Fakultat fir Physik
Technische Universitat Minchen

Insights into the 10-100 GeV gamma-ray emission of
pulsars from extensive observations of MAGIC

Giovanni Ceribella

Vollstandiger Abdruck der von der Fakultit fiir Physik der Technischen Universitat
Miinchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender:
Prof. Dr. Alejandro Ibarra

Priifende der Dissertation:
1. Priv.-Doz. Dr. Béla Majorovits
2. Prof. Dr. Laura Fabbietti

Die Dissertation wurde am 04.08.2021 bei der Technischen Universitat Miinchen
eingereicht und durch die Fakultit fiir Physik am 06.09.2021 angenommen.












Insights into the 10-100 GeV gamma-ray emission of
pulsars from extensive observations of MAGIC

Giovanni Ceribella






ABSTRACT

In this doctoral thesis I investigate the very high energy emission of gamma-ray pulsars
with the MAGIC Telescopes. Pulsed emission above energies of a few tens of GeV from
young rotation-powered pulsars is rare, and its origin is still poorly understood. At the
start of my doctoral program, only two pulsars were known to emit at those energies,
rendering any comparative study purely speculative. The MAGIC Telescopes recently
developed a stereoscopic analog trigger, the Sum-Trigger-II, that greatly improves the
performance in the 10GeV to 100 GeV energy band. I took part in the commissioning
and maintenance of this novel hardware component. The enhanced photon collection
efficiency achieved by the Sum-Trigger-II makes the MAGIC telescopes the most suited
instruments to address the scientific challenge of the search and characterization of new
very high energy pulsars. In order to fully profit from the Sum-Trigger-II improvements,
the analysis techniques required to be adapted to the dim Cherenkov images of low-
energy extensive air showers. I built and validated a modified low-energy data analysis
pipeline, and made it available for the MAGIC Collaboration.

I present the results of the observations of two gamma-ray sources: the Crab pulsar
(PSR J0534+2200), and Geminga (PSR J0633+1746). Observations of the Crab pulsar,
previously detected at the very high energies, aimed to search for a temporal variability
of the flux at timescales below one month. I found no significant variability, and derived
upper limits for it. Crab observations were used to characterize the novel system and
the analysis techniques. My analysis of the Geminga observations led to the discovery
of its very high energy pulsed component in the 15GeV to 75GeV energy range. At
a significance of 6.3 0, Geminga became the third gamma-ray pulsar to be detected
with Cherenkov telescopes, and the oldest and only radio-quiet one to date. The very
high energy spectrum, a seemingly pure power-law, reveals the presence of a previously
undetected inverse Compton component. The classic outer magnetospheric gap emission
model allows for such a component, but fails short of reproducing the overall gamma-
ray spectrum of Geminga. This indicates that a revision of the theoretical framework
of gamma-ray pulsar emission is required to explain the very high energy emission
of Geminga. Overall, my doctoral work substantially contributed to make MAGIC a
strategic facility for the exploration of the 10 GeV to 100 GeV energy band, and yielded
compelling scientific results that bring insights into the extreme processes occurring in
pulsars.






ZUSAMMENFASSUNG

In dieser Doktorarbeit untersuche ich die Hochstenergiestrahlung von Gammapulsa-
ren mit den MAGIC-Teleskopen. Gepulste Emission mit Energien von mehr als einigen
Zehn GeV wurde von Pulsaren, die ihre Energie aus der Rotation des Neutronensterns
beziehen, nur sehr selten beobachtet und ihre Herkunft ist noch unklar. Am Anfang mei-
nes Promotionsprojekts waren nur zwei Pulsare gekannt, die in diesem Energiebereich
strahlen. Vergleichsstudien auf diesem Forschungsfeld waren darum zwangsweise du-
Berst spekulativ. Die MAGIC-Teleskope wurden vor kurzem um einen stereoskopischen
Analogtrigger erweitert, dem Summentrigger-II, der die Sensibilitdt der Teleskope im
Energiebereich von 10 GeV bis 100 GeV deutlich verbessert. Ich nahm an der Inbetrieb-
setzung und der Wartung dieser neuen Hardware teil. Der Summentrigger-II erzielt eine
hohere Effizienz bei der Detektion von Photonen und macht die MAGIC-Teleskope die am
besten geeigneten Instrumente, um die anspruchsvolle Erforschung und Charakterisie-
rung neuer Pulsare bei den hochsten Energien durchzufiihren. Um die Verbesserungen
des Summentriggers-II auszunutzen, mussten die Datenanalysemethoden fiir die licht-
schwachen Tscherenkowbilder der Luftschauer mit niedriger Energie adaptiert werden.
Ich entwickelte und validierte eine modifizierte Analysekette fiir die niedrigen Energien
und stellte sie der ganzen MAGIC-Kollaboration zur Verfiigung.

In dieser Dissertation zeige ich die Ergebnisse der MAGIC-Beobachtungen von zwei Gam-
mastrahlquellen: dem sehr bekannten Krebspulsar (PSR J0534+2200) und dem Geminga-
Pulsar (PSR J0633+1746). Die Beobachtungen des Krebspulsars, der bereits in den sehr
hohen Energien detektiert wurde, zielten auf die Suche einer moglichen Variabilitdt des
gepulsten Flusses auf Zeitskalen von weniger als einem Monat. Keine erhebliche Zeitva-
riabilitdit wurde gefunden, jedoch konnte ich Obergrenzen berechnen. Diese Daten des
Krebspulsars wurden genutzt, um das neue System und die Analysemethode zu kali-
brieren. Meine Analyse der Geminga-Beobachtungen ermoglichte die Entdeckung seiner
sehr hochenergetischen gepulsten Spektralkomponente zwischen 15 GeV und 75 GeV. Mit
einer Signifikanz von 6,3 ¢ ist Geminga der dritte Gammapulsar, der mit Tscherenkowte-
leskopen entdeckt wurde. Gleichzeitig ist Geminga der &lteste und der einzige Pulsar im
hochstenergetischen Energiebereich, der im Radiobereich nur sehr wenig emittiert (engl.:
,radio quiet”). Sein Spektrum, das von einem reinen Potenzgesetz gut beschrieben wird,
zeigt eine Komponente, die von Inverse-Compton-Prozessen verursacht wird und die
bislang nicht bekannt war. Das klassische Emissionsmodell der Liicke der dufieren Ma-
gnetosphdre (engl. ,outer gap”) kann zwar eine solche Komponente erklidren, jedoch
nicht das gesamte Gammaspektrum Gemingas richtig reproduzieren. Dieses Ergebnis
zeigt, dass das theoretische Verstandnis der Emission von Gammapulsaren unbedingt
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eine Revision benétigt, um die Emission Gemingas zufriedenstellend aufzukléren. Ins-
gesamt hat meine Doktorarbeit wesentlich dazu beigetragen, dass die MAGIC-Teleskope
weiterhin eine der fithrenden wissenschaftlichen Einrichtungen zur Erforschung des
Gammastrahlenhimmels zwischen 10 GeV und 100 GeV zu sein. Mein Promotionspro-
jekt brachte bemerkenswerte wissenschaftliche Ergebnisse hervor, die wichtige Einblicke
in die extremen Prozesse geben, die in Gammapulsaren stattfinden.
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GAMMA-RAY PULSARS

In this introductory chapter I review some basic concepts of pulsar astrophysics and
their observation techniques, and I introduce the two sources subject of my studies, the
Crab and Geminga pulsars. The pulsars treated in this chapter are the so-called rotation-
powered ones. These are young neutron stars that dissipate their rotational energy due
to electromagnetic emission, and spin down as a result. The complementary class of
accretion-powered pulsars, is not treated in this thesis. I refer the reader interested in a
broad review of pulsar physics to Ghosh! (2007).

In Section I summarize briefly the formation and basic properties of neutron stars.
Section [1.2| contains a compact review of the pulsar magnetosphere, the most probable
site of gamma-ray pulsar emission. The physics of this peculiar region, as well as the exact
mechanism of the gamma-ray emission, are still being actively investigated. The sum-
mary presents the classical Goldreich and Julian|(1969) scenario, and introduces the basic
features shared also in current emission models. In Section I review the gamma-ray
production mechanisms and the particle acceleration models currently being considered.

Section[1.4]presents key pulsar observation concepts, such as the rotational phase and the
pulsar ephemerides. The production of these, using data of the Fermi—LAT experiment,
is separately covered in Appendix

Finally Sections[I.5]and [1.6]introduce the two objects which are the subject of this thesis:
the Crab and Geminga pulsars. The results on them are presented in Chapter |5 and
Chapter [} respectively.
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1.1 Neutron Stars

The first pulsar was detected in 1967, when a 1.34 s periodical signal was found during
a radio survey originally aimed for quasars (Hewish etal., 1968, based on the work
of J. Bell). Due to the shortness of the period, it was immediately recognized as a
phenomenon associated with a compact object. Initially thought to be related to the
radial pulsation of a white dwarf or neutron star (hence the name “pulsar”), it was soon
understood that the periodicity of the emission was caused by the fast rotation of the
source (Gold, 1968), similarly to what happens in a lighthouse. This allowed to firmly
identify it as a neutron star, as any other object would be disrupted by the centrifugal
forces. Since then, 2870 more pulsars have been discovere and about 270 of them have
been detected by the Fermi—-LAT experiment?|at energies larger than 100 MeV. Only three
pulsars have been confirmed to emit gamma-rays at energies above 50 GeV: the Crab
pulsar, the Vela pulsar, and Geminga, whose detection is the primary result of my thesis
work (see also Chapter [6).

1.1.1 Formation

Neutron stars form during the gravitational collapse of massive stars (m > 8 Mp) and
their subsequent explosion as supernovae. In late stages of their evolution, these stars
undergo several cycles of expansion and contraption, governed by the succession of ther-
monuclear reactions with increasingly heavy nuclei in their cores. They also disperse
a large fraction of their mass through their stellar wind. The core of lighter stars can
eventually achieve a hydrostatic equilibrium in the state of a white dwarf, sustained by
the degeneracy pressure of electrons. However, if at that stage its residual mass is larger
than the Chandrasekhar limit Mc =~ 1.4 My, the pressure developed by the (relativistic)
electrons can not balance the gravitational contraction and the stellar core collapses.

The collapse of the core happens on sub-second timescales. The density and temper-
ature of the core increase up to the point at which the equilibrium of the beta decay
and electron capture reactions favors the second one. The neutron decay is inhibited
by the fact that the Fermi gas of degenerate electrons already occupies almost all pos-
sible energy states, so that little room is left for an extra electron to be emitted. Matter
undergoes a process of extensive “neutronization”, accompanied by an emission of neu-
trinos. The collapse continues further until it is prevented by the degeneracy pressure
of non relativistic neutrons and the repulsive strong interactions that they develop at
densities higher than the nuclear one. The imploding outer envelope of the progenitor
star “bounces” off the surface of the collapsed core. The resulting shock wave ignites
thermonuclear reactions in it, which give rise to the supernova explosion, visible in the
optical band. A second and larger flash of neutrino emission takes place as the newly
formed neutron star contracts to its final radius, dissipating its gravitational potential
energy and cooling down by neutrino emission. Such a neutrino flash was directly ob-
served in the case of the notable supernova SN1987A (Hirata etal., [1987; Bionta etal.,
1987), which provided a decisive confirmation to the core collapse scenario that has just

1 ATNF Pulsar Database (https://www.atnf.csiro.au/people/pulsar/psrcat/), version 1.64.
2 Upcoming third Fermi-LAT pulsar catalog (private communication).
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been outlined. The formation of a stable neutron star is possible only if the mass of the
core is below the Tolman-Oppenheimer-Volkov limit Moy, analogous in many aspects
to the Chandrasekhar on The value of Mtoy depends sensibly on the equation of state
of the neutron star, which is largely unknown (cfr. Section[I.1.2). The recent observation
of a gravitational wave signal from a binary neutron star merger (Abbott et al., 2017) and
its subsequent analysis (Shibata etal., 2019) led to an estimate of Mtoy =~ 2.3 Mg. If the
core exceeds such limit the collapse can not be stopped and ultimately results in a stellar
sized black hole.

Once they have reached their stable state, neutron stars have a radius of the order of
10 km (few times their Schwarzschild radius), and an average densities of the same order
as nuclear matter, py = 3 - 1017 kg/m3. Assuming a spherical collapse, the conservation of
angular momentum implies that, upon being formed, their rotational frequency must be
of the order of 1 kHz. Furthermore, the stellar core progenitor is an excellent conductor, so
that the hypotheses of the Alfvén theorem apply and the magnetic flux is also conserved.
As a result, the value of the magnetic field at the surface of a typical neutron star is of the
order of By ~ 108 T. The magnetic moment is not necessarily aligned with the rotation
axis. Such a rapidly rotating and intensely magnetized object is expected to lose energy
and spin down because of the emission of electromagnetic radiation. The measurement
of pulsar frequencies v and the observation of spin-down rates v compatible with those
predicted by this mechanism (cfr. Section|1.2]and allows to confirm the theoretical
estimates for the magnetic field By.

1.1.2 Structure

The internal structure of a neutron star is an active research topic in theoretical as-
trophysics. The equation of state of matter at and above the nuclear densities is still
unknown, and several competing models for it result in very different scenarios. A very
general description usually quotes:

e An outer crust, with a depth of few hundred meters, where ionized nuclei form
a crystalline structure immersed in a completely degenerate electron Fermi gas.
Nuclei are held in the crystal structure by their electrostatic interactions, largely
dominant over thermal motion. At the top of the crust an envelope (or ocean) of non
crystallized material may be present if the neutron star is accreting matter from a
companion star. Moving inwards, nuclei become increasingly more neutron-rich.

e An inner crust, extending down to ~ 1km. It is separated by the outer crust by
the neutron drip line. This is the point at which the chemical potential for neutrons
in a nucleus equals the mass of the neutron, so that it is energetically favorable
to have free neutrons rather than bound ones. Upon reaching densities close to
the nuclear one, the interplay between strong and electromagnetic forces may give
rise to heavily distorted nuclei in the shape of laces and sheets, usually known as
nuclear pasta. This is similar to phase transitions in colloidal solutions with strong
surface tension (e.g. cellular membranes).

3 In neutron stars, the limiting mass Mtoy does not stem from neutrons becoming relativistic, as is for
white dwarfs with electrons. Instead, in their general-relativistic regime, the pressure gradient opposing
gravity, being itself a component of the stress-energy tensor, becomes a source for gravity itself.
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Figure 1.1: Scheme of the interior of a neutron star, from|Caplan and Horowitz (2017). The exact
structure and properties of the core are unknown.

e The core constitutes the remaining inner portion of the star, down to its center
at ~ 10km from the surface. At densities above the nuclear one, it is likely to be
composed by uniform nuclear matter. Neutrons are by far the dominant species,
but a small fraction of protons and electrons, necessary to keep the  decay equi-
librium, is also present. These charged particles make the neutron star an excellent
conductor, a fact which is extremely significant to understand the origin of the
pulsar phenomenon (cfr. Section|[1.2).

The real state of the matter in the core of a neutron star is still debated. Its understanding
is required to fully comprehend the physics of these objects. Recent observations of
gravitational wave signals from coalescing neutron stars opened a new channel to study
their structure and composition.

1.2 Pulsar magnetosphere

The magnetosphere of a pulsar is the vast region surrounding it which is filled with
plasma affected by the magnetic field of the neutron star. It is also the region in which
pulsed gamma-ray emission is produced. The structure and dynamics of pulsar mag-
netospheres are still actively investigated, and gamma-ray observations such as the ones
of Fermi-LAT and MAGIC have decisively contributed to their understanding. Despite
its complexity, basic features of the magnetosphere can be illustrated with the seminal
model of Goldreich and Julian|(1969). This takes several simplifications, assumes that
the magnetic field of the star is a simple dipole aligned with the spin axis and ignores
both the gravitational and inertial forces acting on the plasma. Its fundamental aspects
are summarized in the next paragraphs. I refer the readers interested in a broad review
of pulsar magnetospheres to |Pétri| (2016) and Cerutti and Beloborodov| (2017).
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Figure 1.2: Goldreich-Julian potentials and fields in the near zone close to the pulsar, for
an aligned rotator. A meridian plane is shown with lengths scaled to the radius of the star.

Upper-left: Electric potential ® surrounding the neutron-star if it were in a vacuum, in
terms of @) ~ 2 -10'°V just above the pole. Gray lines show the magnetic field lines.
Upper-right: Spatial charge density pgj, in units of its value at the pole py ~ 1072C/m?. The
null surface where p = 0 forms a double sheeted cone and is evidenced by the dashed line.
Bottom-left: Potential difference with the pole of the star, expressed as a fraction of the drop
between the poles and the equator & =~ 3 - 10°V. Magnetic field lines are equipotential.
Bottom-right: Relative intensities of the electric (red) and magnetic fields (blue, poloidal
component only), with the radial dependency removed for clarity. The fields are perpendicular
and the electric field balances the Lorentz force on charges q(E + v X B) = 0 everywhere
(force-free solution).
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Pulsar in a vacuum The existence of a plasma surrounding the neutron star can be
deduced with simple electrodynamic arguments. A fast rotating and highly magnetized
neutron star behaves like a homopolar generator, similarly to a uniformly magnetized
spinning conductorf] Free charges in the excellently conducting neutron star (cfr. Sec-
tion experience a Lorentz force due to their motion in the magnetic field. In a
stationary state, they redistribute to produce an electric field F that globally balances it:

E+(Qxr)xB=0, (1.1)

with Q X r being the velocity at position r due to the rigid rotation of the star and
B the dipolar magnetic field due to the magnetic moment p of the star. The charge
distribution produces an electrostatic potential ®@. If the pulsar were in a vacuum, the
external potential would be given by:

BoQR®

P (cos 0), (1.2)

with By = 108 T the value of the magnetic field at the pole of the star, Q < 1Hz its
rotational pulsation, R =~ 10 km its radius, 0 the meridian angle measured from the pole,
and P>(x) = 1/2(3x2 — 1) the second Legendre polynomial. Such potential is plotted with
a color code in the upper left panel of Figure The corresponding electric field just
above a pole would have a strength Eg = QRBy =~ 10'3V/m, and could easily extract
electrons from the surface of the neutron star and fill the surrounding space with them.
This proves that a pulsar can not be in a vacuum, as in such case, it would immediately
develop a magnetosphere with particles ripped away from its surface.

Magnetospheric lepton plasma In this picture, ultra-relativistic particles torn from the
surface of the pulsar are accelerated by the large electric field and radiate gamma rays due
to curvature and inverse Compton emission (cfr. Section[1.3). In turn, such gamma rays
are effectively absorbed via single-photon pair production in the strong magnetic field
of the pulsar. This initiates cascades of electron-positron pairs (Sturrock) (1971), which
ultimately fill the magnetosphere with a leptonic plasma. The presence of such plasma
alters the electromagnetic fields outside the neutron star. It is usually assumed that the
production rate of leptons is sufficiently high so that the resulting plasma behaves as an
infinitely conducting one. In absence of pressure and inertial forces, this implies that the
electric field in it must balance the Lorenz force everywhere, so that:

E+vxB =0. (1.3)

This is formally the same as Equation[I.1} but the plasma velocity field v is an unknown,
and B and F are different from the ones in vacuum. Equationimplies that E-B =0,
known as the force-free condition. It follows that magnetic field lines are also electrostatic
equipotential ones, and charges can move freely along them. Ideal magnetohydrody-
namics applies to such a plasma, and states that field lines are frozen in the plasma, or that
charges are bound to the magnetic field lines (Alfven’s theorem). The resulting flow of the

4 A concise treatment of homopolar induction is given in the classic|Landau and Lifchitz|(1969) Vol. 8 §49.
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plasma is a composition of a rigid co-rotationff| with the pulsar at its angular velocity Q,
and a slide motion along the magnetic field lines: v = Q X r + v//é . In the immediate
proximity of the neutron star the magnetic field is similar to an undisturbed dipole (cfr.
Figure , which is a purely poloidal field: B X (Q X r) = 0. As a result, particles close
to the pulsar are in strict co-rotation with it.

Light Cylinder Clearly, charges can not co-rotate at an arbitrary distance from the star,
their velocity being limited by the speed of light. This gives rise to a limit surface, the
light cylinder, which is centered on the pulsar, aligned with its rotational axis, and defined
by the radius at which a co-rotating body would move at the speed of light:

Ry = a (1.4)
As the light cylinder is approached, the magnetic field acquires a toroidal component,
B x (Q xr) # 0, and the plasma ceases to co-rotate with the pulsar. The sources of
such toroidal field are the currents produced by charged particles sliding along the field
lines in the internal magnetosphere. The portion of the magnetosphere inside the light
cylinder (v < Ry) is named the near zone, whereas the wind zone extends outside of it.

Charge density In order for magnetospheric currents to be realized, a space charge
density must be present. This can be computed by taking the divergence of Equation[1.3]
Close to the neutron star, where the magnetic field is poloidal, its value is given by:

-2 Q-B

pay = , (1.5)

2
1- (%r sin 6)

which is known as the Goldreich-Julian or co-rotating charge density. The density van-
ishes where Q - B = 0, the null surface of the magnetosphere, which separates regions of
opposite co-rotating charges. If Q- > 0, electrons co-rotate at the poles and positrons at
the equator, whereas the opposite happens if the sign of B is reversed. The denominator
of Equation [1.5|diverges at the light cylinder, where the assumption of a poloidal-only
magnetic field breaks. The value of pgj specifies just the net density required to reach
the force-free condition. The same net charge can be achieved equivalently with a com-
pletely charge-separated plasma (where positive and negative particles are physically in
different regions of space), or with an excess or defect of charges of a certain sign atop
a denser and otherwise neutral plasma. It is widely believed that the second case better
describes the situation in a real pulsar magnetosphere. Similarly, the magnetospheric
currents, required to produce the toroidal magnetic field at Ry, arise only when a net
imbalance is present between the motion of particles with opposed signs.

5 The rigid co-rotation of magnetic field lines is a simple consequence of ideal magnetohydrodynamics,
often quoted as Ferraro’s isorotation theorem. Since all field lines originate on the surface of the pulsar, they
are all in co-rotation with it at the same angular velocity Q.
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Figure 1.3: Scheme of the pulsar magnetosphere in the near and wind zones, adapted from
|Goldreich and Julian| (1969). Field lines of the poloidal magnetic field are shown as solid lines.
In the wind region the toroidal component is dominating, and lines are bent backwards with
respect to the rotation (not shown). The signs displayed in the diagram agree with the ones of the
co-rotating charge density pgy in the near zone, and with the ones of the out-streaming particles

in the wind zone. The latter ones are separated by a critical line whose potential is the same as
the outer space one.
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Open magnetosphere and wind The existence of a light cylinder and the impossibility
of co-rotation beyond it has an important consequence: magnetic field lines which cross
thelight cylinder can not close themselves looping back to the surface of the neutron star?|
This is one of the most prominent features of a pulsar magnetosphere. Leptons attached
on those lines abandon the near zone and ultimately leave the pulsar. Figure[l.3|presents
a scheme of the structure of the magnetosphere. In the near zone a roughly dipolar
portion exist, the closed magnetosphere, in which the magnetic field is purely poloidal. In
this zone no net currents flow, and field lines close themselves returning to the pulsar.
Conversely, the remaining portion constitutes the open magnetosphere. The two sections
are separated by the last closed field line, which can be assumed to be the dipolar field line
that crosses the equatorial plane at = Ry. Such line departs from the pulsar surface at
an angle 0y from the pole, given by:
Ry RO

s 2
= —_-—== 1.
s 90 R(’ c ’ ( 6)

where R, is the radius of the star. For typical values, 6y > 1deg. The region defined
by 6 < 0y and its opposed one form the polar caps of the pulsar. Particles originating
from there and streaming along field lines eventually leave the neutron star to form the
pulsar wind. The emission of such a leptonic wind carries away momentum and energy
from the star, possibly forming a pulsar wind nebula such as the Crab Nebula. In aligned
rotator models, where no dipole magnetic braking is possible, this is the main mechanism
responsible of the progressive spin-down of the pulsar.

If the neutron star is instead accreting material from a companion object, the inflowing
plasma is forced to follow the open magnetic field lines and can reach the pulsar surface
only at the polar caps. These represent only a small fraction of the neutron star surface
and are heated up to high temperatures. This is the proposed emission mechanism of
accretion-powered pulsars.

Current structure The net current flowing from the pulsar must be zero, so that the
global neutrality of the star is maintained. This implies that the outgoing flux of electrons
must be balanced by an equivalent flux of positrons. If the flow of particles of opposed
signs is strictly disjoint, between the pole and the last closed field line there must exist a
critical field line. This is the field line that separates regions of opposite current directions,
and touches the star surface at an angle 0.. The critical line can be equivalently defined
as the one having the same potential as the outer space far from the pulsar. If Q- x> 0,
electrons stream away from the pulsar for 0 < 6 < 6. and positrons do so for 8, < 6 < 6.
Figure shows that the sign of the magnetic field is inverted in the northern and
southern hemisphere of the magnetosphere. This is a necessary consequence of the
solenoidal nature of the magnetic field. When crossing the equatorial plane, the dominant
toroidal component of B experiences a discontinuity. The same holds in the inner
magnetosphere along the last closed field line: the toroidal field is zero in the closed
portion of the magnetosphere and non-zero in the open one. A poloidal current must
flow along these surfaces to sustain such discontinuities. The resulting current pattern
takes the name of equatorial current sheet of the pulsar. The presence of the sheet violates

6 Strictly speaking, since V - B = 0, those lines eventually close themselves far away from the neutron star,
where its magnetic field merges with the interstellar one.
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the force-free condition FE - B = 0, indicating that the simple and ideal Goldreich-Julian
model is not adequate to describe such structures (see Section (1.3.2).

In summary, a pulsar acts as a generator, creating large potential differences due to its
magnetic field and fast rotation. In a circuit analogy, the pulsar wind constitutes the load
resistance of the generator. It flows away removing energy and angular momentum from
the star, which spins down. In the more general oblique rotator case, the same happens
because of magnetic dipole radiation from the rotating star. The simple Goldreich-
Julian model succeeds in outlining the basic concepts of a pulsar magnetosphere, but
produces several inconsistencies. Among these, the most evident one is that the force-
free condition F - B = 0 implies that no particle acceleration is possible. If this was the
case, no leptonic plasma could be produced in the first place and no high energy gamma-
ray emission would be expected. This means that particles can only be accelerated
if a “defect” in the force-free plasma is present. This consideration is at the base of
several models for the gamma-ray emission of pulsars, which will be reviewed in the
next section. Attempts to analytically solve the structure of the pulsar magnetosphere
even for the simplest cases have failed. The aligned dipole force-free solution was only
obtained numerically in Contopoulos etal.[(1999). In recent years extensive numerical
simulations have been leading the research on the topic, highlighting the importance
of both non-ideal conditions and time-dependent phenomena. Despite these efforts, a
complete or even consistent picture of pulsar magnetospheres has not been reached yet.
Gamma-ray observations are a powerful tool to probe their physics, and obtain a better
understanding of the phenomena taking place in such extreme environment.

1.3 High-energy emission

Pulsars are observed to emit in the whole range of the electromagnetic spectrum, and
possibly different mechanisms are responsible for the emission at different energies. In
the case of gamma-ray pulsars, two basic processes are thought to be responsible for
the emission: curvature radiation and inverse Compton scattering. Both of them rely on
the presence of accelerated leptons in the pulsar magnetosphere. As discussed in the
previous section, this is possible only if localized “defects” to the ideality of the plasma
or its force-free condition are present. Different models identify different acceleration
sites in the pulsar magnetosphere, and these affect the expected spectral shape of the
radiation. The measurement of the gamma-ray spectrum of a pulsar is therefore a tool
to probe the emission mechanism in its magnetosphere.

Following conventions in gamma-ray astronomy, throughout this thesis I will indicate as
the differential flux or spectrum of gamma-rays from a source the quantity:

dN

FE) = Faaar

(1.7)

representing the number dN of photons with energy between E and E + dE received in
a time interval dt on a surface dA. As pulsars are point-like sources, the dependence
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Figure 1.4: Sample curvature radiation spectra. Solid line: spectral energy distribution of a
mono-energetic population of particles, as a function of x = E/E. (cfr. Equation[L.8). Dashed
line: same with a particle population whose energy is distributed as a power-law with spectral
index a = 2. Curves are normalized so that the total emitted energy is the same in both cases.

on the radiation pencil dQ is superfluous and the area dA is supposed to be perpen-
dicular to the direction of the source. Since gamma-ray spectra span several orders of
magnitude in energy, in many situations it is more useful to obtain this quantity in loga-
rithmic units of energy. The logarithmic differential flux is E ¥ (E) = EAN /dE/dA/dt =
dN /d log(E)/dA/dt. Thisis formally the same as the power density, the amount of energy
emitted or received in photons of a given energy E. Its logarithmic version, the Spectral
Energy Distribution, given by E2 F (E) = E2dN /dE/dA/dt = EAN /d log(E)/dA/dt, is the
quantity most commonly employed to represent spectra. A source radiating the same
power in all logarithmic intervals has a flat spectral energy distribution and corresponds
to a power-law spectrum ¥ (E) o« E-' with a spectral index T’ = 2.

1.3.1 Gamma-ray emission processes

The bulk of the gamma-ray emission of pulsars is well described as a kind of curvature
radiation due to the motion of high energy leptons in the magnetosphere of the neutron
star. This is analogous to synchrotron radiation, with the curved motion of charged parti-
cles being provided by the magnetohydrodynamic requirement that they follow curved
magnetic field lines. The spectrum of synchrotron emission from a mono-energetic
population of particles with Lorentz factor y resembles a power-law function with an
exponential cut-off at higher energies. A critical energy can be defined in terms of the
curvature radius 7. and y:

_ 3hc 4

c = 2ZV (1.8)
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In the standard synchrotron scenario, the curvature radius equals the gyro-radius r¢ o ,
resulting in a E. oc 7/2 dependence. In the case of curvature radiation, 7. is instead a
geometrical parameter and E, « 2. The spectrum of the radiated photons ¥ (E) can be
approximated as:

E2/3 (E < E.)

F(E) { E-12exp(-E/E.) (E>E.) °

The exponential factor introduces a sharp energy cut-off at energies larger than E. and the
corresponding spectral energy distribution is very peaked, with roughly 90% of the power
being emitted between 0.1 E. and 4 E... In a realistic case, the radiating particles do not
share a common y, but follow instead a distribution N(y) = dN,=/dy determined by the
particle acceleration mechanism. If this can be described by a power-law N(y) oc =% up
to some value )y, the resulting gamma-ray spectrum also follows a power-law ¥ (E) o«c E™T
with a cut-off at E > E.(y9). The spectral indices a and I' are related by:

(a+1)/2 (synchrotron)
(@ +2)/3 (curvature)

I'sync
I'curv

with the difference being justified by the different dependence of E. upon y in the two
cases|’| Figure presents the functional form for such spectra. Curvature radiation
can easily account for exponentially cut-off power-law trends, which are ubiquitous in
the spectra of gamma-ray pulsars between 100 MeV and 10 GeV. Using the typical 1 GeV
peak value of the spectral energy distribution and a light cylinder radius Ry ~ 1000 km
as estimates for E. and R, the cutoff Lorentz factor of the radiating electrons is y¢ ~ 107.

By contrast, very high energy spectra including a power-law component at energies
above several tens of GeV can not be explained by synchro-curvature emission, and
inverse Compton scattering is usually invoked to account for their presence (VERITAS
Collaboration et al.,2011}|Aleksic et al.,2012). This requires both accelerated leptons and a
softer photon field (typically in the X-ray domain) to coexist in the pulsar magnetosphere.
Since the scattering leptons are ultra-relativistic, their kinetic energy is much larger than
the energy of the seed photon, and the relativistic limit of the Klein-Nishina cross-section
can be taken. In these assumptions, if the scattering electrons have an average energy
E. = ym.c?, the average energy of the inverse-Compton photons is simply E, = E./2.
Similarly to the case of synchro-curvature radiation, if the spectrum of the electrons
follows a power-law, the resulting gamma-ray spectrum is also a power-law with a
spectral index:
FIC =a-1

Therefore, assuming an electron population with y = 107 and E, ~ 5TeV, the inverse
Compton mechanism can justify very high energy photons with energies above tens of
GeV and a power-law like spectrum. The seed soft photons can be of external origin
(for instance, the thermal ones from the surface of the star) or result from the syn-
chrotron emission of the same electron population up-scattering them. In this latter
case, the process takes the name of synchrotron self Compton. Leptonic synchrotron self

7 These results are often formulated in terms of the spectral indices of the power density EF (E). These are
(a —1)/2 and (« — 1)/3 for synchrotron and curvature radiation, respectively.
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Compton emission is invoked to explain the very high energy emission of many astro-
physical sources (e.g. active galactic nuclei, pulsar wind nebulae). Inverse Compton
emission has been confirmed to occur in the magnetosphere of the young Crab Pulsar
(Ansoldi etal., 2016), where it is responsible for the emission of pulsed gamma rays up
to TeV energies, with a power-law spectrum. This is briefly discussed in Section[I.5)and
more extensively in Chapter[5} in light of the results presented in this thesis. In Chapter(6)
I show that the much older Geminga pulsar also seems to posses an inverse Compton
power-law component above 15GeV and up to 75GeV. The detection of very high en-
ergy emission associated with inverse Compton scattering allows to set constraints on
the possible accelerator geometries and to better understand the structure and processes
operating in pulsar magnetospheres. The comparison of the spectra of different pulsars
is a promising research topic, that may yield viable information on the evolution of these
objects.

1.3.2 Particle acceleration

Both the synchro-curvature and the inverse Compton scattering mechanisms require the
presence of ultrarelativistic accelerated particles in the pulsar magnetosphere. In Section
it was shown that, in an ideal magnetosphere, the charges are free to move along
the magnetic field lines, but also that the electric field is everywhere perpendicular to
them, implying that no acceleration of the electrons can take place. The mechanisms
responsible for the acceleration are bound to the existence of zones in the magnetosphere
where the solution departs significantly from the ideal case. Such “defects” correspond to
dissipative regions of the magnetospheric plasma. Diverse theoretical models have been
proposed to explain the formation and dynamics of these accelerating regions. Their
locations in the magnetosphere have profound implications for the gamma-ray emission
(see Figure . In particular, different classes of models predict different functional
behaviors of the gamma-ray spectrum at its higher end. This can be modeled with a
power-law with a generalized exponential cutoff in energy:

F(E) = (E/Eo) " exp |~ (E/Ea)’ |, 19)

where f is the cutoff index and E is the cutoff energy. A short list of the basic models
follows. The reader is addressed to referred publications for more details on them.

The polar cap was historically the first region where a possible acceleration region has
been considered (Ruderman and Sutherland, 1975; Daugherty and Harding) [1996). A
charge density depletion in that region, or a so called vacuum gap, would make available
the large accelerating potential that was calculated in Formula However, the strong
magnetic field in the proximity of the poles would cause any very high energy gamma
ray emission to be quickly re-absorbed due to photo-production of electron-positron
couples. This would in turn produce a super exponential cutoff in the spectra of pulsars,
represented in Formula[1.9by g > 1, with a cutoff energy 1 GeV < Ecy < 10GeV. The first
MAGIC detection of the Crab pulsar above 25 GeV (Aliu et al., 2008) proved that this was
not the case, and its emission above 100 GeV (VERITAS Collaboration et al.,[2011;|Aleksi¢
etal., 2012) was impossible to reconcile with the polar cap model. Furthermore, most
Fermi—LAT pulsars can be described well by a power-law function with an exponential
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Figure 1.5: Possible regions of particle
acceleration in the inner magnetosphere,
modified from Hirotani| (2011). The pul-
sar rotates along the vertical axis and the
magnetic dipole moment is aligned with
it. The last closed field line (dark green),
intersects the light cylinder (dotted line)
in the equatorial plane, at the Y point.
PC: polar cap; SG: slot gap along the
last closed line; OG: outer gap spanning
from the null surface (dashed line) to the
light cylinder; ECS: equatorial current
sheet, originating from the Y point and
extending outside the light cylinder.

(B = 1) or sub-exponential (f < 1) cutoff (Abdo etal., 2010b, 2013). The polar cap model
has therefore been abandoned in favor of scenarios in which the gamma-ray emission is
produced farther out in the magnetosphere.

The outer gap model represents one of such scenarios. Thisis another region where anon-
ideal magnetosphere could lead to the acceleration of particles (Cheng etal., 1986). Such
a gap is proposed to originate from the null surface (cfr. Section[I.2), and to extend along
the last closed field line up to the light cylinder. A charge depletion there would lead to a
large component of the electric field parallel to the magnetic one (E - B # 0), so that parti-
cles could be accelerated to the ultra-relativistic velocities required to radiate gamma-rays
by curvature emission. This class of models has proven to reproduce the exponential
energy cut-off (8 = 1) in the spectra of several gamma-ray pulsars (Romani, 1996), and
has traditionally been invoked to explain the spectra of Fermi—-LAT pulsars (Abdo etal.,
2010c,ad). A similar model, the Slot gap, has also been frequently considered (Harding,
2007). This is proposed to extend as a thin slot along the last closed field line. However,
subsequent work has shown that the slot model can not reproduce the observed pulsar
flux intensities (Hirotani, 2008). Extensions of the outer gap model Lyutikov| (2013) and
Hirotani| (2013) were proposed to explain the very high energy emission of the Crab
pulsar detected by MAGIC and VERITAS (Aliu etal., 2015; Ansoldi etal., 2016), see also
Section In Section [6.6]I present an application of a similar model to the very high
energy emission of the Geminga pulsar, that was detected for the first time during my
doctoral work. The outer gap model does not reproduce consistently the spectrum. This
either implies that the emission mechanism for very high energy pulsars varies among
different objects, or that the theoretical model needs a revision.

The equatorial current sheet scenarios are a novel class of models based on extensive
Monte-Carlo simulations of the pulsar magnetosphere. These simulations employ well-
established numerical techniques of plasma Physics, such as the Particle-In-Cell schemes
(Kalapotharakos etal., 2018; |Guépin etal., [2020). Results show that if the supply of
charged particles is sufficiently large, the pulsar magnetosphere is not dramatically dif-
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Figure 1.6: Scheme of the striped pulsar wind. (Left) The magnetic moment p of the neutron
star is misaligned with the rotational frequency Q by an angle a. During a rotation period
the magnetic equator oscillates in a +a zone centered on the rotational equator. The current
sheet (green) swipes across the equatorial plane delimiting stripes of opposed magnetic field B
(red and blue, respectively). (Right) On the rotational equatorial plane, the sheet surface cuts
spiral shaped regions (stripes) with opposed toroidal magnetic field signs. Different fronts of the
current sheet have been colorized with two shades to highlight the spiral structure. Based on a
figure in Mochol| (2017).

ferent from the ideal force-free one, with the notable exception of the equatorial current
sheet. In the aligned rotator case, the current sheet merges with the last closed field line
at the light cylinder, forming a triple reconnection point known as Y point (see Figure[1.5).
At the Y point a large electric field develops, and accelerate charged particles flowing
away along the equatorial current sheet. Interestingly, in this scenario the maximum
energy reached by positive and negative particles differs, with positrons reaching much
larger energies if Q- ;> 0, and electrons in the opposite case (Brambilla etal.,2018).
Similarly to the outer gap model, the lower energy component observed by Fermi—-LAT
is modeled as curvature radiation from accelerated leptons, with the very high energy
one resulting instead from inverse Compton scattering, possibly extending up to TeV
energies (Harding etal., 2018).

The wind region has also been considered a candidate site for particle acceleration. In
the more general oblique rotator case, the equatorial current sheet is expected to as-
sume a more complex morphology. As the pulsar rotates, the current sheet sweeps an
oscillatory pattern in both the northern and southern hemisphere of the outer magne-
tosphere, with the amplitude of the oscillations increasing linearly with the distance
from the pulsar. Such surface intersects the equatorial plane in an Archimedean spiral
pattern separating stripes with opposed directions of magnetic field (cfr. Figure [1.6).
Mochol and Petri| (2015) propose that particles are accelerated in the current sheet of
such a striped wind, and that gamma-ray radiation is produced via synchro-curvature
and synchrotron-self Compton emission processes. The morphology of the pulse profile
is interpreted as the intersection of the line of sight with the current sheet surface. Nu-
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merical simulations with the wind model predict a hardening of the spectrum at the very
high energies followed by a cutoff in the > 1, TeV domain, compatible with MAGIC ob-
servations of the Crab pulsar (Ansoldi etal.,[2016). In this scope, further characterization
of the very high energy spectrum of the Crab pulsar (cfr. Section[5) and its measurement
at larger energies may contribute to confirm or rule out the proposed emission scenario.

Finally, an alternative picture is proposed by magneto-centrifugal models. In these,
rather than due to the action of an electric field, particle acceleration is considered to be
caused by inertial forces in the pulsar magnetosphere. Leptons are bound to the rigidly
rotating magnetic field lines by the ideal magnetohydrodynamic requirements. As these
approach the limit of the light cylinder, the centrifugal forces are expected to become
very large, and kinetic energy is transferred to the particles, in analogy with a centrifugal
pump. These scenarios have found application in the modeling of the very high energy
emission of the Crab (Osmanov and Rieger, 2017) and Vela (Osmanov and Rieger, 2019)
pulsars. In both cases, the model predicts a pulsed inverse-Compton component reach-
ing TeV energies and following a power-law spectrum.

In summary, different theoretical frameworks for the acceleration of leptons in the pulsar
magnetosphere exist. It is not clear which one best represents reality, or whether the
very high energy emission of pulsars has to be interpreted as a superposition of different
and simultaneously active emission regions. Such an approach is proposed in light
of Fermi—~LAT measurements, as well as existing MAGIC and VERITAS data in Yeung
(2020). The presence or absence of certain acceleration processes imprints a signature
in the gamma-ray spectra of pulsars. Further observations of known very high energy
pulsars (cfr. Chapter[5) and the discovery of new ones (cfr. Chapter [6) are the primary
strategies to obtain more information on their physics, and to reach a unified description
of them.

1.4 Pulsar timing

Given the periodical nature of pulsar emission, it is interesting to study it in the time
domain. For intense signals, such as those obtained in the radio band, this allows one
to characterize how the rotation of the pulsar evolves in time, and to derive sensible
estimates on its physical properties. It also permits to identify the averaged pulse profile,
the intrinsic wave-form of the pulsar. This acts as a signature for a certain pulsar and
conveys information on its physical parameters (e.g. the inclination of the magnetic
dipole axis). However, it depends as well on purely geometrical variables (e.g. the
pulsar viewing angle) and it typically varies with the observed energy band.

In very high energy gamma-ray observations, a precise model of the pulsar rotation is
needed beforehand in order to be able to obtain the pulse profile. This is because the
low photon counts need to be integrated over a long period of time for the signal to be
detected, and the concurrent evolution of the pulsar rotation is not negligible. Such a
model of the rotation is known as a pulsar ephemeris. It is most typically given as a Taylor
expansion of the rotational frequency v of the pulsar:

v(t) = vo + Tolt — to) + %(t — o) + %(t — o) + ... (1.10)
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Figure 1.7: Sample phase diagrams or phaseograms, depicting the gamma-ray pulse profiles of the
Crab pulsar (left) and the Geminga pulsar (right), with Fermi—LAT data in different energy ranges.
The pulse profile of each of them is shown twice (phase ranging from 0 to 2). The shape of the
profile depends on the pulsar and varies with energy. Both pulsars have two pulses per period
(labeled P1 and P2), but the separation of the two pulses is not necessarily half a turn. Even
larger variations happen when considering multiwavelength observations of these two objects

(cfr. Figure([L.14).
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The number of turns completed by the pulsar from the reference time ty is the pulsar
phase ®. The fractional part of the pulsar phase at a certain time bears information on
the pulsar orientation at that time. Throughout the text I will refer to the fractional part
of phase ® simply as the ‘phase’” and label it with ¢. Events with the same fractional
phase are emitted when the pulsar has the same orientation with respect to the viewer.
Details on how phase is associated to each event are given in Section[4.6 The production
of pulsar ephemerides is covered in Appendix

The attribution of a phase to each event recorded by the detector allows one to produce a
phase diagram or phaseogram. This is a histogram grouping events versus their phase and
representing the pulse profile. Sample phaseograms are shown in Figure[1.7] The profiles
typically present one or multiple pulses, commonly labeled as P1, P2, etc., but broader
features such as a bridge connecting different pulses can also be observed. Both pulse
profiles in Figure[l.7]present two pulses per period; the bottom one presents also a promi-
nent bridge emission between P1 and P2. Not all pulsars exhibit two pulses per period.
In those who do, P1 and P2 are not necessarily separated by exactly half a turn (A = 0.5).

The dissipation of the rotational energy of the pulsar progressively causes it to spin down.
A diagram relating the period P and its time derivative P for a population of pulsars is
known as the P — P diagram. Such diagram allows one to classify pulsars, similarly to a
Hertzsprung-Russel diagram for regular stars. It is customary to model the spin-down
rate of a pulsar as a power-law function of the rotational frequency:

Vo= —kv", (1.11)

with k a proportionality constant. This defines the braking index n of the pulsar. Such
index differs for different possible spin-down mechanisms. Both the magnetic dipole
radiation from an oblique rotator and the torque exerted by the particle wind result in a
braking relation with n = 3. This allows to estimate the characteristic age T of the pulsar
from the integration of Equation [1.11}
v

T= 55 (1.12)
where the limit vy > v has been taken for the initial rotation frequency vy at the time of
the formation of the neutron star. In a similar way, a characteristic magnetic field value
B can be obtained by assuming the whole rotational energy loss to be caused entirely by
magnetic dipole radiation. This is done by considering the moment of inertia 7 of the
neutron star to be constant, so that the kinetic energy loss can be written as K = 7w,
with @ = 2ntv. The value of K estimated in this way is commonly known as the spin-down
Iuminosity of the pulsar. On the other hand, the energy loss must be equal to the total
power P radiated by the rotating magnetic dipole:

4

- Hd m?sin’ a, (1.13)
67l

where m is the magnetic moment of the neutron star and « is its inclination with respect
to the rotation axis. The characteristic magnetic field B is defined as the polar field that
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the pulsar would have if its magnetic axis were perpendicular to the rotational one:

Hom

= ) 1.14
2nR3 (L.14)
with R, the radius of the pulsar. The substitution in Equation yields:
Buoc® _ v
2 2HC V¥ (1.15)

8m3RS V3

The characteristic age T and magnetic field B are thus related to the rotation frequency v
and its time derivative v, or equivalently to the rotation period P and the spin-down P:

T o« v/v o PJP

B « /v’ « \/E

Therefore, the position of a pulsar in the P — P diagram conveys information on both its
age and the strength of its magnetic field. Figure shows a P—P diagram obtained with
data from the ATNF Pulsar Catalogud®l Pulsars begin as young spin-powered pulsars
(short period, large magnetic field) in the upper part of the diagram and progressively
evolve to longer periods and weaker magnetic fields. Those in a binary system may at
some point accrete material from the companion star, gaining angular momentum and
spinning up again. These old recycled pulsars are easily identified by their extremely
short period P ~ 1ms and their very weak magnetic field. For these objects, T is not
representative of the real age. Due to the short periods, they are also commonly named
millisecond pulsars.

(1.16)

1.4.1 Timing glitches

Some pulsars exhibit sudden variations in their rotation frequency, known as timing
glitches. These events break the usual rotation model given by the Taylor expansion of
Equation[1.10] A pulsar glitch consists in an increase of the spin frequency v characterized
by an impulsive nature. The relative change of the frequency has a typical value of 107,
but strong glitches with 6v/v > 107° exist as wel]ﬂ The spin-down rate also typically
experiences an acceleration, so that the pulsar loses energy faster after the glitch than it
did before. The phenomenon is usually followed by an exponential relaxation process of
v, with a typical scale of several days, after which values of the spin-down rate closer to
those before the glitch are recovered and the polynomial behavior is reinstated. Glitches
are believed to be caused by processes happening in the interior of the pulsar, and lead-
ing to a sudden momentum transfer from the inner core to the crust of the neutron star
(Espinoza etal.,2011). However, these processes are very poorly understood and involve
the unknown state of matter of the neutron star core. Almost all glitching pulsars are
young and middle aged spin-powered pulsars.

Glitches disturb the production of a timing solution (ephemeris) for pulsars. After a
glitch, the pulsar ephemeris needs to be updated. This often requires several days, due

8 ATNF Pulsar Catalogue: https://www.atnf.csiro.au/research/pulsar/psrcat/.
° Glitch catalog: http://www. jb.man.ac.uk/pulsar/glitches.html


https://www.atnf.csiro.au/research/pulsar/psrcat/
http://www.jb.man.ac.uk/pulsar/glitches.html

30 CHAPTER 1. GAMMA-RAY PULSARS

10—10

10—12 ]

10—14 .

10—16 4

Period derivative P

10—18 ]

10—20 ]

® o0 e Radio
» High Energy

10_22 T T UL | T T UL | T T L | T T T
1073 1072 107! 10° 10!

Period P [s]

Figure 1.8: Pulsar P — P diagram. Pulsars are subdivided in two classes: radio pulsars (deep
blue) and ‘high-energy” ones (light blue), which in this context means pulsars with significant
emission above radio frequencies. Diagonal dashed lines represent loci of constant characteristic
age 7 and characteristic magnetic field B. Young spin-powered pulsars have large magnetic field
and short spinning periods. They are located in the upper central part of the diagram. As they
age, they move diagonally towards the bottom-right. Few of these old pulsars emit beyond the
radio band. In the bottom left corner, there exist a population of pulsars with very short periods,
but low spin-down rates and low magnetic field. These are recycled pulsars, which have spun up
again by accreting material from a companion object. They are commonly known as millisecond
pulsars.

Only rotation-powered pulsars are shown in the diagram. Anomalous X-ray Pulsars (AXP) and
Soft Gamma-ray Repeaters (SGR), which are both associated with magnetars, as well as Rotating
Radio Transients (RRAT) are not included.
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to the time required to collect enough data to assess the new rotation parameters. Section
[A.2]provides a simple method to do that, based on Fermi-LAT data. The Crab pulsar is
known to frequently glitch (Shaw etal., 2018), but it is also a young and bright radio-loud
pulsar, simplifying the production of post-glitch ephemerides. On the other hand, the
Geminga pulsar is an older radio-quiet pulsar, but it has been observed to incur in a
minor glitch only once, in 1996 (Jackson etal.,2002).

1.4.2 Timing noise

Besides the sudden glitches, pulsars present a longer quasi-periodical wandering of their
timing solutions. This behavior is known as timing noise and can be caused by several
phenomena, such as the precession of the neutron star or an orbiting planet. As opposed
to timing disturbances caused by an improper ephemeris, timing noise is an intrinsic
characteristic of a pulsar. It is in general very difficult to decouple these two sources
(Coles etal., 2011). In the scope of gamma-ray observations, the timing noise of a pulsar
needs to be properly modeled to obtain a precise ephemeris for it, but it is not relevant
to identify the intrinsic contributions. This allows to use a simpler technique to produce
a rotation model, such as the one discussed in Section|A.4
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Figure 1.9: Composite images of the Crab pulsar and nebula. (Left) Optical image of the Crab
nebula (HST), evidencing the gas expelled by the supernova (outer shells, orange, green), and the
synchrotron emission from the pulsar wind nebula (blue glow). The image is 6.41 arcmin wide.
Credit: NASA, ESA and Allison Loll/]Jeff Hester (Arizona State University). Acknowledgment:
Davide De Martin (ESA /Hubble). (Right) Composite infrared (magenta, Spitzer), optical (purple,
HST) and X-ray (blue, Chandra) image of the crab pulsar wind nebula. The image scale is roughly
one half of the previous image. The bright dot at the center is the Crab pulsar. Credits: X-ray:
NASA /CXC/SAO; Optical: NASA /STScl; Infrared: NASA-JPL-Caltech.

1.5 Crab Pulsar

The Crab pulsar (PSR J0534+2200) and nebula (M1) are the remnants of a supernova
occurred in 1054 CE, and recorded in historical Chinese, Japanese (Duyvendak, 1942),
and Arabic documents. As such, they are among the few objects of
their kind for which a precise determination of the age is possible (t = 967a). Their
estimated distance is ~ 2000 pc 1973). As of 2021, the pulsar has a period
P = 33.78 ms, corresponding to a frequency of v =~ 29.6 Hz, and a first frequency deriva-
tive v ~ —3.7 - 1071 Hz2. The frequency has decreased by ~0.4 Hz since the begin-
ning of regular radio observations, in 1987. With an associated spin-down luminosity
K ~ 4-10°' W and a characteristic magnetic field 8 ~ 4 - 108 T, it is among the most
energetic young pulsars. Its discovery and association with the Crab nebula (Lovelace
provided a decisive confirmation that pulsars are rapidly spinning neutron
stars 1969). The Crab supernova remnant is among the most studied celestial
sources, and used as a standard candle and flux unit of measurement in several branches
of high-energy astronomy. Its emission has been detected in the whole electromagnetic
spectrum, up to very high energy gamma rays. In this section I briefly review the status
of the gamma-ray observations of the Crab pulsar and nebula, and point to the open
questions.
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1.5.1 Spectrum

The intense pulsed gamma-ray emission of the Crab pulsar was first measured few years
after the discovery of pulsars, with the observations of the SAS-2 satellite (Kniffen etal.,
1974; Fichtel etal., 1975). These early results evidenced the presence of two emission
pulses, P1 and P2, in phase with the radio and X-ray ones. Detected up to 1GeV, the
radiation followed a power-law spectrum. These findings were later confirmed by ob-
servations of the COS-B (Clear etal., [1987) and EGRET telescope (Nolan etal., [1993).
Phase-resolved spectra were measured up to 10GeV, with a phase-averaged spectral
index consistent with I ~ 2 and no evidence for a cutoff (Kuiper et al.,[2001). This was in-
terpreted as synchro-curvature radiation originated in the magnetosphere of the pulsar,
with different particle acceleration models predicting various cutoffs at energies larger
than 10GeV (cfr. Section[1.3). The apparent absence of pulsed emission in the results
of early Cherenkov telescopes, probed down to an energy of 60 GeV (de Naurois etal.,
2002), seemed to confirm this hypothesis.

After many attempts with ground-based gamma-ray instruments, the first MAGIC tele-
scope finally detected the Crab pulsed emission above 25GeV (Aliu etal.,2008). The
measured flux was significantly lower than the extrapolation of the EGRET power-law,
confirming the presence of a spectral break. However, the measurement was several times
larger than the super-exponential cutoff predicted by the polar-cap emission model, and
incompatible with it. The MAGIC detection ruled out such scenario, previously consid-
ered the preferred one, and pointed to a particle acceleration mechanism in the outer
magnetosphere. This major breakthrough in the field of gamma-ray pulsars was made
possible by a low-energy trigger of novel concept, the Sum-Trigger, which served as
prototype for the current stereoscopic Sum-Trigger-II (cfr. Section[2.5). With the launch
of Fermi-LAT, a rich statistic measurement of the spectral break between 1GeV and
10 GeV became possible (Abdo etal.,2010c). A deviation from the power-law of EGRET
was clearly evidenced, and best modeled as an exponential break with a cutoff energy
Ecut ~ 5.8GeV. This result was in turn challenged by the detection of pulsed emission
above 100 GeV by VERITAS (VERITAS Collaboration etal., 2011) and up to 100 GeV by
MAGIC (Aleksi¢ etal., 2011). Both results reported a strong preference for a power-
law like spectrum without an energy break, and hinted at a possible inverse-Compton
emission mechanism. Following MAGIC results further reinforced this claim, with
the detection of pulsation up to 400 GeV (Aleksi¢ etal., 2012) and the detection of the
bridge emission between the P1 and P2 pulses (Aleksi¢ etal., 2014). Finally, MAGIC de-
tected the pulsed emission from the P2 pulse beyond 1 TeV energies (Ansoldi etal., 2016),
strongly supporting the inverse-Compton origin of the emission. The particle accelera-
tion mechanism responsible for such teraelectronvolt emission is still being investigated.
Several competing models have been proposed to explain its presence. Among these,
a possible extension of the outer gap model involving a two-stage cascade process was
advocated in |Ansoldi etal.| (2016). This postulates that particles accelerated by the gap
up-scatter a soft field of infrared photons via inverse-Compton process. These primary
gamma-rays can not propagate outside the pulsar magnetosphere, as they are efficiently
re-absorbed via pair production by the same soft photon field. They generate secondary
electron/positron pairs in the 1 TeV energy domain, which propagate in the outer mag-
netosphere, where the density of the photon field is lower.
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There, a second stage of inverse-Compton
scattering can produce further teraelectron-
volt photons, which are not re-absorbed and
are instead radiated away. Besides this dou-
ble inverse-Compton model, the equatorial
current sheet scenario (Harding etal., 2018),
the striped wind one (Mochol and Petri,
2015), and also the magneto-centrifugal one
(Osmanov and Rieger, 2017) have all been pro-
posed as alternative explanations for the ter-
aelectronvolt emission. Further observations
with the current and next generation of imag-
ing atmospheric Cherenkov telescopes will
help to disentangle these models and clarify
the origin of the inverse-Compton component.

1.5.2 Phaseogram

The phaseogram of the Crab pulsar is dom-
inated at all wavelengths by two prominent
pulses, separated by a phase difference of Ap ~
0.4, and labeled P1 and P2 (see Figure [L.7).
The morphology of such pulses is strongly de-
pendent on the energy, but their agreement in
phase is respected in different bands. In some
of these, a bridge emission between P1 and P2
is present, and connects the trailing edge of the
tirst one with the rising slope of the second one.
An analogous emission between P2 and P1 is
not observed. A major feature of the Crab pul-
sar phaseogram is the energy-varying ratio of
the P2 to P1 emission (see Figure[1.10). The P1
pulse is dominant up to hard X-rays at around
100keV. In these ranges, P1 is known as the
main pulse, and P2 is usually referred to as the
interpulse. Above 100 keV, the P2 emission be-
comes more prominent. The pulse ratio peaks
at energies close to ~ 1MeV with P2/P1 ~ 2.
However, at larger energies P1 rapidly recovers
its prominence, with a flat P2/P1 ~ 0.5 trend
between 50 MeV and 2 GeV (Kuiper et al.,2001).
P2 slowly becomes dominant again at energies
above 20GeV and the ratio increases further
in the energy range of Cherenkov telescopes
(Aleksic etal., 2014). In the same band, a pro-
gressive sharpening of the pulses is observed
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Figure 1.10: Variation of the Crab pul-
sar pulse profile in a broad energy
range, from |Abdo etal| (2010c). The
MAGIC phaseogram presented here, for
E > 25GeV, was the first detection of the
Crab pulsar with Cherenkov telescopes
(Aliu etal. 2008).
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(Aleksic etal) 2012). This complex behavior is a key signature that can be exploited to
constrain the emission models, but its origin has not been cleared yet. In Section I
present an analysis of recent MAGIC data, reporting the increase of the P2/P1 ratio and
the reduction of the pulse width between 30 GeV and 200 GeV.

1.5.3 Variability

The possibility of a temporal variability of the pulsed flux was also subject of investigation.
In the energy range below 10 GeV, the gamma-ray emission of the Crab pulsar is stable.
A claim of a cyclic variation of the pulse ratio, from an early analysis of COS-B and
EGRET data (Clear etal., 1987; Nolan etal., 1993), was discarded by following EGRET
observations (Kuiper etal., 2001). Since the launch of Fermi-LAT in 2008, a practically
continuous coverage of the Crab pulsar has been available. These observations showed no
sign for variability at energies below 10 GeV. This is in contrast with radio observations
of the Crab, where giant radio pulses are frequently observed. Above such threshold, the
statistics of Fermi—LAT is too low to assess possible variability on time scales shorter than a
month. Since at least one gamma-ray pulsar is known to be variable (Allafort etal., 2013),
further search for temporal variability at larger energies is still an open topic. This is
particularly meaningful in connection with the occasional glitches of the Crab pulsar
and with the flares of the Crab nebula, discussed in the next paragraphs. In Section
I present a proof-of-concept study, aiming to search for variability in the energy range
from 30 GeV to 200 GeV on time scales shorter than a month. The improved gamma-ray
detection efficiency provided by the Sum-Trigger-II system (cfr. Section allows the
MAGIC Telescopes to proficiently contribute to this research field.

1.5.4 The Crab Nebula

The wind of the Crab pulsar powers the Crab pulsar wind nebula, the strongest steady
gamma-ray source of the entire sky. Detected in the whole electromagnetic spectrum,
the emission of the Crab nebula originates at the shock front of the pulsar wind, at
a distance of ~ 4 - 10'2km (~ 5 light-months) from the pulsar. There, electrons and
positrons originating from it are re-accelerated by a first order Fermi mechanism, and
emit via synchrotron and synchrotron self-Compton processes. The global structure of
the spectrum of the Crab nebula supports this hypothesis. A first very broad spectral
component peaks in the ultraviolet range, and extends from radio up to 1 GeV gamma-
rays. This broad component corresponds to synchrotron radiation. A second higher
energy bump, roughly consistent with a log-parabola spectral shape, peaks in the 100 GeV
domain and results from inverse-Compton emission. Extensive studies at all wavelengths
have provided a very accurate description of the spectrum of the Crab nebula. Because of
this, the source is commonly used as standard candle in several branches of astrophysics
(Meyer etal., 2010). The MAGIC telescopes extensively observed the Crab nebula and
used its emission as a performance reference (Albert etal., 2008; |Aleksi¢ etal., 2015,
2016a). Recently, MAGIC detected the Crab nebula up to 100 TeV (Acciari etal., 2020).
Such result, together with similar ones by the HAWC (Abeysekara etal.,[2019) and TIBET
(Amenomori etal., 2019) Collaborations, suggests that the emission of the Crab nebula
could continue up to the PeV regime.
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Figure 1.11: Board-band spectral energy distribution of the Crab nebula, from Meyer et al[(2010).
Colors represent different instruments, and lines present two possible fits. The y-axes have been
uniformed to SI units.

Flare period | Fermi-LAT AGILE ‘
May 2019 | (Cheung (2019 —
Bulgarelli et al. 2018bl)
October 2018 | Cheung etal. (2018 Cardillo etal.|(2018)
Lucarelli etal./(2018)
March 2018 | |Valverde etal. (2018 Bulgarelli etal. (2018a
October 2016 | Cheung 2016 %{l‘;g;;ﬁfggfrq%['} 2016)
August 2014 | Becerra etal. (2014 —
March 2014 | (Gasparrini and Buehl (2014) | —
October 2013 | Buson etal.[(2013 Verrecchia etal. (2013a
March 2013 | Ojha etal, 2013 ﬁ;;;?:clcitlzll ﬂiﬁ%
July 2012 | |Ojha etal.| (2012 —
April 2012 | Buehler etal, (2011 E;t:gi ‘;: :ﬂ digﬁbap
September 2010 | Buehler etal./(2010 Tavani etal. 2010b

Table 1.1: List of the Crab nebula flares for which an ATEL (www.astronomerstelegram.org)
was issued. Some minor flares were detected by Fermi—LAT and not by AGILE.
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Figure 1.12: Fermi—-LAT flares of the Crab nebula, in the energy band 300 MeV < E < 1GeV. The
plot was produced using the daily Fermi-LAT Crab monitoring lightcurve (https://fermi.gsfc.
nasa.gov/ssc/data/access/lat/msl_lc/). Flares for which an ATEL was issued (cfr. Table
are marked with dashed lines.

Nebula flares

Being considered a standard candle, it came as a surprise when a flare of the Crab nebula
was independently detected by the AGILE and Fermi-LAT telescopes in September 2010.
Since then, ten more such flares were detected (see Table [l.1] and Figure [1.12). These
sudden and unpredictable rises in the flux affect the highest energy portion of the syn-
chrotron emission, between tens of MeV and 1GeV. In such band, the flux during the
flaring state can rise up to a factor of 30, but no correlated variability was found at any
other wavelength. The typical timescale of one of such flares span from few days to few
weeks. Searches for a mirrored variability at the highest end of the inverse-Compton
component are on-going (van Scherpenberg etal., 2019), challenging the low available
statistics at energies E > 100 TeV.

The cause of the nebular flares is still not understood. The flaring synchrotron emission
is produced by the highest energy electrons available at the termination shock. This
questions whether a link should be searched with the activity in the highest energy
gamma-rays of the pulsar, where the wind is produced. A possible correlation between
a putative variability of the pulsar and the flares in the nebula would need to account
for the light travel time of 5 months from the pulsar to the termination shock. To assess
whether a pulsed variability is present, and if it correlates with the nebula, a monitoring
program with a sub-month resolution is required. The MAGIC telescopes, equipped
with the Sum-Trigger-II (cfr. Section are capable to perform such a study. In the
scope of my doctoral project, I proposed and lead a Crab pulsar monitoring project
for three consecutive years. The results of the search are presented in Section No
significant variability has been found, and no correlation study was possible with the
nebula, given the absence of major flares in the covered period. Upper limits were set for
different types of variability, at various timescales.


https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/msl_lc/
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1.6 Geminga Pulsar

The Geminga pulsar (PSR J0633+1746), or more often simply Geminga, is a middle-age
rotation-powered pulsar. It is one of the brightest high energy gamma-ray sources in the
sky, and as such it was identified in the very early gamma-ray surveys. At an estimated
distance of 250 pc, Geminga is one of the closest pulsars to the Earth. It has a rotation
period P ~ 0.237 s, or a frequency v ~ 4.217 Hz, and a spin-down rate v ~ -2 - 10~13 HZ2.
This corresponds to a characteristic age T ~ 3.4 - 10°a, a characteristic magnetic field
B ~ 1.63-10°T, and a spin-down luminosity of K = 3.2 - 10 W. Tt is therefore older
and less luminous than the Crab pulsar, but it is ten times closer. Its nature of pul-
sar was not established until several decades after the discovery, mainly due to the lack
of significant radio emission: Geminga is the archetype of the class of radio-quiet pulsars.

In this section I review the historical development of the researches on Geminga, and
present the state of the art of its spectral studies at different wavelengths. The highest
energy pulsation ever detected from the Geminga pulsar, up to 75 GeV, is the main result
of my doctoral program.

1.6.1 History and early observations

The first detection of an intense gamma-ray emission from what would have later be-
come known as Geminga was made by the SAS-2 satellite, in a series of exposures taken
between 1972 and 1973 (Fichtel etal., 1975). The emission came from the galactic longi-
tude of ¢ = 195deg, close to another bright spot coincident with the Crab nebula, almost
at the antipodes of the galactic center. Pulsars had been discovered few years before,
and at that time it was already known that the Crab nebula hosted a bright one. The
pulsed nature of the SAS-2 Crab emission, and its agreement in phase with the radio
ones, clearly identified the Crab pulsar as its originating source. However, no pulsar
had been detected in the radio band at ¢ = 195deg, and the nature of the emission
remained unclear. The same observations were later finalized to produce a map of
the whole region (reproduced in Figure and the mysterious source received the
temporary designation of y195+4 (Thompson etal) [1977). A tentative timing analysis
of the emission seemed to reveal a periodicity at 59 s, but this was not confirmed by
following measurements. Similar results were obtained by the newly launched COS-
B satellite (Bennett etal.,[1977; Hermsen etal.,[1977) which gave the source the catalog
entry CG 195+4. In the following years, several attempts were made to associate the
gamma-ray emission with a counterpart in radio, optical and X-rays, with unsuccess-
ful results. The situation was still essentially unchanged in 1981, when COS-B identified
2CG 195+4 as the second brightest object at energies above 100 MeV in its second gamma-
ray sources catalog.

A decisive step forward was made in 1983, with the detection of a possible X-ray counter-
part in the positional error box of COS-B gamma-ray observations (Bignami et al., 1983).
This was also the first work in which the missing gamma-ray source was explicitly given
the name Geming The source, 1E 0630+178, was identified in exposures of the Einstein

10 The origin of the name is explained inBignami et al.|(1983). It is both a portmanteau of Gemini Gamma-ray
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Figure 1.13: Historical results on the Geminga gamma-ray emission. (Left) Map of the galactic
anticenter region from Thompson etal.|(1977), in galactic coordinates. Geminga corresponds to
the larger emission region at positive latitude, in the upper part of the plot, the close one being
the Crab. (Right) Phaseogram of the EGRET gamma-ray data on Geminga, from Bertsch etal.
(1992), confirming its nature as a radio quiet gamma-ray pulsar.

Observatory and was peculiar in that it lacked any hint of an extension and any asso-
ciation at lower wavelengths. The authors proposed that Geminga was a neutron star,
albeit admitting that it would have been a peculiar one, in that it had no radio emission
(Spoelstra and Hermsen, 1984). Few years later came the detection of an extremely faint
optical counterpart (Halpern and Tytler| 1988), a bluish star with a visual magnitude
m, =~ 25.4 (Bignami etal., 1988). The ratio between optical, X-ray and gamma-ray emis-
sion was resembling the one of the Vela pulsar, further reinforcing the hypothesis that
Geminga was a pulsar. Finally, this was confirmed with the detection of X-ray pulsations
at a period of P =~ 0.237s in the data of the newly launched ROSAT satellite. This first
measurement of the period allowed to search for the pulsation in gamma-ray data as well.
This was immediately detected by the EGRET experiment on board of the CGRO satellite
(Bertsch etal., 1992), as well as in the archival COS-B (Bignami and Caraveo, 1992) and
SAS-2 (Mattox etal., 1992) data. The EGRET results showed that the gamma-ray pulse
profile above 300 GeV is doubly peaked (see Figure [1.13), similarly to the Crab pulsar.
However, in contrast to it, the two pulses are separated by a phase difference consistent
with 6¢ =~ 0.5. After almost 20 years from the first gamma-ray exposures on the region,
the enigmatic Geminga was finally proved to be a pulsar. It became the archetype of the
class of radio-quiet pulsars.

source and a pun on the frustrated searches for the origin of its emission: in the Italian dialect of Milano,
“Ghe minga!” means "It is not there” or even “It does not exist”.
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1.6.2 Multi-wavelength studies

The understanding of the nature of Geminga sparked further research in the field. In
the following years, efforts concentrated on determining and modeling its spectrum, the
morphology of the pulsed emission and astrometry parameters such as its distance and
proper motion.

Gamma-rays

The first measurement of the gamma-ray spectrum of Geminga came soon after EGRET
detected the pulsed emission. Early observations allowed to detect a power-law spectrum
between energies of 70 MeV and 2 GeV, with a phase-averaged spectral index of I' ~ 1.5
(Mayer-Hasselwander etal., (1994). A later phase-resolved spectral analysis revealed a
sharp energy turnover above 2 GeV, interpreted as the exponential cutoff of curvature
radiation (Fierro etal.,1998). The same analysis evidenced that the emission correspond-
ing to the second pulse P2 was the hardest one ever measured by EGRET, and that the
P1/P2 emission ratio decreased with increasing energy. This result was later confirmed
by the AGILE satellite (Pellizzoni etal., 2009). With the launch of Fermi—LAT, these re-
sults were extended and improved. The average spectrum was measured up to energies
of 30 GeV and found to be consistent with an exponentially cut-off power-law, although
a better agreement could be found with a sub-exponential cut-off (Abdo etal.,2010d).
Such milder energy turnover was interpreted as the result of the superposition of dif-
ferent exponential cut-offs at different phase intervals. Among these, the spectrum of
P2 was found to be the hardest and at the same time the one with the highest cut-off
energy. Fermi-LAT confirmed the progressiv