displacement of the surface layers will be the twisting of the external field, due to the
transmission of the internal magnetic helicity outwards. Therefore the external field,
even if dipolar at the beginning, will develop a toroidal component, a twist, restricted
to the field lines whose footpoints are on the shifted layer. As a consequence, to sustain
the non-potential field, currents will flow also along the closed field lines [8], as opposed
to what happens normally in radio pulsars, where the Goldreich-Julian currents flow
only along the open field lines, since the magnetic field is non-potential there. Of course
this displacement of the crust, and consequently the twist of the magnetosphere, will
be localized [49]. However when studying the characteristic of the magnetar emission
a globally twisted magnetosphere, depicted in figure 3.1 and first proposed in [50], is
chosen most times, for simplicity.

The globally twisted magnetosphere model assumes an initial external dipole mag-
netic field that is then sheared due to the crustal displacements. To understand better
the behaviour of the magnetic field, following [8], we start by writing the force-free
condition (∇⃗ × B⃗) × B⃗ = 0, derived from the momentum equation in a low-density
plasma and the Ampère-Maxwell equation. If we use a flux function P to represent the
poloidal component and a spherical coordinate system (r, θ, ϕ), then we can write an
axisymmetric magnetic field in its most general form:

B⃗ =
∇⃗P(r, θ)× u⃗ϕ

r sin θ
+Bϕ(r, θ)u⃗ϕ (3.2)

where Bϕ is the toroidal component and u⃗ϕ is the unit vector in the ϕ direction. Further-
more, we can write the explicit expression of the magnetic field exploiting the force-free
condition:

B⃗ =
Bp

2

(
r

RNS

)−p−2
[
−f ′, pf

sin θ
,

√
Cp

p+ 1

f1+1/p

sin θ

]
(3.3)

where Bp is the polar value of the magnetic field, RNS is the star radius, a prime denotes
a derivative with respect to µ ≡ cos θ, 0 ≤ p ≤ 1 is the radial index, f = f(µ) is a
function of µ3, and C is a constant. The value of p settles the amount of shear of the
field as well as controlling the radial decay. The footpoint of a (closed) magnetic field
line will be rotated by a net angle ∆ϕ, the twist angle, defined as:

∆ϕ =

∫
field line

Bϕ

(1− µ2)Bθ
dµ =

[
C

p(1 + p)

]1/2 ∫ 1

0

f1/p

1− µ2
dµ (3.4)

3It satisfies the Grad-Shafranov equation: (1− µ2)f ′′ + p(p+ 1)f + Cf1+2/p = 0.
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Decreasing p, Bϕ increases, with respect to the other components, and consequently
the twist increases. In fact, the radial index is a decreasing monotonic function of ∆ϕ
and B ∝ r−(2+p); the higher the twist of the field lines the more attenuated is the
radial dependence of the magnetic field. When p = 0 the magnetic field tends to a
split monopole, while when p = 1 we have an untwisted dipole. This model depends on
the possibility of having a current in the magnetosphere, hence on a plasma that can
conduct it. The required current is j⃗B = (c/4π)∇⃗ × B⃗ and a minimum plasma density
ne = jB/(ec) is needed [51].

The presence of a magnetospheric twist influences the evolution of a magnetar. For
instance, the emission and the long terms evolution before or after a series of bursts or a
giant flare has frequently been explained by the gradual establishment and the successive
decay of a magnetospheric twist [52]. In this scenario, in fact, the rising of a progressively
growing twist makes the optical depth for resonant cyclotron scattering (RCS), i.e. the
scattering at the cyclotron resonance (with ϵB = ℏeB/(mec) = 11.6B12 keV the electron
cyclotron energy) of thermal seed photons onto electrons in the magnetosphere, to
increase and, consequently, the X-ray spectrum to gradually harden. Concurrently,
the spin-down rate is enhanced because, for a fixed dipole field, a growing fraction of
field lines opens out across the light cylinder, Rlc = cP/2π [8]. Indeed, the presence
of a twist makes the magnetic field to decrease more slowly than ∼ R−3, and, as
a consequence, the spin-down rate increases, since the rate of rotational energy loss
is IΩΩ̇ ∼ B(Rlc)R

2
lcc ∝ B(Rlc) [50]. Moreover, the growth of the twist angle and

consequently of the spin-down rate leads to an increase of the measured spin-down
power and a decrease of the characteristic age, due to the fact that both quantities are
related to Ṗ [8]. The twist will then relax and decay outside the star.

3.3.2 Evolution of the twist

The twist, once formed in the magnetosphere, after a certain amount of time tdecay has
to decay. If it were a genuinely static twist, for which ∂B/∂t = 0, the electric and
magnetic field would be orthogonal. This would imply that, between the two footpoints
of a magnetic field line, the voltage drop would vanish because the parallel component
of the electric field would be zero, E∥ = 0 [8]. Hence the required current to support
the non-potential field would not be present, since no force would be able to extract
particles from the surface and lift them against gravity to trigger the current. Therefore,
the decaying of the twist is necessary to provide that potential drop needed to lift charges
from the surface and accelerate them to initiate the current [48]. The key ingredient is
the self-induction of the slowly decaying current, which is able to generate and sustain
the E∥ field. The latter substantially measures the rate of the decay of the twist, but
when it exceeds a critical value, e± avalanches are triggered in the magnetosphere, and
the created pairs screen the electric field. The “bottleneck” for the untwisting of the
magnetosphere is reached, which results in a slow decay [51]. The X-ray spectrum and
the pulse profile will be modified by the persistent currents flowing outside the star,
which will heat its surface. The magnetospheric twist is controlled by the value of the
conduction current j with respect to jB, in fact ∂E∥/∂t = 4π(jB − j):

• j < jB: E∥ grows at the expenses of the magnetic field and more charges are
provided to the magnetosphere;

• j > jB: this time the field decreases, hence the current is reduced.
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A dynamical (quasi-) equilibrium is then reached when j ∼ jB, for a timescale < tdecay
[8]. The value of the potential drop is kept near to the pair production threshold eΦ ≈ 1
GeV, and the rate of magnetic energy dissipation is Ėmag ≈ IΦ, where I ≈ jBl

2 is the
current and l is the scale-length of the twisted region [51]. Long term (months or years)
variations are observed in several magnetars after a period of activity or a flare. If this
was due to the decaying twist, then the decay time would be of the order of 1–10 yr.
As we can see, the magnetic energy stored in the twist is Emag ≈ I2RNS/c

2, and the
twist decay time is [50]:

tdecay ≈ Emag

Ėmag
≈ 40∆ϕ2

(
LX

1035 erg s−1

)−1( Bd

1014 G

)2( RNS

10 km

)3

yr, (3.5)

and for typical parameter values, it turns out to be ∼ 1yr.
The evolution of an untwisting magnetosphere, more details in [49], proceeds through

the expansion of a potential region, where ∇×B = 0, which progressively confines the
twist to a limited bundle of current-carrying field lines (the j-bundle) until the twist is
completely erased.

3.3.3 Composition of the magnetosphere

A corona forms around magnetars, but its emission is not powered by the star rota-
tion. In fact, all observed magnetars are slow rotators and the coronal emission can
not be sustained by the rotational energy alone [51]. Instead, it is the presence and the
evolution (decay) of the magnetic twist which influences the composition of the magne-
tosphere. The dissipation of the energy stored in the non-potential (toroidal) magnetic
field is able to explain the observed activity of the corona.; closed magnetic lines, ex-
tending up to Rmax ∼ 10RNS , carry the stored energy [51]. The order of magnitude of
the permanence time of the particles in the corona is much lower than the evolutionary
timescale of the magnetic field, hence the latter can be thought of as fixed. Moreover,
particles move strictly along the magnetic field lines forming a current j ∼ jB.

The simplest model [50], which is also the one that will be used in this work, neglects
pair production. In this scenario, we only have two currents, composed of electrons and
ions, ensuring charge neutrality, which move in opposite directions. The definition of
the magnetic topology and of the particle velocity automatically settles the density of
particles in the magnetosphere. The latter can be obtained from the condition j = jB,
needed to ensure a dynamical equilibrium in the globally twisted force-free magnetic
field, that gives [53]:

ne(r⃗, β) =
p+ 1

4πe

(
Bϕ

Bθ

)
B

r|⟨β⟩|
(3.6)

where |⟨β⟩| is the average charge velocity in units of c. The co-rotation charge density
of the space charge-limited flow of ions and electrons from the stellar surface is normally
given by the Goldreich-Julian density, nGJ . In this case, instead, ne is much larger than
nGJ because of the closed loops present in twisted fields. The current is composed of
positive charges, with density n+ and velocity v+, and by negative charges, with density
n− and velocity v− flowing in the opposite direction; it is given by j = jB = e(v+n+ −
v−n−) and we have v+v− < 0 [8]. The general assumption is that electrons move from
north to south and the other way round for ions, hence breaking the symmetry between
the two hemispheres. In such strong magnetic fields, e− flow freely along closed field
lines while being confined in a set of cylindrical Landau levels in the plane perpendicular
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to B, which makes the electron distribution to be widely anisotropic. In most models,
including the one used in this thesis, the “unidirectional flow” is used, where only the
currents of electrons are considered. As a matter of fact, ions add only little contribution
to the spectra of the star, for example in the scattering with photons they can at most
generate a narrow absorption feature at the cyclotron energy [23]. When ions, and the
consequent effects, are taken into account we talk about “bidirectional flow” models. A
discriminating factor between the various models is the choice of the velocity distribution
of the scattering charges [54]. The latter, in fact, is assumed to be spatially independent,
which makes the charge velocity a free parameter of the model. However, the observed
X-ray spectra need a mildly relativistic charge velocity, γ ≃ 1, to be reproduced.

A realistic physical model would take into account also the production of pairs
in the magnetosphere, as in [51]. In this scenario, the electric field E∥ is created by
the self-induction of the field, and the voltage drop between the two footpoints of a
magnetic line is able to transfer the magnetic energy, released by the untwisting of the
magnetic field, to the charged particles, accelerating them. When the magnetic field B
exceeds the critical quantum value BQ, one-photon pair production becomes possible
in two steps, because it would need photons with energy higher than the threshold
value ∼ 1 MeV. At first, electrons moving along a magnetic field line and accelerated
to γ = γres ∼ (mec

2/ϵ)(B/BQ) ∼ 1000 by the electric field, where γres is the electron
Lorentz factor at the resonance, undergo resonant scattering with a thermal X-ray
photon with energy ϵ ∼ 1 keV. Also the latter process may be considered as two-step: (i)
the electron is excited to the first Landau level (corresponding to the electron cyclotron
energy ϵB), then (ii) it rapidly de-excites emitting a photon. The emitted photon has a
considerable energy ϵ′ ∼ γ2resϵ/(1 + γresϵ/mec

2), hence quite instantaneously it converts
to a e± pair via single photon pair production [39]. This process requires a much
smaller electron Lorentz factor with respect to the one occurring in radio pulsars, where
electrons need to be accelerated up to γe ∼ 107 to produce gamma rays which convert
to e± pairs [51]. These pairs created can also give rise to returning current effects.

3.3.4 Resonant Compton Scattering

Now we want to see a little more in detail the processes that arise in the magnetosphere
due to the presence of the particles lifted from the surface. The first-order process in
which a photon excites a particle from a lower to a higher Landau state is cyclotron
absorption. However, the cyclotron decay rate is much higher than the collisional one
[55], hence radiative transitions overcome collisions [39]. As a consequence, when an
electron undergoes cyclotron absorption, since the decay rate is rather high and makes
all particles occupy the ground state, it will de-excite emitting another photon, instead
of collisionally de-exciting. In the end, the resulting process is a photon scattering
in place of true absorption. Thanks to this, an X-ray photon can be converted into
a γ-ray one. As we saw in the previous section, in the magnetar case the presence
of currents jB = (c/4π)∇ × B extending in the magnetosphere requires a minimum
plasma density ne = jB/ec. Even this minimum density has strong implications in
shaping the emergent spectrum of stellar radiation. The thermal photons emitted from
the cooling surface constitute only a little radiative output. If the plasma is sufficiently
hot, the charges flowing along the closed field lines of the twisted magnetosphere can
Compton upscatter the thermal surface X-rays. Electron scattering is largely influenced
by the presence of a strong magnetic field, in particular, the cross section has a more
pronounced dependence on the photon energy and the incident angle. The main effect
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is the appearance of the cyclotron resonance, with ϵB the electron cyclotron energy. If
photons have energies far greater than the resonance one, ϵ≫ ϵB, then σ = σT ; instead,
when ϵ≪ ϵB the magnetized plasma becomes quite optically thin to photon frequencies
below the cyclotron one [39]. The surface emits a thermal photon with energy lower than
the electron cyclotron energy; then it passes through the magnetosphere encountering
the electron cyclotron resonance, where multiple scatterings may take place and will
spread photon frequency. Backscattered photons will move to the surface with energy
lower than the resonant one and they undergo subsequent resonant scatterings. The
magnetospheric current-carrying charges provide a significant optical depth to resonant
cyclotron scattering. Following [50], if Ze, M and ωc = ZeB/Mc are the charge, the
mass, and the resonance frequency of the particles respectively; ω is the incoming photon
frequency while θk is its angle with respect to B⃗, then the radius at which the resonant
surface sits is given by:

Rres =

(
ZeBθ

Mcω

)1/3

f(θ), (3.7)

where f(θ) is the angular function. As it can be seen in the latter formula, resonance of
photons with frequency ω will be located at different radii, depending on the particles
they are scattering with, namely electrons or ions; from the equilibrium condition,
instead, it follows that the magnetosphere hosts more than one scattering corona: the
electron one at R ∼ 50–100 km from the surface and the ion one closer to the star
surface at R ∼ 10–20 km. When the latter is composed of ions of different charge/mass
ratios Z/M scattering is more efficient. Indeed, in this way, multiple scattering layers
will form according to the charge/mass ratio; heavier ions will resonantly scatter surface
photons closer to the star, conversely for lighter ones. As a consequence, both inward,
backscattered, and outward photons can resonantly scatter. Now if we define ϵZ the
current fraction carried by particles and vZ ≤ c their drift velocity, we can write the
optical depth for resonant scattering as:

τres =
πϵZ

4
(1 + cos2 θk)

( c

vZ

)(p+ 1

p+ 2

)[
F (θ)

F (π/2)

]1/p(Bϕ

Bθ

)
θ=π/2

. (3.8)

Here [F (θ)]1/p ≃ sin2 θ for a magnetospheric twist ∆ϕ ≲ 1 radian. Therefore the optical
depth is highly anisotropic: surface radiation will be strongly scattered at the cyclotron
resonance near the equatorial plane, while it will emerge almost unscattered near the
magnetic axes (the poles), where the optical depth approaches zero and the equilibrium
current density is reduced as a result of the large extent of the field lines.

The magnetospheric reprocessing of the surface field gives rise to a high energy
non-thermal, powerlaw-like tail. This may explain the spectrum observed both in the
0.1–10 keV energy range and in the hard X-ray one [8]. The hardness of this tail seems
to be correlated with the magnetospheric shear: the stronger the overall twist imparted
to the magnetic dipolar field, the harder the power law tail. Also, the tendency of
increasing spectral hardness with the overall bursting activity may be explained by the
RCS model.

3.4 Surface emission models

As we saw a simple blackbody is not suitable to describe the thermal radiation emitted
from the magnetar. Beyond the reasons mentioned above, more physically motivated
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models of the surface radiation should be taken into account, to have an improved char-
acterization of the spectral and polarization properties of magnetar persistent emission
within the RCS scenario. Although the features of the outermost layers of a highly
magnetized neutron star are still debated, the thermal component itself may either arise
directly from the surface in a condensed state or be reprocessed by some sort of (non
passive) magnetized atmosphere. Taverna et al. [3] computed the spectra, through
Monte Carlo simulations, that may originate from a condensed surface (in both the
free/fixed ion limits) and from a magnetized hydrogen atmosphere. In their analysis
the star is assumed to be an aligned rotator (ξ = 0) with a globally twisted dipole field
with Bp = 5 × 1014 G; a unidirectional flow is also assumed, with β the speed of elec-
trons along the (closed) field lines superimposed on a 1D Maxwellian distribution. As
it can be seen in figures 3.2, 3.3, 3.4, 3.5, according to their simulations, the results of
spectral observations alone, including or not magnetospheric RCS, did not differ much
from a 100% polarized blackbody plus a powerlaw distribution in the former case and
a 100% polarized blackbody in the latter. The underlying emission model is far more
relevant when looking at polarimetric measures, as we will see in section 3.6.

Figure 3.2: The number flux as a function of the photon energy is depicted for a 100%
polarized blackbody spectrum, dashed line, and an atmosphere (left), condensed surface with
free (middle)/fixed (right) ions as seen by an observer at infinity. The star is an aligned rotator
(ξ = 0) and is observed at different inclinations χ. The magnetic field is a globally twisted
dipole with ∆ϕ = 0.5 and Bp = 5× 1014 G. Image taken from [3]

3.4.1 Atmosphere

The generally adopted scenario consists of a gaseous atmosphere covering the neu-
tron star, with a typical density of ∼ 10−3–10−4 g cm−3 [39] and a scale height H ∼
kT/mpg ≃ 0.1–10 cm [3], with T the surface temperature, mp the proton mass, and
g the surface gravity. Of course the radiative opacities, the chemical composition and
the equation of state of the atmosphere will directly impact on the thermal emission
features [39]. The returning currents generated by the twisted magnetosphere also play
a fundamental role in the heating of the external layers of a magnetar [51]. While dif-
ferent magnetization and chemical compositions (H, He and heavy elements) have been
accounted for by many authors seeking a model atmosphere, e.g. [56], a full analysis
of the effects of backflowing charges on the atmosphere has not been carried out yet.
Finally, the thin atmospheric layer is anisotropic and birefringent due to the presence
of a huge magnetic field [39].
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Figure 3.3: Simulated number flux as a function of the photon energy from a 100% polarized
blackbody seed photons, dashed lines, and a magnetized, partially ionized H atmosphere, solid
lines, taking into account also the effects of RCS. An aligned rotator (ξ = 0) with Bp = 5×1014

G is considered and in the left, middle and right panel the inclination (χ), the twist angle (∆ϕ)
and the electron velocity (β), respectively, are varying. Image taken from [3]

Figure 3.4: Same as in 3.3 but considering an emission in the case of a condensed surface in
the fixed-ion limit. Image taken from [3]
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3.4.2 Condensed surface

The properties of matter substantially change in fields B ≳ 1012–1013 G. Highly elon-
gated atoms can form molecular chains and the dipole-dipole attraction of these chains
may lead to a phase transition which transforms the star surface in a condensed state,
either liquid or solid [57]. Such a phase transition occurs at a critical temperature Tcrit,
which in turn depends on the surface strength of the magnetic field and the chemical
composition [58]. The critical temperature, for a H condensed surface, increases with
increasing B [59]. The atmosphere covering the neutron star surface may arise from
a first-order transition between condensed matter and non-degenerate plasma. If it is
absent (then the star will be called naked) or optically thin, the radiation is emitted
by the solid or liquid surface without reprocessing in a gaseous atmosphere [56]. It will
be polarized and its polarization properties will depend on the dielectric tensor of the
medium, affected by the presence of bound species [39], and in an equally nontrivial
way on the frequency and angles. Also the characteristic of the emerging spectrum will
be influenced by the emission features of the condensed surface, like for example its
reflection properties. It is commonly used the approximation of a fully ionized electron-
ion plasma with either non-moving ions (also called fixed-ion limit) or of finite-mass
ions freely responsive to the electromagnetic forces (the free-ion limit). As usual, in
medio stat virtus: Coulomb forces between ions tone down their response, but not to
the point where they can stall ions in their equilibrium positions. Moreover, incomplete
ionization may be present with bound electron shells embedded in the plasma, which
may be anticipated in a shallow layer beneath the surface [3].

Figure 3.5: Same as in 3.3 but considering an emission in the case of a condensed surface in
the free-ion limit. Image taken from [3]

3.5 Spectral observations

In this section, we want to analyze the magnetar emission, the information that we can
infer from their spectral observations and the capability of the model described in the
previous section in explaining the observed data.

Up to now 30 magnetars are known, among which 16 are classified as SGRs (12
confirmed and 4 candidates) and 14 as AXPs (12 confirmed and 2 candidates) [60].4

4The complete and updated list of magnetars can be found at http://www.physics.mcgill.ca/
~pulsar/magnetar/main.html
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Among them some are classified as transient and, as we saw, their quiescent emission
might be too low for the sensitivity of our instruments. This makes us wonder if there
might be a large number of undiscovered magnetars which have a luminosity too low
to be detected; if this was the case then a higher number of sources classifiable as
magnetars and hence a higher magnetar birthrate would have to be accounted for.

Measuring period and period derivative of magnetars we can infer information about
the rotational energy loss, thought to be regulated principally by the external magnetic
field dipolar component. Magnetars X-ray luminosities varies from the huge LX ≈ 1044–
1047 erg s−1 of the rare giant flares, with duration of ∆t ≃ 100–1000 s, passing from
LX ≈ 1036–1043 erg s−1 of the short bursts, with ∆t ≃ 0.01–50 s, up to the persistent
one in the ≃ 0.5–200 keV band LX ≃ 1031–1036 erg s−1. Apart from the dramatic
variation in the flux of transient magnetars, also all the others magnetars has shown
long terms variability in their emission, which can modify their spectra, pulse profile and
spin-down rate. The timescale of this variation can either be long, with gradual changes
in the flux, or short, like glitches, bursts or sudden outbursts. The latter might be due to
a sudden reconfiguration of the magnetosphere, when unstable conditions are reached.
This phenomenon involves a large range of energies, the most dramatic one being the
giant flares, and may cause starquakes and/or instabilities in the outer magnetosphere
(presumably involving magnetic reconnection) [8]. The soft X-ray emission long term
decay can be explained by the heating and consequent cooling of the magnetar crust.
The former might appear consequently to crustal plastic deformations which provoke
changes in the magnetic current configurations. In a twisted magnetosphere, as stated in
the previous section, both impact of the current-carrying charges on the stellar surface,
and the resonant Compton scattering of the magnetospheric currents with the surface
flux result in an X-ray emission. A source can undergo both kind of variability, one
does not exclude the other.

3.5.1 Persistent emission

Soft X-ray emission

The soft X-ray (0.1–10 keV) energy band is the main observation range of X-ray satel-
lites such as XMM-Newton, Chandra and Swift. After a large amount of observations,
magnetars persistent spectra have an X-ray luminosity of 1035–1036 erg s−1, and are
typically found to be fitted in this range by a thermal component, given by a blackbody
with kT ∼ 0.5–1 keV, and a non-thermal one, a high energy, steep powerlaw tail with
photon index Γ ≃ 2–4 [14]. The more plausible mechanism that can give rise to the
observed magnetars spectral shape is the resonant upscattering of surface thermal pho-
tons in the corona. The mildly relativistic magnetospheric charges would distort the
thermal radiation coming from the surface through resonant cyclotron scattering. Few
sources are well-fitted only by two distinct thermal components [61], for example tran-
sient sources often show a purely thermal spectrum. This suggests us that the origin of
the soft X-ray emission is preponderantly thermal, still the observed spectrum is more
complex than a blackbody at a single temperature.

Interestingly, a relation between temperature and magnetic field can be inferred
comparing the average temperature [62], derived from thermal luminosity, of magnetars
with those of other classes of isolated neutron stars. Magnetars, in fact, are systemati-
cally more luminous than rotation-powered neutron stars of comparable characteristic
age [63]. The data seem to confirm the correlation between spin-down rate and the
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hardness of the soft X-ray powerlaw photon index Γ [64] [65], but only for rotational
frequency derivatives ν̇ ≳ 10−14 s−2, and with some exceptions – like transient magne-
tars in outbursts and the recently discovered low-B magnetars. The RCS model cor-
roborates the aforementioned relation: an increasingly twist angle of the magnetic field
will generate a larger spin-down rate and will also inject a higher number of particles
in the magnetosphere, which will lead to a harder spectral tail [8].

Resonant scattering, in principle, might result in the presence of spectral lines, that
if detected could bring to a direct measurement of the neutron star magnetic field
intensity. For magnetic fields of the order of ∼ 1014–1015 G, the electron cyclotron
lines would lie in the unobserved range above ∼ 1 MeV, instead, proton ones could be
present in the X-ray range, at the proton cyclotron resonance Ec,p ≃ 0.63zG(B/10

14G)
keV, where zG is the gravitational redshift [14]. The persistent emission of magnetars,
up to now, has shown presence of an absorption line in SGR 0418 + 5729 [66]. Pulse
profiles of magnetars are variegated. Few magnetars are found to have an (almost
symmetric) double-peaked light curve with a 10–20% pulsed fraction [67], among which
4U 0142+0162 [68], the source on which we are focused in this work; the vast majority,
conversely, exhibit a single peaked pulsed component with pulsed fraction that can
exceed 50–60%.

Hard X-ray emission

The vast majority of magnetars exhibit a higher bolometric luminosity in the hard X-
ray range rather than in the soft one, e.g. [69] [70]. In fact, a large fraction of the
total persistent flux is emitted at energies well above ∼ 20 keV and it is observed to
peak above 100 keV, extending to ∼ 150 keV, with a luminosity ∼ 1036 erg s−1. This
emission has a non-thermal (powerlaw) character. Moreover, the hard tail of the soft
emission is often seen to have a different powerlaw slope with respect to the hard one
[71]. The spectral location of this turning point is being searched and it is expected
to correlate with Bd [72]. This hints at the emission mechanism in the two energy
band to be distinct, or at different properties of the charges in the hard X-ray range
[8]. No confirmed emission above a few hundred keV has been detected by high energy
observatories, like Comptel and Fermi LAT; this is a symptom of a possible spectral
break with the cutoff between 200 keV and 1 MeV [73].

The hard energy emission mechanism has not been unveiled yet and several models
have been proposed, all of them requiring continuous particle acceleration during the
persistent state. The keystone would be the solution of the force-free equation ∇×B =
α(x)B, but unfortunately no techniques have been developed up to now. An explanation
of the spectral break may come from the consideration of the effects of electron recoil and
multiple scatterings from high energy photons, which require the use of the full quantum
electrodynamics (QED) cross section. It is not possible to estimate or predict the energy
at which such a break may occur, because it depends on the features of the magnetic
field topology and of the distribution of currents, as well as on the effect of repeated
scatterings. If we took ultra-relativistic magnetospheric electrons, the emerging spectral
tail would be flat and unbroken, even up to energies > 1000 keV, regardless of magnetic
topology and cross section details [8]. Studying at the same time both hard and soft
X-ray spectra allows one to analyze possible links between the variability in the two
bands, while high resolution pulsed phase spectroscopy may unfold the particulars of
the slope turn-over (when present) in the soft-to-hard emission.
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3.5.2 Bursting emission

SGRs sources discovery is often due to the detection of repeated soft gamma-ray bursts
[74], hence their name, which is one of their distinctive features. AXPs were also seen
to emit SGR-like bursts [75]. The energy range spanned by the bursting emission is
really wide, from few keV in the soft X-rays to hundreds of keV in the hard X-rays/soft
γ-rays. The time between two events can span just few hours to even years. In the
former case we talk about phases of high burst activity, which can culminate in burst
storms or even giant flares; the latter, conversely, are periods of quiescence, when only
sporadic and highly occasional bursts happen, or maybe bursts occur more frequently
but below the detection threshold of present-day telescopes. The characteristics of the
overall emission might change following the periods of activity, for example the spin-
down rate was observed to increase, as well as the spectral hardening [76]. On the
other hand, the dipolar magnetic field strength of the source seems to be unrelated to
short/intermediate bursting activity; in fact, stars with field strengths lower than the
critical quantum limit B ≲ BQ exhibit bursts too5 [77][78]. Giant flares, instead, were
observed from sources possessing a dipole field among the highest – a few times 1014 G
up to ∼ 1015 G.

Bursts are usually divided into three categories depending on their duration and
energy release. The first type are the most common short bursts, with emitted energies
in the range 1036–1041 erg [79][80]. The lowest luminosity observed corresponds to the
sensitivity of the current generation of instruments. The shape of the lightcurves are
incredibly varied and a simple phenomenological model that could explain the various
conformation is still missing. The extended duration of the tail can make its releasing
of energy higher than that of the original spike [81]. The time interval between two
bursts spans a wide range, from ∼ 1 s to more than 1000 s [82], climaxing in ∼ years
of quiescence, and is not affected by the burst intensity [83]. Usually no emission from
short bursts is detected above 150–200 keV.

The second type are the intermediate flares, with energies in the range ∼ 1041–1043

erg. Usually they are composed by a primary burst which resembles the short bursts,
but brighter and longer (it has a duration of ∼ 0.5 s up to a few seconds), and sometimes
they can have short precursors[84]. In some cases the primary burst decays and then has
an abrupt end [85], in other cases, instead, it is followed by a long decaying tail which
might last several hundreds seconds, but contains however only ≲ 2% of the primary
peak energy [84]. If a tail is present, it is pulsed at the rotational period of the star,
has different spectra with respect to the primary burst, and some short bursts might
appear[84].

The last type are the hugely energetic, and extremely rare, giant flares. The total
energy released in these extraordinarily powerful events is in the range 1044–1047 erg.
Only three magnetars (SGR 0526-66 [86], SGR 1900+14[87], and SGR 1806-20 [88])
were seen to emit a giant flare and just one each. The features of this emission are
highly similar, apart from the different amount of energy released. A very bright initial
peak is detected with a subsequent decaying tail, which lasts up to several hundreds
seconds and is strongly pulsed at the rotational frequency of the star[89]; in addition,
two of the three giant flares exhibited a precursor. The initial peak lasts ∼ 0.1–1 s, is
very hard and can have a rise time as short as ∼ 1 ms. Its reliable spectral modelling
is tremendously complicated by the dead time and pile up effects in space telescopes,

5The spin-down estimate of the dipole field strength is only a lower limit, therefore a higher order
poloidal or toroidal component can not be excluded.
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which arise as a result of the extremely high luminosity reached, 1047 erg s−1 [89]. The
resulting spectra, however, are very hard, with emission being detected up to 2 MeV.
The tails of the three giant flares were seen to release a comparable amount of energy,
∼ 1044 erg.

3.5.3 Emission at other wavelengths

The fact that magnetars do not emit in the radio band was thought to be one of their
defining properties until a radio signal was observed in XTE J1810-197 [90]. Its emission
is thought to have started about a year after the beginning of an X-ray outburst and
lasted a few years. The radio flux and the pulse shape were markedly variable. The first,
and up to now the only one, magnetar to be discovered thanks to radio observations,
is PSR 1622-4950 [91], which is probably a transient magnetar that experienced an
outburst in 2007. By comparing radio-loud magnetars with radio pulsars, we see that
the radio emission features of these two kinds of sources are very different [92]. An
interesting property that was observed in radio-loud magnetars, at variance from what is
observed in radio-silent ones, is that during quiescence these sources display a luminosity
in the X-ray energy band lower than the rotational energy loss rate LX < Ė, as it
happens also in other classes of neutron stars [93]. However, the contrary is not true,
not all sources with LX < Ė show a radio emission. Moreover, radio afterglows were
detected after both the SGR 1900+14 and SGR 1806-20 giant flares [94] [95]. Their
energies are much less than that emitted in the γ-rays, at variance from GRBs; they
are observed to be linearly polarized and to expand over time. It was hypothesized that
Fast Radio Burst might originate from magnetars, either from the interaction of the
relativistic ejecta (expelled by the initial spike of the giant flare) and the surrounding
wind nebula [96], or from a magnetar/Be binary [97].

AXPs and SGRs have been discovered to emit also in the optical and/or near-
infrared (NIR) bands [98]. The optical/NIR counterparts are faint and their flux is
only a small fraction of the bolometric flux; still their detection can place important
constraints on models. Two mechanism may explain this emission: it can have a mag-
netospheric origin [99], or it may originate in an extended disk. The latter seems to be
the case for the source analyzed in this work and, if confirmed, it would be the first
detection of a supernova fallback in any context [100].

3.6 Polarization

3.6.1 Stokes parameters

By definition a monochromatic plane wave is linearly polarized – its electric field os-
cillates along a specific direction. If we consider the superposition of two waves at a
specific point in space (we can take r⃗ = 0 without loss of generality), taking a reference
frame with k⃗ ∥ z⃗ and with x⃗, y⃗ the unit vectors of the x and y axes, the total electric
field will be given by:

E⃗ = (x⃗E1 + y⃗E2)e
−iωt = E⃗0e

−iωt (3.9)

where the amplitudes E1,2 are in general complex: E1,2 = ξ1,2e
iϕ1,2 . So we can write

the total electric field as

E⃗ = x⃗ξ1e
i(ϕ1−ωt) + y⃗ξ2e

i(ϕ2−ωt) (3.10)
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Hence, the physical field along the x and y directions will be given by the real part of
the projection of this complex-valued vector along those directions:

Ex = Re
{
ξ1e

i(ϕ1−ωt)
}
= ξ1 cos(ϕ1 − ωt) = ξ1 cosωt cosϕ1 + ξ1 sinωt sinϕ1, (3.11)

Ey = Re
{
ξ2e

i(ϕ2−ωt)
}
= ξ2 cos(ϕ2 − ωt) = ξ2 cosωt cosϕ2 + ξ2 sinωt sinϕ2. (3.12)

This coincides with the parametric equation of an ellipse obtained from the rotation by
an angle χ of the principal axes:

x = A cosβ cosχ cosωt+A sinβ sinχ sinωt, (3.13)
y = A cosβ sinχ cosωt−A sinβ cosχ sinωt, (3.14)

with A ∈ R+ and β ∈ [−π/2, π/2]; hence, we identify:

ξ1 cosϕ1 = A cosβ cosχ (3.15)
ξ1 sinϕ1 = A sinβ sinχ (3.16)
ξ2 cosϕ2 = A cosβ sinχ (3.17)
ξ2 sinϕ2 = −A sinβ cosχ. (3.18)

This means that the tip of the electric field vector rotates along an ellipse which is tilted
with respect to the x, y axes by an angle χ. From these four equations, we can define
the Stokes parameters I,Q, U, V :

I ≡ A2 = ξ21 + ξ22 = ξ20 (3.19)

Q ≡ A2 cos 2β cos 2χ = ξ21 − ξ22 (3.20)

U ≡ A2 sin 2χ cos 2β = 2ξ1ξ2 cos(ϕ1 − ϕ2) (3.21)

V ≡ A2 sin 2β = 2ξ1ξ2 sin(ϕ1 − ϕ2). (3.22)

They completely describe the state of an elliptically polarized monochromatic wave.
Reversing these definitions we can find the parameters of the ellipse:

A =
√
I, (3.23)

sin 2β =
V

I
, (3.24)

tan 2χ =
U

Q
. (3.25)

I is connected to the intensity. In fact, from equation (3.19) we know that ξ0 = A =
√
I

and the energy flux is given by:

S =
c

4π
ξ20 =

c

4π
I; (3.26)

so the parameter I is directly proportional to the energy flux S. The semi-major
and semi-minor axes of the polarization ellipse are 2A cos 2β and 2A sinβ, respectively,
therefore tanβ, their ratio, measures the eccentricity of the ellipse and can be recovered
from V/I, as one can see from equation (3.24). Instead, the ratio U/Q in equation (3.25)
describes the orientation of the ellipse with respect to the x and y axes. When V > 0 the
polarization is left-handed, while when V < 0 the polarization is right-handed; if V = 0
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the wave is linearly polarized (because the ellipse collapses). Instead, if U = Q = 0 and
V ̸= 0 we have circular polarization.

The four Stokes parameters are not independent; in fact, we need only three parame-
ters to describe the ellipse. Indeed, they are connected by the relation I2 = Q2+U2+V 2,
but this is only valid for totally polarized, monochromatic waves. In the general case,
for partially polarized radiation, we have instead I2 ≥ Q2 +U2 + V 2. Finally, for com-
pletely unpolarized light we have Q = U = V = 0. The Stokes parameters are additive:
the superposition of waves with different Stokes parameters can be described by the
sum of the Stokes parameters of the single waves. We can write the Stokes parameters
as a vector:

S⃗ =


I
Q
U
V

 . (3.27)

Since we can, in general, decompose partially polarized radiation into a completely
unpolarized part and a completely polarized part, the following can be written:

S⃗ =


I −

√
Q2 + U2 + V 2

0
0
0


︸ ︷︷ ︸

unpolarized

+


√
Q2 + U2 + V 2

Q
U
V


︸ ︷︷ ︸

polarized

. (3.28)

This allows us to define the polarization degree, namely the fraction of the radiation
which is polarized, as:

Π =
Ipolarized

I
=

√
Q2 + U2 + V 2

I
. (3.29)

Since in our work we are dealing with extremely huge magnetic fields, we expect the
circular polarization to be negligible; moreover, given that current X-ray polarimeters,
based on the photoelectric effect or Compton scattering, can not measure circular polar-
ization [101], we can take V = 0, which means that we will consider linear polarization.
We can then analogously define the linear Polarization Degree (PD) as:

ΠL =

√
Q2 + U2

I
, (3.30)

and, in the rest of our work, when we will talk about PD, for the aforementioned reasons,
we will be referring to the linear polarization degree. As a consequence, from equation
(3.25), we can also define the Polarization Angle (PA) as:

χpol =
1

2
arctan

(
U

Q

)
. (3.31)

3.6.2 Polarization in magnetars

Radiation coming from the (cooling) magnetar surface is expected to be strongly po-
larized due to the presence of the extremely huge magnetic field of magnetars [102]. In
fact, photons with energies ℏω below the electron rest-frame cyclotron energy, ϵB = ℏωB

(which implies B ≳ 1011 G at X-ray energies) are expected to be elliptically polarized
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Figure 3.6: Simulated observation of the linear polarization degree as a function of the pho-
ton energy from a 100% polarized blackbody seed photons (dashed lines), and a magnetized,
partially ionized H atmosphere (solid lines), taking into account also the effects of RCS. An
aligned rotator (ξ = 0) with Bp = 5 × 1014 G is considered and in the left, middle and right
panel the inclination (χ), the twist angle (∆ϕ) and the electron velocity (β) are varying. Image
taken from [3]

in two normal modes [103]: the ordinary mode (O-mode) and the extraordinary mode
(X-mode). In the former case the electric field of the photon oscillates in the k̂–B⃗ plane,
where k̂ is the unit vector along the photon direction and B⃗ is the local magnetic field,
instead in the latter case the electric field oscillates perpendicularly to both k̂ and B⃗
[39]. However, the degree of circular polarization reaches at most a few percent at X-
ray energies [102], hence magnetar radiation can be assumed to be linearly polarized
in these two modes. At the magnetar surface it is typically ℏω ≪ ℏωB, and, in the
hypothesis that the photon energy is far enough away from the ion cyclotron energy,
the seed thermal radiation is likely to be polarized for the most part in the X-mode [39].
In fact, the two modes have different absorption and scattering coefficients [56], and the
opacity for the X-mode photons κX is much smaller than the one for the O-mode ones
κO, κX ∼ κO(ω/ωB)

2 [39]. This means that the X-mode photosphere is located inside
the O-mode one, so that X-mode photons are emitted from deeper and hotter regions
with respect to the O-mode ones, thus dominating the surface thermal emission. The
thermal emission from the surface regions heated by the returning currents, instead,
should preferentially occur in the O-mode [51]. The presence of a strong magnetic field
gives also rise to QED effects, such as vacuum polarization, that significantly influence
the observed polarization state of a photon.

Section 3.5 showed that spectral observations in the 0.5–10 keV range could be
explained by the twisted magnetosphere model. However, spectroscopy alone cannot
provide complete information on the physical properties of the magnetosphere, due to
the inherent degeneracy in the RCS model parameters [8]. In fact, as we saw in section
3.4, it is rather insensitive to both the source geometry (even if in principle it should
depend on the angles ξ and χ [53]) and to the parameters that govern the magnetospheric
scattering, i.e. the twist angle ∆ϕ and the charges velocity β. Instead, the linear
polarization fraction ΠL or PD, and PA χpol, measured through X-ray polarization
observations, are very sensitive to all the aforementioned parameters (ξ, χ, ∆ϕ, β)
[7]. In fact, Taverna et al. [3] simulated the persistent emission of a magnetar, and
its successive reprocessing in the magnetosphere, to study how the polarization features
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Figure 3.7: Same as in figure 3.6 but for a condensed surface in the free-ion limit. Image taken
from [3]

change varying both the geometric and the magnetospheric parameters, an example can
be seen in figure 3.6 and 3.7. Moreover, the latter figures also show that the underlying
surface emission model (see section 3.4) has a great impact on polarization observables,
as reported in those figures for PD. Polarimetric measurements in the X-rays may also
provide an independent estimate of the magnetic field strength and topology [104], and
can discriminate between cases in which QED effects are present or not and thus may
provide an indirect evidence for ultra-strong magnetic fields [7].

Vacuum polarization

The extremely huge magnetic field of magnetars makes the vacuum around the star to
behave like a birefringent medium through vacuum polarization [39]. In fact, photons
propagating in the two normal modes through this vacuum can convert into virtual
e± pairs, as predicted by QED; the strong magnetic field then polarizes the pairs [39],
therefore the vacuum dielectric and magnetic permeability tensors (which would coincide
with the unit tensor otherwise) change according to:

ϵ = (1 + a)1 + qB̂B̂, (3.32)

µ⃗ = (1 + a)1 +mB̂B̂, (3.33)

where µ⃗ is the inverse of the magnetic permeability tensor, a, q and m are functions of
the magnetic field intensity, and B̂ is the unit vector along the magnetic field direction
[7]. The contributions of plasma to ϵ and µ are negligible compared to the ones given
by QED up to ∼ 3000RNS , for typical magnetospheric conditions of a magnetar [104].
The indices of refraction of the two linear polarization modes hence will differ from
each other, i.e. the vacuum becomes birefringent [4]. Such QED vacuum birefringence
decouples the polarization modes in the magnetosphere; therefore, the evolution of
photon polarization will follow the magnetic field direction up to a large distance from
the stellar surface [105]. The electric field associated to a photon of energy ℏω can be
written in terms of its complex amplitude A as:

E⃗ = A⃗(z)ei(k0z−ωt), (3.34)

where k0 = ω/c [7]. Solving the wave equation it can be seen that the complex amplitude
varies (along the photon trajectory) on a scale length lA ∼ 1/k0δ ∝ B−2, where δ =
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(αF /45π)(B/BQ)
2 with αF the fine structure constant. Comparing the latter scale

length with the one over which the external magnetic field varies, namely lB = B/|k̂ ·
∇⃗B| ∼ r, with r the radial distance [102], three different polarization evolution regimes
can be identified. Near the surface, where B is large, it is lA ≪ lB; so, the wave electric
field can instantaneously adapt its direction to the variation of the local magnetic field
direction; hence, photons maintain their original polarization state (either X or O) and
are therefore said to propagate adiabatically. As they move away from this adiabatic
region and from the stellar surface, the strength of the magnetic field decreases, so
lA increases more rapidly than lB, and, at a certain point, it becomes comparable to
it. In this intermediate region, the variation of the magnetic field can not be followed
promptly by the wave electric field, so, at this point, the electric field direction freezes
and it is not locked anymore to the one of the local magnetic field [105][4]. This occurs
at a distance called adiabatic radius ra in [102], or polarization radius, rpl, in previous
literature (e.g. [4][7]), defined implicitly by the condition lA = lB, that for typical
parameters of a magnetar gives ra ∼ 150RNS [104]. The adiabatic radius depends on
both the photon energy and the star magnetic field: it is larger for stars with stronger
magnetic field, and, at fixed B, it becomes smaller for less energetic photons [102]. The
RCS of photons takes place at a radial distance rRCS ≲ 10RNS , so for magnetars it is
possible to treat the effects that RCS and QED have on polarization separately, given
that ra ≫ rRCS [7]. Finally, in the external region lA ≫ lB is found, so the electric
field direction freezes and the polarization modes change as the magnetic field direction
varies along the photon trajectory.

Mode switching

The polarization state of seed thermal photons can be further modified during their
propagation in the magnetosphere, either through resonant scattering, or by the effects
of vacuum polarization [7][105]. In the first case, evaluating the expression for the
RCS cross section, it results that there is a higher probability that an O-mode photon
is scattered into an X-mode one, instead a photon polarized in the X-mode is more
likely to retain its initial polarization state [53]. In fact, the expressions for the (total)
scattering cross section for the two modes are:

σO−O =
1

3
σO−X σX−X = 3σO−X . (3.35)

In the second case, the so-called mode conversion of X-ray photons would be induced
from a Mikheyev–Smirnov–Wolfenstein resonance of the vacuum, resulting from vacuum
polarization [106]. The vacuum resonance point is related to the photon energy [56],
and for X-ray photons it lies outside the photospheres of both X- and O-mode when
B ≲ 7× 1013 G, therefore both X- and O-mode photons will undergo mode conversion
at the vacuum resonance point and will escape as soon as they are produced. If this is
the case, the seed thermal radiation will be mostly polarized in the O-mode, into which
the originally dominant X-mode is converted. In contrast, when B ≳ 7 × 1013 G, the
vacuum resonance is still located outside the X-mode photosphere but now lies inside
the O-mode one [107], e.g. figure 3.8. This time, when X-mode photons are transformed
into O-mode ones at the vacuum resonance point, since the latter is located inside the
O-mode photosphere, they can not escape immediately and have to diffuse out until
they reach the O-mode photosphere. Instead, O-mode photons converted into X-mode
ones can escape immediately after their production, since matter is transparent for them
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Figure 3.8: The vacuum polarization mode conversion effect on the thermal surface radiation
is represented through a schematic diagram. The photospheres are defined as the point where
the photons decouple from the matter, and they are located where the optical depth (measured
from the surface) is 2/3. Here a complete adiabatic conversion is assumed across the vacuum
resonance. Image taken from [109]

there; as a result, the dominant mode will still be the X-mode in this case [107]. For
the conversion to be effective, the adiabatic condition must be satisfied:

E ≳ Ead = 1.49(f tan θk|1− ui|)2/3
(
5 cm
Hρ

)1/3

keV, (3.36)

where f = f(B) is a slowly varying function of B of order unity, ui = (Ec,p/E)2, and
Hρ = |dz/d ln ρ| is the density scale height [108].
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Chapter 4

Numerical implementation

The aim of this chapter is to describe the analysis of the data obtained from the polari-
metric observations of the magnetar AXP 4U 0142+61, and the numerical implemen-
tation of the models that we computed in order to fit those data. The IXPE telescope
is also described.

4.1 Observational data

4.1.1 IXPE

The Imaging X-ray Polarimetry Explorer (IXPE), a NASA Small Mission in collabora-
tion with the Italian Space Agency (ASI), it was launched on 2021 December 9th and
it has opened a new window in X-ray polarimetry [1]. In fact, it combines polarimetry
along with imaging, spectroscopic and timing capabilities [110]. It operates in the 2–8
keV energy range, it has a < 100 µs time resolution and a > 11′ field of view, along
with a ≤ 30′′ half-energy width angular resolution.

Polarization measurements in the X-ray energy range are a powerful tool that allows
to investigate a variety of astrophysical sources, such as AGN, radio pulsars and pulsar
wind nebulae, supernova remnants, accreting X-ray pulsars, and magnetars. In par-
ticular, for synchrotron emitting sources an energy-dependent polarization map could
offer an unprecedented insight on the magnetic-field structure of the X-ray emitting re-
gions [111], or in magnetars, where vacuum birefringence, predicted by QED, produces
a measurable effect on the polarization observables.

The IXPE observatory is made of three identical and co-aligned telescopes, each
consisting of a mirror module assembly (MMA) [112], comprised of 24 concentrically
nested mirror shells, with a polarization-sensitive imaging X-ray detector unit (DU)
[113] at the focus, and of a coilable boom, deployed on orbit, necessary to provide the
4-m focal length to the conventional grazing incidence X-ray optics, based on Nickel-
Cobalt alloy. The heart of the IXPE payload are the DUs, which provide position and
energy determination, timing information, and, most importantly, polarization sensitiv-
ity. Inside of each DUs there is a Gas Pixel Detector (GPD), developed at INFN-Pisa
and INAF-IAPS Rome [114], which makes possible polarimetry based on photoelectric
effect at a few keV energy range. The photoelectric effect is the dominant interaction
process for 2–8 keV photons and it is very sensitive to polarization. When a photon is
absorbed in a gas gap emitting a photoelectron, this electron is ejected from an inner
shell and it has a kinetic energy that is equal to the difference between the photon en-
ergy and the binding energy. The distribution of the photoelectron emission directions
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is not uniform, but it is peaked around that of the electric field of the photon, i.e. the
polarization direction. After ejection, the photoelectron interacts with the surrounding
gas, which slows it down through ionizing collisions with the atomic electrons, and it is
scattered by Coulomb diffusion on the nuclei up to the point where it eventually stops.
The absorber is left with a string of ionization (made by electron/ion pairs), which
marks the path from the photoelectron creation at the original X-ray interaction site to
its stopping point, the so-called “track”. In the initial part of this track, the initial emis-
sion direction and the initial interaction point provide the polarization of the photon
and the location of the absorption, respectively; whereas the total charge in the track
provide the energy of the absorbed X-ray photon. The measured modulation curve, that
is the histogram of the azimuthal emission direction distribution of the photoelectrons,
is connected to the polarization observables. In fact, its amplitude is proportional to
the PD and to the modulation factor µ (the amplitude of the instrumental response to
completely polarized photons), while it shows a cosine square modulation, the phase
of which allows to infer the polarization angle. In the case of IXPE, an X-ray enters
through a beryllium window and interacts in the dimethyl ether (DME) gas mixture,
which has a small diffusion coefficient and helps to maintain the information of the
track. Such photoelectron track, then, drifts through a gas electron multiplier (GEM)
to provide charge gain (typically ∼ 200), the differential voltage on the GEM induces
electron multiplication, and then onto a pixel anode readout, which makes a detailed
image of the track.

Figure 4.1: Schematic representation of the working principle of the polarization-sensitive
GPD. Image taken from [1]

4.1.2 Data collection

IXPE observed the magnetar AXP 4U 0142+61 for a total of 840 ks between 2022−01−
31 and 2022−02−27. We started our analysis from the background-subtracted photon
lists, one for each DU. To extract the data the IXPEOBSSIM tools xpselect and
xpbin have been used, a simulation and analysis suite specifically developed for IXPE
[115]. The source counts and the background were extracted, respectively, from the
region of interest (roi), which is a circular region with radius 46′′, and from a concentric
annulus with inner and outer radius of 106′′ and 293′′, (see figure 4.2); the histograms

38



Figure 4.2: Extraction region for the source counts (green circles) and for the background
counts (red annuli). The background has been highlighted using a logarithmic gray scale.
Regions were selected with SAOIMAGEDS9. Image taken from [5]

for each of the three DU are shown in figure 4.3. As it can be seen, the first DU is
more efficient than the other two by about ∼ 20%. Pulsations were detected with a
frequency f = 0.11507933 Hz and a frequency derivative ḟ = −2.1 × 10−14 Hz s−1.
The energy range selected for the extraction of the data was 2–8 kev, further divided
into 5 energy bins, and, in order to perform a phase-dependent analysis, the flux was
sampled with 9 phase bins. The pcube fits files are then created, which contain the
values of the Stokes parameters I, Q and U of the source and of the background, as
well as the values of PD and PA, for each phase and energy bin and for each DU; the
contributions of each DUs were then consistently summed together. The results of the
phase-integrated analysis can be seen in table 4.1 and in figure 4.4, where the different
behaviour between photons with energy E ≲ 4.5 keV and E ≳ 4.5 keV for PD and
PA is evident. Moreover, MDP68 MDP95 and MDP99 are also shown for each energy
bin in the PD plot1, where MDPC = σ

√
−2 ln(1− C) with C the confidence level, i.e.

either 68, 95, or 99%, and σ the 1σ error [116]. It has been suggested that the values of
PD (∼ 15% between 2–3.5 keV, < 9% between 3.5–4.5 keV, ∼ 25% between 6–8 keV)
together with the swing of 90◦ in the PA at ∼ 4.5 keV could be explained by a change
in the dominant polarization mode of photons (see section 3.6.2) [5]. In this hypothesis,
the low PD in the range E ∼ 2–3.5 keV would point to a thermal emission from a
condensed surface with photons mainly polarized in the O-mode, while the higher PD
at higher energies would result from RCS in the magnetosphere, which would produce

1These quantities represent the Minimum Detectable Polarization, which provides the significance of
the measurement: when the instrument measures a PD>MDP99, it means that the signal is significant
at a 99% CL (analogously for MDP95 and MDP68).
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X-mode photons, as illustrated in figure 4.6. In fact, we can see in figure 3.6 that the
emission from an atmosphere would lead to a much higher PD, whereas the condensed
surface emission (see figure 3.7) has a PD closer to the one inferred from the data; the
latter though is a bit higher, since it comes from an equatorial belt with a particular
viewing geometry. The phase-dependent flux, PD and PA are instead illustrated in
table 4.2 and in figure 4.5.

Bin Flux (counts/cm2/s) PD PA (deg) MDP68 MDP95 MDP99

2.0–2.6 keV 15265.60± 24.33 0.1376± 0.0118 180.000± 2.284 0.0178 0.0288 0.0358

2.6–3.5 keV 8680.71± 20.63 0.1610± 0.0110 180.387± 2.989 0.0166 0.0270 0.0335

3.5–4.6 keV 3666.05± 17.49 0.0873± 0.0179 180.597± 3.920 0.0271 0.0439 0.0544

4.6–6.0 keV 1300.05± 14.77 0.1330± 0.0371 84.418± 5.187 0.0560 0.0909 0.1127

6.0–8.0 keV 630.71± 18.61 0.2672± 0.0837 92.140± 6.985 0.1263 0.2048 0.2540

Table 4.1: The energy-dependent data extracted from the source.

Bin Flux (counts) PD PA (deg) MDP68 MDP95 MDP99

0.001–0.699 keV 3452.550± 15.124 0.0998± 0.0232 63.998± 6.651 0.0350 0.0567 0.0703

0.699–1.397 keV 3090.680± 14.346 0.1022± 0.0246 30.866± 6.893 0.0371 0.0602 0.0746

1.397–2.095 keV 2918.710± 13.577 0.1111± 0.0250 39.941± 6.447 0.0377 0.0611 0.0758

2.095–2.794 keV 3104.569± 13.997 0.1491± 0.0243 30.929± 4.674 0.0367 0.0595 0.0738

2.794–3.492 keV 3274.979± 14.405 0.1319± 0.0236 41.952± 5.132 0.0357 0.0578 0.0717

3.492–4.190 keV 3303.100± 14.390 0.1623± 0.0233 36.720± 4.117 0.0352 0.0571 0.0708

4.190–4.888 keV 3221.145± 14.456 0.1222± 0.0239 54.802± 5.613 0.0361 0.0586 0.0726

4.888–5.586 keV 3535.908± 14.811 0.1599± 0.0224 56.874± 4.015 0.0338 0.0548 0.0680

5.586–6.284 keV 3641.468± 15.156 0.1484± 0.0222 69.478± 4.291 0.0336 0.0544 0.0675

Table 4.2: The phase-dependent data extracted from the source.

4.2 Numerical modelling

The models that we computed rely on the assumption that the magnetic field of the
source is a globally twisted dipole, characterized by the twist angle ∆ϕ which measures
the amount of shear between two footpoints of a closed magnetic field line. Moreover,
we assumed that the currents circulating along the closed field lines are described by
the unidirectional flow model, so currents are formed only by electrons streaming from
the northern to the southern magnetic hemisphere. Their velocity is a superposition
of a Maxwellian distribution at a temperature kTe = 10 keV and of the speed β along
the closed magnetic field lines (as discussed in section 3.4). Thermal seed photons then
undergo resonant Compton scatterings (RCS) onto these charges in the magnetosphere.
Pair creation is neglected in our framework, since a self-consistent model capable of
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(a) (b)

(c)

Figure 4.3: Histograms of the total number of counts revealed by DU 1 (a), DU 2 (b), and DU
3 (c). The source counts from the roi region are marked in light blue, while the background
ones from the annulus in red.
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Figure 4.4: Flux (top), PD (middle), and PA (bottom) as a function of energy, for the IXPE
observation of the AXP 4U 0142+61. Background subtracted data are represented in orange.
MDP68, MDP95, and MDP99 are also shown in the middle plot.
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Figure 4.5: Flux (top), PD (middle), and PA (bottom) as a function of the phase, for the
IXPE observation of the AXP 4U 0142+61. In the middle plot MDP68, MDP95, and MDP99

are also shown.
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taking into account the contribution of e± pairs has not yet been developed. In addi-
tion, models were created either accounting for or neglecting QED effects, i.e. vacuum
birefringence. The surface of the star is assumed to be composed by iron in a condensed

Figure 4.6: Condensed surface thermal radiation from an equatorial belt of a magnetar, further
reprocessed by RCS in the magnetosphere. The emitting region is the orange one, the (dipole)
magnetic field lines are represented by the black lines with arrows, the grey rectangles highlight
the polarization plane along the photon trajectories, and the blue and red arrow indicate the
direction of the oscillating electric field. Image taken from [5], where a bombarded atmosphere
was also considered as a possible surface emission model.

state in either the fixed- or free-ion limit, with a hotter belt close to the magnetic
equator (see figure 4.6), following a previous analysis of this same source [5], where a
hotter, continuous equatorial belt successfully reproduced the energy-dependent data.
However, at variance with the latter work, we assumed that such a belt is limited in
azimuth, because a continuous one could not fit the phase-dependent data. As it will
be discussed in the next chapter, even considering an azimuthal-limited equatorial belt
we were not able to reproduce well the data when performing a simultaneous fit of the
light curve, PD, and PA; therefore, we also considered antipodal hotter spots on the
magnetar surface. The emission of the star is modeled by dividing its surface into a
number of patches through a 10 × 10 angular grid, where each patch is identified by
the magnetic colatitude Θ and by the azimuth Φ of the patch centre. To compute our
set of different models we assumed that these surface patches emit at a temperature
kTcold ∼ 50 eV everywhere but on the equatorial belt or on the antipodal spots, where
three different temperatures were chosen, namely kThot = 0.35, 0.45, 0.55 keV. Further-
more, for each temperature and for each emission geometry, we also fixed a value for
∆ϕ, which is assumed to vary between 0.0 (no twist) and 0.5 radians with a step of 0.1.
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Another free parameter is the velocity β of the charges (in units of c) along the closed
field lines, ranging from 0.1 to 0.6 with a step of 0.1. Each patch of the surface emits
80000 photons, so that, in the end, the total number of collected photons is of the order
of 107. The reprocessing of these photons by the magnetospheric charges is accounted
for by means of a Monte Carlo simulation [7][3]; both the scattered and the unscattered
photons are collected on the so-called sky at infinity. The latter is a sphere composed by
a 15× 15 angular grid (Θs, Φs), similarly to what has been done for the stellar surface.
A photon is emitted by the star, then is reprocessed (or not) by the magnetosphere and
is collected by one of the patches of the sky at infinity, located at a large distance from
the star (and its magnetosphere), allowing us to consider the source as point-like. The
geometry of the star is accounted for by means of the angles χ, ranging from 0.1◦ to
179.9◦ with a step of 15◦, and ξ, in the range [0◦, 89.9◦] also with a step of 15◦ (see
section 2.2 and figure 2.1). They are incorporated using an IDL script, which, for a
given value of χ and ξ, selects the patches of the sky at infinity that would receive
the escaping photons from the portion of the star that is “in view” at that phase. No
general relativity (GR) correction, light bending and gravitational redshift, is accounted
for. In the magnetar case, however, this effect is likely to be less relevant, since a siz-
able part of the thermal photons emitted from the surface will scatter at ∼ 5–10 stellar
radii before reaching infinity, and at that point the influence of GR effects is reduced.
In fact, Fernández and Davis [104] obtained a good agreement between results of the
Monte carlo code accounting or not for GR effects. Moreover, GR could also influence
the polarization state of photons, rotating the polarization plane along null geodesics
[117], but these effects are negligible compared to the QED ones [3]. The values of the
Stokes parameters I, Q and U (see section 3.6.1) are hence obtained, for each of the 9
phase bins and for each of the 5 energy bins. In order to perform a phase-dependent
analysis, in each phase bin the Stokes parameters are summed and integrated over the
energy band (2–8 keV) to find the flux, PD and PA.
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Chapter 5

Results

In this chapter we are going to describe the results we obtained from the fit of the
real source data with the synthetic models, either an equatorial belt or two antipodal
spots. This fit was carried out through a python script, which takes in input the phase-
dependent, collected data of the source and a model of our choice between either fixed
or free ions, and either including or not QED effects. The computed models, as we saw,
are further characterized by a certain number of free parameters, given by χ, ξ, ∆ϕ, β,
T . To these parameters we have to add a normalization factor, due to the fact that the
total number of photons in the synthetic models is ∼ 107 but the real number of photons
collected by IXPE is much lower; moreover, we also add a shift of the polarization angle,
because the one inferred from IXPE is measured with respect to the preferential axis of
the telescope (pointing towards the celestial North Pole), while in the synthetic models
PA is measured with respect to the star rotation axis projected in the plane of the sky.
Either a single or a simultaneous fit of the flux, PD and PA can be performed; in the
case of a simultaneous fit, two quantities can be fitted as well as the three of them.
Finally, it does a multilinear interpolation in the multidimensional space of the free
parameters, and searches for a local minimum of the parameters hypersurface using the
χ2 statistic.

5.1 Equatorial belt

At first, as we said in the previous chapter, we started with a hotter, azimuth-limited
equatorial belt on a condensed surface in either the fixed- or free-ions limit. In particular,
we started by fitting the observed light curve with a model composed by a belt with
an extension of ∼ 35◦ × 250◦ (model (A)); then, we also performed a simultaneous fit
of the polarization observables, PD and PA. At this point, we simultaneously fitted the
flux along with PD and PA, but a condensed surface neither in the fixed- nor in the
free-ions limit could provide a successful fit, not even trying to fix some parameters.
In fact, as it can be seen in table 5.1 the best fit we obtained was for a condensed
surface in the fixed-ions limit and had χ2

red = 26.5 (in figure 5.1 the plot of this fit).
Consequently, we tried to fit the observed light curve still with a hotter equatorial belt
on a condensed surface either in the fixed- or free-ions limit, but this time we considered
a smaller portion of such belt, with an extension of about 35◦ × 70◦, and a larger one
∼ 35◦ × 110◦, separated by ∼ 100◦ in longitude (model (B)). The next step consisted,
as before, in the simultaneous fit of PD and PA, followed by the simultaneous fit of all
the three observables, flux, PD and PA. Neither this last fit produced a better result,
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χ (deg) ξ (deg) ∆ϕ (rad) β T χ2
red

Input values 169.9 67.1 0.50 0.57 0.45 –

Belt (A)

(flux+PD+PA)

QED-ON 169.91 67.11 0.502 0.58± 0.01 0.43± 0.01 26.5

Table 5.1: Results of the simultaneous fit of flux, PD and PA between the data and a model
consisting of a condensed surface in the fixed-ions limit with a hotter equatorial belt with an
extension ∼ 35◦ × 250◦.

χ (deg) ξ (deg) ∆ϕ (rad) β T χ2
red

Input values 151.3 2.4 0.50 0.52 0.45 –

Belt (B)

(flux+PD+PA)

QED-ON 165.0± 1.3 0.13 0.50± 0.03 0.60± 0.01 0.55± 0.01 98.5

Table 5.2: Results of the simultaneous fit of flux, PD and PA between the data and a model
consisting of a condensed surface in the fixed-ions limit with a hotter smaller portion of the
equatorial belt with an extension of about 35◦ × 70◦, and a larger one ∼ 35◦ × 110◦, separated
by ∼ 100◦ in longitude.

with χ2
red = 98.5 for a condensed surface in the fixed-ions limit, as reported in table 5.2

and in figure 5.2.

5.2 Antipodal spots

The second attempt to find a suitable model was to consider antipodal hotter spots
on the magnetar condensed surface, once again either in the fixed- or free-ions limit.
Proceeding analogously to what we did for the equatorial belt case, we started by
fitting the observed light curve alone with a model formed by a larger, hotter spot in
the northern hemisphere of the source, located about 45◦ from the spin axis and with an
extension of ∼ 35◦×100◦, and a smaller one of ∼ 35◦×70◦ for the antipodal hotspot in
the southern hemisphere. The best fit model was obtained from a condensed surface in
the free-ions limit. The next step, as in the previous case, consisted in the simultaneous
fit of the polarization observables, PD and PA. The best fit values were found choosing
as initial values of the parameters those found after the single fit of the observed flux;
the results and plot can be seen, respectively, in table 5.3 and in figure 5.3. Such a
rather high value of the χ2

red is not surprising, considering that the possible values of
the parameters in the produced synthetic models were quite a few (for instance, the
angles χ and ξ vary with a step of 15◦), in order to reduce the computational time
to produce such models. Finally, the simultaneous fit of the light curve, PD and PA
was performed, and, once again, the best fit was achieved using as initial values of the
parameters the ones resulting from the fit of the light curve. The fit obtained considering
the antipodal spots model turns out to be far better than the one resulting using an

1This parameter was fixed during the fit
2This parameter hit the upper bound value of the range during the fit
3This parameter hit the lower bound value of the range during the fit.
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Figure 5.1: Flux (top), PD (middle), and PA (bottom) as a function of the phase, fitted with
a model which consists of a condensed surface in the fixed-ions limits with a continuous hotter
belt with an extension ∼ 35◦ × 250◦, fixing the values of χ and ξ. In the middle plot MDP68,
MDP95, and MDP99 are also shown.
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Figure 5.2: Flux (top), PD (middle), and PA (bottom) as a function of the phase, fitted with a
model consisting of a condensed surface in the fixed-ions limit with a hotter smaller piece of the
equatorial belt with an extension of about 35◦ × 70◦, and a larger one ∼ 35◦ × 110◦, separated
by ∼ 100◦ in longitude. In the middle plot MDP68, MDP95, and MDP99 are also shown.
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χ (deg) ξ (deg) ∆ϕ (rad) β T χ2
red

Input values 12.4 46.2 0.44 0.10 0.48 –

Antipodal

(PD+PA)

QED-ON 10.0± 1.8 35.1± 5.5 0.35± 0.05 0.20± 0.07 0.45± 0.15 4.5

QED-OFF 0.1± 0.9 44.4± 475.4 0.40± 10.92 0.10± 4.83 0.52± 5.28 11.2

Table 5.3: Results of the simultaneous fit of PD and PA between the data and a model
consisting of a condensed surface in the free-ions limit with two antipodal hotter spots, extended
∼ 35◦ × 100◦ in the northern hemisphere and located about 45◦ from the spin axis, and an
extension of ∼ 35◦ × 70◦ in the southern one, either accounting or not for QED effects.

χ (deg) ξ (deg) ∆ϕ (rad) β T χ2
red

Input values 12.4 46.2 0.44 0.10 0.48 –

Antipodal

(flux+PD+PA)

QED-ON 12.0± 0.4 45.3± 0.2 0.502 0.11± 0.01 0.47± 0.01 6.1

QED-OFF 15.0± 0.8 45.0± 0.7 0.31± 0.01 0.37± 0.01 0.48± 0.01 20.5

Table 5.4: Same as table 5.3, but for the simultaneous fit of flux, PD and PA.

equatorial belt, with a χ2
red = 6.1 for the former and a χ2

red = 26.5 for the latter. Once
again, we found quite a high value of χ2

red, and a possible cause could be the very small
error bars displayed in the plot of the flux (see top plot of figure 4.5), therefore we
expect higher values for the χ2

red even for rather successful fits. Moreover, the IXPE
telescope is devoted to polarimetric observations, so its spectroscopic measurements
are not fully reliable [1]. This, together with the aforementioned reasons, makes it
difficult to attain the acceptable low values χ2

red ≃ 1. Then, we also performed a fit,
following the same steps just described (with the plot of these fit in the same figures
5.3, and 5.4), for the same model but without taking into account the QED effects
(QED-OFF), since we obtained a good result considering the vacuum birefringence of
the magnetized vacuum in the magnetosphere (QED-ON). Confronting the results of
these two fits (reported in the same tables 5.3, and 5.4), we can see that, as expected, the
QED-ON fit is always better with respect to the QED-OFF one, i.e. χ2

red,QED-ON = 4.5

and χ2
red,QED-OFF = 11.2 for the simultaneous fit of the polarization observables, and

χ2
red,QED-ON = 6.1 against χ2

red,QED-OFF = 20.5 for the simultaneous fit of flux, PD and
PA.
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Figure 5.3: PD (top) and PA (bottom) as a function of the phase, simultaneously fitted with a
model which consists of a condensed surface in the free-ions limit having two antipodal hotter
spots, with an extension of ∼ 35◦ × 100◦ in the northern hemisphere located about 45◦ from
the spin axis, and an extension of ∼ 35◦ × 70◦ in the southern one. The orange and the green
solid lines refer to the QED-ON and QED-OFF model, respectively. In the PD plot MDP68,
MDP95, and MDP99 are also shown.
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Figure 5.4: Same as figure 5.3, but for the simultaneous fit of flux (top), PD (middle), and PA
(bottom). In the middle plot MDP68, MDP95, and MDP99 are also shown.
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Chapter 6

Discussion and conclusions

In this work we analyzed and tried to model the X-rays polarization data observed by
IXPE from the magnetar AXP 4U 0142+61. After having introduced the underlying
theoretical model of magnetars, and discussed the spectral observations carried out so
far, we described the numerical implementation of the surface emission model, including
the transport of spectral and polarization properties to infinity; finally, we fit the IXPE
data using an archive of theoretical models obtained from different values of the input
parameters. When computing the synthetic models, some unavoidable simplifications
were made; for instance, the so-called unidirectional flow approximation is used to
describe the charges motion along the closed magnetic field lines in the magnetosphere,
which means that we considered only the motion of the electrons, neglecting ions. Pair
production was neglected as well, since a self-consistent model accounting also for the
e± pairs contribution has not been developed yet. In addition, the magnetosphere was
assumed to be globally twisted with a constant twist angle ∆ϕ, for simplicity; we have
also considered the surface temperature as constant across the surface of the star.

The first analysis of IXPE data from this same source [5] was focused on the energy
dependence of the polarization properties, in particular on the swing of the polariza-
tion angle by 90◦ observed at the energy E ∼ 4–5 keV. They were successfully fitted
by a model characterized by an iron condensed surface with an emitting equatorial
belt, whose radiation is further reprocessed by RCS in the magnetosphere. However, a
continuous belt, alike that of the latter model, is hard to reconcile with the observed
double-peaked light curve of the source. This led us to consider an azimuth-limited
equatorial belt in the computation of the synthetic models; however, even the best-fit
models, when fitting simultaneously the flux together with PD and PA, did not succeed
in replicating the data, as can be seen in tables 5.1, 5.2, and in figures 5.1, 5.2. As a
consequence, we tried to model the surface emission of the magnetar with two antipodal
hotter spots, a larger one in the northern hemisphere, located about 45◦ from the spin
axis and with an extension of ∼ 35◦×100◦, and a smaller one of ∼ 35◦×70◦ in the south-
ern hemisphere. This model in the free-ions limit could fit quite well the data either
performing a single fit of the light curve, a simultaneous one of the polarization observ-
ables, as well as a simultaneous fit of the flux, PD and PA. As already noticed in section
5.2, the χ2

red are higher than what we would expect from a good fit (χ2
red ≃ 1). A possi-

ble cause could be the small error bars in the flux plot (figure 4.5), which are certainly
underestimated, considering that IXPE is focused on polarization observations and is
not guaranteed to provide precise spectroscopic measurements. On the other hand, the
best fitting model is found interpolating between models with different values of the
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parameters, which vary on rather coarse grids, and, while a thicker grid might probably
contribute to find best fitting models which would better reproduce the observed data,
this would also lead to a tremendous growth of the computational times. We also tried
to perform the same fits with the same model but with QED effects “switched off”, and
we saw that it did not fit successfully the observed data, i.e. χ2

red,QED-ON = 6.1 against
χ2

red,QED-OFF = 20.5 for the simultaneous fit of flux, PD and PA. This is in agreement
with the theoretical prediction, even if the observed polarization is too low (∼ 20%) for
a proper test of the presence of the the vacuum birefringence. In the end, we found that
there exist at least one condensed surface model capable to explain the phase-dependent
observed data.

IXPE observations have already opened a new era in the magnetar study. In addition
to the observation of the magnetar AXP 4U 0142+61, IXPE observed also other two
sources, namely SGR 1806−20 [118] and 1RXS J170849.0−400910 [119]. The former
exhibits no significant PD, apart from the 4–5 keV energy range, with PD= 31.6±10.5%
and PA= −17◦.6+15◦.5

−15◦.0, due to the all-time-low persistent flux level during the observa-
tions; the latter, instead, showed a higher X-ray polarization with respect to the other
two sources, with a PD increasing with the energy and without a swing by 90◦ in PA.
This demonstrate that, even when the spectral model is similar (a blackbody plus a
powerlaw for all the three sources), polarization measurements can disentangle the in-
trinsic degeneracy of RCS models. Polarimetric observations can give an unprecedented
insight on the polarization processes happening in sources with such strong magnetic
field both on the magnetar surface (the underlying emission model), as well as in the
magnetosphere (RCS). In addition, they might lead to the first indirect evidence, so far
only theoretically predicted, of the presence of QED effects, i.e. vacuum birefringence,
in the magnetized vacuum around the star. IXPE mission was extended by 20 months,
so future observations of magnetars might help us to take a leap forward in the com-
prehension of these sources, further constraining the possible surface emission model as
well as their polarization properties.
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